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Abstract

Iron-based alloys possess excellent mechanical properties and great biocompatibility,
rendering them highly promising for use as biodegradable metal implants in orthopedics and
cardiovascular medicine applications. The main challenge in the development of Fe-based
alloys is their slow degradation. Improving the corrosion rate of Fe must consider its own

properties as well as the influence of the target environment.

The primary objective of the thesis is to investigate the corrosion behavior of iron-based
biodegradable materials under physiological conditions, with the goal of developing new
biodegradable metallic implants for medical applications. The implant material is ultimately
faced with the human environment, adsorption of proteins is the first step that happens after
the implant is implanted in the body, and it further affects the corrosion properties of metal
materials. Therefore, the multiprotein adsorption in diluted human serum on gold and
oxidized iron surfaces was first investigated in relation to serum concentration and pH value.
The adsorption of serum proteins on the surface shows pH-dependent effects. In order to
investigate the performance of Fe-based alloys in the presence of protein, the effect of bovine
serum albumin (BSA) and lysozyme (LYZ) on the corrosion of selective laser beam melted
and a conventional processed cold-rolled FeMn alloy as well as hot-rolled pure iron was
investigated in modified simulated body fluid (m-SBF). FeMn alloys show higher corrosion
rates than pure iron, and moreover, additive manufactured FeMn alloys outperform hot-
rolled FeMn, which can be explained by differences in microstructure and chemical
composition resulting from the manufacturing method. Related corrosion Kinetics could be
clearly correlated with film formation in m-SBF electrolytes in the presence and absence of
proteins. To gain deeper insights into this potential correlation, agar hydrogel film was
applied between the pure Fe and m-SBF to investigate surface corrosion. This study shows
that the application of hydrogel film on alloy surfaces may affect the interfacial reaction and
the formation of interfacial corrosion products. Subsequently, in order to simulate the real in
vivo environment more closely and consider the rich variety of proteins present in body
fluids along with their possible competing interactions with surfaces, pure Fe was exposed
to media containing human serum, which was used to assess the corrosion of Fe in the

presence of multi-component proteins.



The possible corrosion mechanisms of iron-based alloys in physiological electrolytes were
examined through the application of electrochemical methods (OCP, EIS). Additionally,
changes in substrate topography before and after corrosion were assessed using microscopic
techniques (AFM, SEM). Spectroscopic methods (PM-IRRAS, FT-IRRAS, ATR-IR, Raman,
XPS) were employed to determine the composition of the corrosion product layer and to

provide evidence of protein adsorption on the surface.

In summary, this thesis explores the corrosion of promising iron-based alloys in
physiological electrolytes from multiple perspectives, including manufacturing methods,
alloying, and the influence of proteins. This research contributes to the development of
biodegradable medical devices by exploring potential corrosion mechanisms and

degradation behavior, facilitating the selection of appropriate materials.
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1 Introduction

1.1 Motivation

The concept of biodegradable materials aims at overcoming the disadvantages of
conventional permanent implant materials [1]. For example, the function of cardiovascular
stents is only to provide effective physical support to the wall of the blood vessel for 6 to 12
months, after which the vessel is functionally stable, and the stent has no further purpose.
However, if the stent remains in the body for a long time, the patient will face the risk of
developing chronic inflammation, restenosis or late-stage thrombosis [2,3]. In contrast, the
ideal biodegradable material would provide only temporary support, subsequently degrade
and be safely absorbed by the body [4]. Therefore, the design and development of suitable

biodegradable materials is a central goal in the biomedical field [5-7].

In the past decades, extensive research on biodegradable metals has been done. Thereby
magnesium (Mg), zinc (Zn), and iron (Fe) alloys are the most studied materials due to their
inherent biocompatibility and potential for degradation in the body [8,9]. Among them,
focused research has been carried out on Mg-based alloys, which are now in the clinical
stage [10-13]. Mg-based alloys have the highest dissolution rates [14], which also means it
loses integrity when it is still needed. Zinc alloys have also been considered potential
biodegradable materials, but their low tensile strength limits their application [15,16]. More
recently, there is a growing interest in the development of Fe-based alloys as biodegradable
materials, which are the most promising alternative to magnesium alloys, especially for
orthopedic and cardiovascular applications [17], as they have comparable mechanical

properties to permanent implant materials such as stainless steel [18-21].

Fe is an essential element involved in many iron-containing enzymes and proteins. The
potential biomedical applications of pure iron have been investigated, and in vivo animal
studies have confirmed the biocompatibility of iron [22]. However, in vivo degradation rate
is comparable to that of permanently implanted devices [23]. Additionally, its ferromagnetic
properties limit its use as an implantable device in modern clinical medicine. The Iron—
manganese (FeMn) system has been developed to increase the corrosion rate through
galvanic corrosion resulting from the difference in electrochemical properties [24,25].
Additionally, alloying has been shown to solve compatibility issues for magnetic resonance

imaging (MRI) devices. FeMn alloys have demonstrated good mechanical properties and

biocompatibility, making them promising candidates for use as biodegradable materials [26].
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Another focus in the development of Fe-based biomaterials is the processing, which affects
the microstructure of the metal material and thus has a significant impact on the mechanical
and corrosion properties of the implant. Methods for manufacturing biodegradable
implantable devices should have the ability to allow the production of specific shapes and
formats, customizing the device to the patient's needs. As a result, additive manufacturing
such as selective laser melting, is gaining widespread interest in the medical industry. It has
been demonstrated that FeMn scaffolds produced by additive manufacturing processes show
promising degradation rates [27-29]. By considering the research findings reported so far, it
can be concluded that the development of Fe-based biodegradable materials is highly

promising.

To develop suitable medical materials, the influence of physiological environments on
material performance must be considered. Currently, the in vitro and in vivo studies of iron-
based alloys have not reached a consensus. For example, iron alloys with differences in
corrosion rates in invitro corrosion experiments have shown very similar behavior in animal
experiments. This may be due to the complex physiological environment of the human body.
In addition to cells and tissues, the human body contains a large number of inorganic
components such as phosphates, organic molecules such as sugars, and biological polymers
such as proteins, which are dissolved in various body fluids. Implants in contact with such a
complex physiological environment are subject to corrosion, protein adsorption, and cell
adhesion [30]. As the research on iron-based biodegradable materials is still in the early
stages, there is a lack of systematic study on their corrosion behavior in physiological
environments. Therefore, it is necessary to evaluate the effects that these different

components possibly exert on the implant in vitro before the implant can be tested in vivo.
1.2 Research objectives and scientific approach

The objective of this work is to evaluate the corrosion behavior of iron-based alloys under
physiological conditions. With a focus on the potential biomedical applications of the alloys,
the corrosion performance of promising iron-based materials was explored by considering
various factors, including manufacturing methods, alloying, electrolytes, and protein species.
By investigating these factors, the aim is to understand and predict the possible corrosion
mechanisms and degradation behavior of iron-based materials under complex physiological
conditions, which will help to select suitable materials for the development of degradable
implantable medical devices. The approaches are described in detail as follows and
schematically shown in Figure 1.1.



- Protein adsorption on surface

Protein adsorption on implantable biomaterial surfaces is a crucial phenomenon influencing
material properties. In this context, the present study fist explores the key factors influencing
protein adsorption, with a particular focus on investigating the effects of pH value, protein
concentration, protein types, and metal interface properties. As shown in Figure 1.1, in
section 6.1, the adsorption of proteins on the thin metal film surface is studied. Gold is
selected as a chemically inert model surface, whereas iron is chemically reactive and prone
to corrosion and dissolution in physiological electrolytes; this is related to the subsequent
discussion on the corrosion of iron-based alloys in the following sections. The effects of
serum concentration and pH value are considered. Atomic force microscopy (AFM) is used
to obtain information about changes in surface topography due to the adsorbed protein film.
Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS) is used to
assessing the total amount of adsorbed protein and additionally allows qualitative detection
of changes in film composition.

- Caorrosion studies in physiological electrolytes

The forthcoming sections center on exploration on the corrosion behavior exhibited by iron-
based alloys. Specifically, section 6.2 aims to comprehend the impact of manufacturing
processes on corrosion performance by comparing FeMn alloys produced through both
traditional methods and additive manufacturing, with the focus on selective laser melting
(SLM) technology, which is a promising technique for crafting biodegradable implants.
Assessing the performance and suitability of materials generated via SLM is of paramount
importance, as it holds the potential to advance the field of bioresorbable materials in
medical applications. Consequently, this study selects FeMn alloys fabricated using SLM
technology as the focal point of investigation. To investigate the influence of proteins on the
corrosion behavior of promising iron-based materials, two distinct protein species are
selected for examination. The primary objective is to gain a comprehensive understanding
of the underlying mechanisms by which proteins impact the corrosion process (see section
6.2). The corrosion properties are investigated by electrochemical impedance spectroscopy
(EIS), which provides valuable information about corrosion kinetics and possible corrosion
mechanisms through the analysis of spectra and fitting of impedance data. Surface
characterization is carried out by AFM, field emission scanning electron microscopy (FE-
SEM), Raman spectroscopy, and Fourier-Transform Infrared Spectroscopy (FTIR) to



1 INTRODUCTION

correlate the surface material and the adsorbate layer composition with the corrosion

behavior.
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Figure 1.1 Schematic diagram of the main research content of the thesis.



As is widely recognized, the inadequate corrosion rate represents a critical challenge in the
development of iron-based bioresorbable materials. The formation of corrosion product
layers may play a significant role in regulating the corrosion stability and rate of these
materials. Consequently, a hydrogel film is devised and applied to the surface of pure iron
with the purpose of elucidating the potential corrosion behavior and the mechanisms
governing the formation of corrosion product layers at the interface (see section 6.3). This
endeavor aims to provide valuable insights for the subsequent development process,
specifically in devising strategies to mitigate the formation of corrosion inhibition layers.
The corrosion properties of Fe alloys are studied using EIS with and without an applied agar
hydrogel film. The swelling process of the hydrogel film is effectively analyzed with the use

of in situ FTIR in attenuated total reflection (ATR). FE-SEM, Raman spectroscopy and X-

ray photoelectron spectroscopy (XPS) are employed with the aim of correlating the surface

composition and morphology after the corrosive attack of the corrosive environment."”

In order to further assess the suitability of iron-based materials as resorbable implants, it is
essential to consider the complexity of real physiological environments in more detail.
Among the influencing factors that cannot be ignored is the high abundance of serum
proteins. As such, the corrosion behavior of pure iron in serum with varying concentrations
is meticulously investigated (see section 6.4). The aim is to simulate the intricate conditions
of in vivo environments by applying human serum as a relevant experimental medium. The
evaluation results contribute to better predicting the performance of the material and
biocompatibility when implanted in the actual body, thereby providing stronger support for
its clinical application.

1.3 Thesis layout

This thesis consists of 7 chapters, and part of the presented results has been published by
the author of this thesis [31-33].

Chapter 1 introduces the relevant background information and outlines the objectives of the

study. It also provides an overview of the entire thesis.

Chapter 2 presents the current status of research and offers an extensive literature review
on the development of biodegradable metal biomaterials, with a particular emphasis on iron-
based biomaterials. This chapter also includes an overview of the manufacturing process of

biodegradable metallic materials.



Chapter 3 focuses on the corrosion process of iron-based alloys and their influencing factors
in physiological environments. The basic concepts are introduced, including electrolytes,
corrosion mechanisms, protein adsorption on solid surfaces, and the factors that influence

them.

The basic principles of the experimental methods used are described in Chapter 4 describes.

Chapter 5 described in detail the experimental setup and specifications of the samples,
chemicals, and methods used in the study.

Chapter 6 discusses the experimental results and evaluates the corrosion behavior of iron-

based alloys under different physiological conditions.

Finally, Chapter 7 summarizes this dissertation of this study and provides an outlook for

future developments.



2 Materials and applications of biodegradable alloys
2.1 Biodegradable metals alloys

Bioresorbable and biodegradable are two terms commonly used in the field of biomaterials,
particularly in relation to temporary biomedical implants. While the terms are often used
interchangeably, they actually have distinct meanings [34]. Biodegradable refers to materials
that are able to break down or degrade through natural processes when partially or fully
exposed to the physiological environment over time. This process may involve the complete
breakdown of the material or its remodeling in the human body. Bioresorbable refers to
materials where the implant or its degradation products are removed through cellular activity
in a biological environment. This process is different from biodegradation in that it involves
the breakdown of the material by cells in the body itself. Not all degradable materials are
absorbable, as some degradation processes may not render the material soluble and therefore
will not permit its elimination from the body. Ultimately, these terms describe different
aspects of the transformation and/or disappearance of a material or implant after introduction
into the body. In the development of temporary biomedical implants, biodegradable
materials are considered desirable for applications in orthopedic and vascular devices, where
most medical researchers reserve the term degradation for the transformative step that
changes the material physicochemical properties [35]. In this thesis, the primary emphasis is

placed on metallic materials that exhibit significant potential as biodegradable materials.

Biodegradable metals can consist of pure metals, alloys, or metal matrix composites, and
they can be used in medical applications to design biodegradable implants [9]. The selection
of the appropriate metal and alloying elements is a crucial step in the design and development
of biodegradable implants, as the alloying elements and material microstructure play a
significant role in determining the mechanical properties, corrosion behaviors, and
biocompatibility of implants. The purpose of biodegradable implants is to provide temporary
support to the tissue. After implantation, they are exposed to the physiological environment
and gradually begin to corrode, producing corrosion products and causing a host reaction.
During the entire degradation process, it is required to maintain biocompatibility, not induce
inflammatory reactions or toxicity, and ensure that the degradation products can be safely
absorbed. In consideration of the design intent of absorbable metal materials, metals selected
for development need to be non-toxic and metabolizable by the human body. Table 2.1
provides a summary of the essential and potentially essential nutrients, metals, and common

alloying elements present in the human body, along with their concentrations and
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thresholds [1]. It is important to note that imbalances in these concentrations, whether too
high or too low, can have negative impacts on human health. Therefore, the selection and
use of alloying elements must be carefully adjusted to meet the mechanical requirements of
the implant while maintaining biocompatibility. The three most promising biodegradable
metals in clinical use are Fe, Mg, and Zn. Other trace elements in the human body, such as
manganese (Mn) or calcium (Ca), can be considered suitable candidates for alloying
elements.

Table 2.1 The summary of the pathophysiology and toxicology of Mg, Fe, Zn, and the commonly
used alloying elements [1].

Element Human Blood serum Daily Bonj Vascudlar
amount level allowance cell cell
Essential nutrients
Mg 259 0.73-1.06 mM 0.7¢g + +
Fe 4-5¢ 50-17.6 g/l 10-20 mg +— +—
Ca 1100 g 0'91%\/?'993 08¢ + +
Zn 249 12.4-17.4 uM 15 mg - -
Mn 12 mg <0.8 pg/l 4 mg - -
Potential essential metal
Sr 0.3¢g 0.17 mg? 2mg + +
Si - - -
Sn 30 mg - - +— +—
Other elements
Li - 01g° + +
Al < 300mg 2.1-4.8 g/l - + +
Zr <250 mg 35¢g + +
Ian\t(hggiddes B <47’ B o -

2 Sr concentration in total blood [36].

® The therapeutic dose for lithium carbonate is up to about 0.1 g/d in divided doses [36].

¢ The concentrations for Y and lanthanides (La, Ce, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm and Yb) are below 0.1, 0.44, 0.03, 0.07, 0.2, 0.1,
0.09, 0.1, 0.2, 0.03, 0.1 and 0.1 mg/I, respectively [36].

4 The toxicity levels for bone- and vascular-related cells are according to the cytotoxicity test of the metal salts [37-39]; (+-) stands for
the mild toxicity, (+) stands for the moderate toxicity, and (-) stands for the severe toxicity.

2.1.1. Biodegradable Mg and Mg alloys

Mg was first developed as a resorbable implant material. Mg is the fourth most common
cation in our body, is non-toxic and easily tolerated, and its deficiency can lead to

cardiovascular disease. Magnesium is the closest biomechanical material to natural bone



among all biodegradable metallic materials. Due to the poor mechanical properties of pure
magnesium, early clinical applications were limited. In 1878, physician Edward C. Huse [40]
first used the biodegradable properties of Mg for clinical applications when he used
magnesium wires as ligatures to stop vascular bleeding in a radial artery and varicocele
surgery in human patients. This led to a large number of scientific studies about the medical
applications of Mg. Soon some study scholars pointed out the limitations of the application,
the insufficient mechanical properties of pure magnesium, and the release of hydrogen gas
during corrosion [41,42]. However, the lack of mature metallurgical technology to control
the rapid degradability of Mg at that time limited the development of Mg materials. The
addition of appropriate alloying elements can effectively improve the mechanical properties
of Mg. Therefore, with the improvement of metal purification technology and various
alloying techniques, Mg and Mg alloys have attracted the attention of researchers again.
Over the past two decades, Mg-based materials have been recognized as having potential for
development in various medical fields such as orthopedic implants, cardiovascular stents,
sutures, surgical clips, and staples, and have made leaps from in vitro testing to successful
implantation. In 2013, a biodegradable magnesium alloy coronary stent from Biotronic,
Germany, and a biodegradable magnesium alloy screw used in clinical trials for the
treatment of bunion surgery from Syntellix Co., Germany, received the CE mark. Mg-based
screws MAGNEZIX® (Syntellix, Hannover, Germany) are now commercially available and
used in clinical trials to heal/repair bone defects in children, young people, and adults.
Currently, Mg-based biodegradable substrates can be divided into four major groups: pure
Mg, aluminum-containing alloys (AZ91, AZ31, LAE422, AMG0, etc.), rare-earth elements
containing alloys (AE21, WE43, etc.), and aluminum-free alloys (WE43, MgCa, MgZn).

Nevertheless, Mg-based degradable alloys still face a number of fundamental challenges for
medical applications, mainly focusing on improving mechanical properties, slowing down
the degradation rate, and the generation of hydrogen gas, which accompanies the process of

rapid biodegradation.
2.1.2. Biodegradable Zn and Zn alloys

Zinc is one of the essential nutrients, along with Mg, present mainly in skeletal muscles and
bones (86%) [43]. Zinc plays a role in the structure, catalysis and regulation of more than
300 enzymes and is a component of many proteins, making it a vital factor in human health
[44]. Therefore, the zinc ions released by degradation can be well metabolized and absorbed

without systemic toxicities [45]. Because the chemical potential of Zn is between Mg and



Fe, they exhibit more suitable biodegradation rates. The biodegradation process of Zn does
not produce hydrogen gas, which is an advantage over Mg-based alloys in this respect. In
addition to this, the biodegradation products of Zn are biocompatible, while those of Fe-
based alloys have been reported to aggregate in organs [16,46]. Zn-based biodegradable
materials have been gaining interest in recent years and are considered to be a new class of
biodegradable materials. The starting application of Zn in biodegradable materials was used
as an alloying element. In 2007, Wang et al. [47] designed Zn-Mg alloys with Mg content
ranging from 35 to 45 wt% and evaluated the mechanical properties and corrosion behavior
in simulated body fluid (SBF). The limitation of pure Zn as an implant material is based on
its low strength (UTS 30 MPa) and plasticity (g < 0.25%) [9], which does not satisfy clinical
needs. Hence improving the mechanical properties is the focus of developing Zn-based
materials. For pure Zn, the mechanical properties can be improved by the thermomechanical
refinement of grain size, extrusion, rolling, etc [48]. To achieve higher strength and hardness,
alloying is one of the most powerful tools. Currently, binary Zn alloy systems with Mg, Ca,
Sr, Li, Mn, Fe, Cu, and Ag and ternary alloy systems such as Zn-Al-Mg, Zn-Ag-Zr, Zn-Ca-

Sr, etc, have been constructed [43].

There is no denying the potential of Zn-based alloys as possibilities for biodegradable
materials. However, research on biomedical Zn-based materials is still in its early stages and

confronts several challenges.
2.1.3. Biodegradable Fe and Fe alloys

Iron is a metal element that is abundant and essential in the body. As shown in Table 2.1, for
adults, the recommended daily intake of iron is approximately 10-20 mg, with a maximum
allowable intake of 45 mg/day. The total body weight of a normal adult person contains 3-
59 of Fe. [49] Up to 70% of Fe in the human body is stored in hepatocytes and
reticuloendothelial macrophages, about 30% is held in hemoglobin in circulating
erythrocytes, and the remaining amounts are found in cytochromes, iron-containing enzymes,
and myoglobin. [50] Depending on the chemical properties of iron, it can exhibit a variety
of oxidation states (-2 to +6), of which Fe(ll) and Fe(lll) are two common valence states,
and the redox processes that occur between the different valence states provide the driving
force for a variety of biological functions, including but not limited to the oxygen sensing,

transport, short-term oxygen storage, catalysis, electron transfer and energy generation [49].
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In 2001 the first iron biodegradable stent was implanted in New Zealand white rabbits aorta,
the stent was made of pure iron by laser cut [22]. During the follow up of 6-18 months, there
were no pronounced inflammatory responses, systemic toxicity and other harmful effects.
Since then, iron has been widely investigated by researchers as a developable biodegradable
material. The significant advantage of iron as a biodegradable material is its mechanical
properties, especially in cardiovascular stent applications. Iron has high strength, ductility,
and formability in comparison with Mg and Zn (Table 2.2), which means that thinner

structures and struts or the manufacture of specially shaped stands are available.

Table 2.2 The mechanical properties of biodegradable metals [19].

Yield Young’s Tensile Shear Elastic Hardne
Strength  Modulus Strength  Modulus  Modulus ss (HV) Ref.
(MPa) (GPa] (MPa) (GPa) (GPa)
Mg 51 44 — 455 175235 16 - 18 44 — 48 38 [51,52]
Zn 285-325 90-110 90 - 200 35-45 14 - 32 42 [53]

Fe 108 -122 204-212 230345 78-84  195-235 157 [54,55]
316SS 190 193-200  515-860 80 —83 193 150 [1]

However, iron and iron-based alloys show too low biodegradation rates to complete
degradation in the desired time period. Nevertheless, due to their great biocompatibility and
excellent mechanical properties, there are still high expectations for Fe-based alloys and
continuing development of feasible methods to accelerate corrosion.

2.1.3.1 Pure Iron

Pure iron has mechanical properties close to SS316L and has the most advantages as a
cardiovascular stent material in competition with Zn and Mg, thanks to its tensile strength
and ductility. Iron stents can theoretically be manufactured thinner, and the great ductility of
the Fe stents permits good plastic deformation during vascular deployment [56]. The
corrosion of metals in vivo generally initiates with anodic dissolution, and Fe(ll) is released
from the iron metal surface, where they could either be oxidized to Fe(lll) or interact with
nearby cells. Restenosis in stents caused by excessive neointimal smooth muscle cell (SMC)
growth is a common issue in implantation, and studies have shown that Fe(ll) could reduce
the vascular SMC proliferation rate and inhibit excessive neointimal growth [57]. Iron and
its alloys are promising to be an alternative to permanent stents, especially in cardiovascular

and orthopedic applications.
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Biomedical materials require extensive in vitro and in vivo testing in order to evaluate their
structure and function, toxicology, biocompatibility, and many other properties before they
are introduced into the clinic.

So far, an in vivo evaluation of pure iron implants has been carried out in rabbit, minipig, rat
and mouse animal models. In 2001, the first pure iron stent implanted in rabbits had no signs
of inflammation, neointima proliferation, or systemic toxicity during the 18-month follow-
up period [22]. Subsequently, in 2006, Pausel et al. [23] implanted stents made of pure iron
(>99.5 mass%) into the aorta of piglets and followed for 12 months, which showed no signs
of iron overload or iron-related organ toxicity. In 2007 Waksman et al. [58] compared the
performance of iron stents with conventional cobalt chromium stents in the coronary arteries
of juvenile domestic pigs, and the safety and efficacy of iron stents were reconfirmed. In
2013 Wu et al. [59] evaluated the degradation of iron stents and the safety of the degradation
products using a mini-swine model, where corrosion of the iron stents was observed after
four weeks, and the iron staining in the tissue surrounding the iron stents at 28 days was
positive, and no abnormal histopathological changes were detected in coronary arteries or
major organs. In 2017, Liu et al. [60] conducted a long-term observational trial using porcine
and rabbit models in which nitride iron scaffolds were implanted in rabbit aorta for 36
months and porcine aorta for 53 months, respectively, and both showed good long-term
biocompatibility. Recently, a novel nitride iron scaffold has been investigated in vivo. Feng
et al. [61] reported histopathological evaluations of a scaffold in coronary arteries of mini-
swine after 4, 12, 26, 52 weeks and even seven years of implantation, with results showing
long-term biocompatibility. In addition, for orthopedic applications, bioabsorbable iron-
Based porous interference Screws (1Ss) developed through additive manufacturing were
implanted in rabbits for short- and long-term observation and Fe-based ISs provided

mechanical superiority and high absorptivity [46,62].

In vitro testing of biomaterials is typically performed in a physiological environment
according to 1SO 10993-5:2009 guidelines for immersion testing and electrochemical testing
to assess their biocompatibility and corrosion properties. Among them, immersion
experiments can be further divided into static and dynamic types. By designing the
experiments properly, the effects of various environmental factors such as temperature, pH,
flow rate, ionic composition, and protein on the materials can be investigated separately. By
assessing cytotoxicity, hemocompatibility, mutagenesis/carcinogenesis, and cell bio
function, biocompatibility is evaluated [63]. For example, Zhu et al. [64] investigated the in
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vitro degradation kinetics of iron by immersing pure iron in SBF. They adjusted the flow
rate of SBF to simulate the same shear stress as the in vivo environment and, by measuring
the mass loss, estimated the mean degradable rate of pure iron as 20.4 pg/(cm?-h).
Biocompatibility was assessed by observing the metabolic activity of endothelial cells in
different Fe (I11) concentrations, and the results showed that higher iron ion concentrations
decreased metabolic activity. The degradation rates reported in in vitro tests are usually very
different from those in vivo. This is due to the complex environment in the human body,
where multiple factors, such as inorganic, organic, cellular, osmotic pressure, blood flow
rate, etc., act together on the implanted material. It is difficult for in vitro testing to fully
simulate the complex physiological environment in vivo. Therefore, the biocompatibility of
medical devices needs to be assessed jointly through in vitro and in vivo tests that carefully

examine local and systemic effects on cells, tissues, or the entire body.

Even though pure iron is considered biocompatible, the in vivo corrosion rate of pure iron
as an implant material is poor. Pure iron stent still exists after 18 months of implantation in
white rabbits [22,23]. Moreover, pure iron implants are not compatible with MRI devices

due to their ferromagnetic nature.

2.1.3.2 FeMn Alloy

Alloying is a process that accelerates the corrosion of pure iron and ensures its mechanical
properties. The corrosion rate of Fe can be increased by alloying with different elements to

create micro galvanic corrosion processes in two main ways [65]:

I.  The reduction in corrosion resistance of the substrate is achieved by adding elements

with a lower electrochemical potential than iron and which are soluble in iron.

ii.  The addition of metals more noble than iron creates a second phase with a greater
electrochemical potential, resulting in electrochemical corrosion where iron acts as

the anode and the nobler metal acts as the cathode.

Mn, as an essential element in the human body, has a lower chemical potential (—1.18 V vs.
SHE) than Fe and can be soluble in each other, thus making it a suitable alloying element.
In addition, alloying with Mn promotes antiferromagnetic behavior and solves the MRI
incompatibility of pure iron. Considerable results have been achieved with FeMn alloys. In
2007, Hermawan and his team first approached the feasibility of FeMn alloys as promising

biodegradable materials [24]. They fabricated an iron-35 wt% manganese (Fe-35Mn) alloy
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by a powder metallurgy (PM) process and investigated their degradation properties in
circulating modified Hank’s solution. Fe-35Mn is an austenitic alloy with a low magnetic
susceptibility of 148 nm3/kg, and its behavior is not significantly changed by successive cold
rolling and sintering cycles. Its mechanical properties are similar to those of 316L stainless
steel. Preliminary degradation tests also showed suitable degradation behavior with a
uniform corrosion mechanism as well as ion release within physiological levels. Since then,
Hermawan and Mantovani et al. [66] have continued to work on the effects of fabrication,
alloying elements, and weight percentage on the properties of FeMn alloys. They developed
a series of FeMn alloys with Mn contents between 20 and 35 wt% with the aim of obtaining
mechanical properties similar to 316L stainless steel and a more suitable degradation
behavior than pure iron [66]. The mechanical properties of a series of FeMn alloys and the
degradation properties in modified Hank’s solution at 37 + 1 °C are shown in Table 2.3 and
Table 2.4, respectively. Upon evaluation of the various indicators, Fe-30%Mn and Fe-

35%Mn stood out as candidate alloys worthy of further development.

Table 2.3 Mechanical properties of FeMn alloys [66].

Material Ultimate Strength  Yield Strength Elongation at Hardness
(MPa) (MPa) Break (%) (Rockwell A)
Fe20Mn 702 £11 421 £ 27 75+£15 59+1
Fe25Mn 723+ 19 361+ 33 48+04 56+1
Fe30Mn 518 + 14 239 +13 190+14 401
Fe35Mn 428 + 7 234+ 7 32.0+0.8 38+2

Table 2.4 Corrosion rate of FeMn alloys in Comparison to pure iron [66].

I.orr (WA/CM?) CR (mm/year)
Material
Quenched Cold Rolled Quenched Cold Rolled
Fe20Mn 113+4 39+2 1.3+0.1 05+0.1
Fe25Mn 91+4 40+1 1.1+01 05+0.1
Fe30Mn 56 +5 57+2 0.7+0.1 0.7+0.1
Fe35Mn 37+3 55+3 04+0.1 0.7+0.1
Iron? 16+2 02+0.1

I.or+» COrrosion current density; CR, corrosion rate.
2lron (99.8% purity), annealed plate, Goodfellow Corporation, Oakdale, PA, USA.
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Further, Hermawan and Mantovani et al. [26] went on to study the biocompatibility of FeMn
alloys, which is a necessary step for the development of degradable biomaterials.
Degradation tests, as well as cell viability tests, were performed on FeMn alloys with Mn
content between 20 and 35 produced by the PM process. The degradation medium was
modified Hank’s solution at 37°C and was observed in a test bench designed to mimic blood
flow conditions in the human coronary artery for three months. A water-soluble tetrazolium
test method was used to study the effect of the degradation product of FeMn alloys on the
viability of fibroblast cells. The results show that the average corrosion rate of FeMn alloy
is about twice as fast as that of pure iron and has a lower inhibition effect on the metabolic
activities of 3T3 mouse fibroblast cells. This study further confirms the development
potential of FeMn alloys as a biocompatible degradable biomaterial [26].

Based on this favorable evidence, FeMn alloys have received increasing attention in the last
decade, and multiple alloys have been developed based on them. For example, Hong et al.
[67] designed FeMn-Ca and FeMn-Mg alloys and reported that the 3D printed FeMn-Ca
exhibited high corrosion rates than FeMn. Theoretically, the degradation rate can be
increased by adding noble metals such as Cu, Ag, and Pb as alloying elements, which can
induce micro galvanic corrosion [68—70]. The addition of carbon to Fe-Mn can produce a
compositionally consistent alloy of twinning-induced plasticity (TWIP) steels.

2.1.3.3 Other Fe-based materials

Liu et al. [71] developed a series of Fe-3 at.%X (X =Mn, Co, Al, W), Sn, C, B and S) binary
alloys to investigate the effect of common alloying elements on the corrosion rate and
biocompatibility of pure iron. They prepared six binary alloys in a vacuum induction furnace
under an argon atmosphere and evaluated their microstructure, mechanical properties,
corrosion rate, cytotoxicity, and hemocompatibility. The corrosion rates obtained by static
and dynamic immersion tests in Hank’s solution and by the electrochemical approach are
summarized in Table 2.5. Both pure iron and Fe-X binary alloys showed localized corrosion
in Hank’s solution and exhibited similar corrosion rates. Mechanical test results showed that
the addition of alloying elements, except for Sn, which reduced the yield strength of the alloy,
improved the mechanical properties of pure iron after rolling. However, it should be noted
that ferromagnetism is still present in the case of low content of alloying elements, which
has a negative impact on clinical MRI examination. Overall, the results of all experiments
recommended the development of Co, W, C and S as suitable alloy elements and suggested

to try high content alloy additions and multi-component iron alloys.
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Table 2.5 Electrochemical data and corrosion rates calculated from different measurements of Fe-
X binary alloys with pure iron as a control in Hank ’s solution [71].

Veorr Leorr Veorr Corrosion rate (g m2d)
) (LA cm?)  (mm year™) Electrochemical  static  Dynamic
Pure iron
As-cast -0.748 8.961 0.105 2.240 0.256 4.033
As-rolled -0.702 8.768 0.103 2.192 0.166 3.133
Fe-Mn
As-cast -0.711 9.004 0.105 2.251 0.038 0.956
As-rolled -0.68 7.454 0.087 1.863 0.028 0.678
Fe-Co
As-cast -0.713 10.966 0.128 2.741 0.250 1.367
As-rolled -0.693 12.099 0.142 3.025 0.220 1.956
Fe-Al
As-cast -0.704 9.538 0.112 2.385 0.140 1.544
As-rolled -0.721 9.485 0.111 2.372 0.116 1.056
Fe-W
As-cast -0.717 12.89 0.151 3.223 0.350 1.122
As-rolled -0.709 12.663 0.148 3.166 0.361 0.822
Fe-B
As-cast -0.698 14.962 0.175 3.741 0.142 1.033
As-rolled -0.728 10.309 0.121 2577 0.070 1.111
Fe-C
As-rolled -0.68 15.964 0.187 3.991 0.231 3.456
Fe-S
As-rolled -0.703 12.351 0.145 3.088 0.230 2.58

V.o, COrrosion potential; I.,,, corrosion current density; and v,,,.., corrosion rate in terms of penetration rate.

The addition of highly noble metals has also been used to improve the biodegradability of
pure iron. Huang et al. [72] fabricated Fe-Ag and Fe-Au composites by powder metallurgy
using spark plasma sintering, and the results showed that the addition of Ag and Au could
improve the corrosion rate of the iron matrix in Hank’s solution, especially Ag. Jaroslav
Capek et al. [73] compared the microstructure, mechanical and corrosion properties, and
cytotoxicity of FePd2 (wt%) alloys prepared by three different routes: casting, mechanical
alloying, and spark plasma sintering (SPS). The results show that the addition of Pd

enhanced both mechanical properties and corrosion rates and did not decrease the
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cytocompatibility. Cheng et al. [74] prepared Fe-Fe,O3 composites with Fe2Os contents of
2, 5, 10, and 50 wt % by spark plasma sintering. The addition of Fe;O3 in small amounts

improved the corrosion rate. And the prepared materials showed good hemocompatibility.
2.2 Manufacturing methods of alloys

Manufacturing methods are pivotal in the development of biodegradable metal materials.
This is because the production process allows not only different shapes and formats but can
also significantly affect the mechanical properties and corrosion rate of the implants [19].
Only a few of the main methods available for the design and production of biodegradable
metals are briefly described here. The technical details, process parameters and procedures

are not in the scope of this thesis.

The main manufacturing methods that can be used for the development of iron-based
biodegradable metal materials are powder metallurgy (PM), casting, electroforming, and
additive manufacturing (AM). Among them, AM is relatively considered as an advanced
process, while the other methods are tentatively classified as conventional metallurgical
techniques in the following description. Their respective advantages and disadvantages are

summarized in Table 2.6.
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Table 2.6 Advantages and disadvantages of various methods for manufacturing Fe-based biodegradable devices [75].

Method

Advantages

Disadvantages

Powder metallurgy

Casting

Additive manufacturing

Electroforming

Allows the direct production of relatively complex shapes;

Materials with tuned properties can be obtained,;

The degradation rate and mechanical characteristics can be varied across a
large range by making minor modifications to production parameters;

A suitable method for developing alloys, composites, and porous materials;
Ease of tailoring biodegradability by optimising porosity.

Affordability of alloy component customization;
Easy to make complicated geometry.

The best method to produce porous scaffolds;

Ease of tailoring biodegradability by optimising porosity;

The shape and geometry of pores can be controlled (these decide the
osteoconduction and osseointegration;

Allows implant materials to have mechanical characteristics similar to human
bone. (Reduce stress shielding);

Accuracy and adaptability.

Simple method,;
Does not require complex equipment;
Less amount of energy consumption.

Difficulties in powder preparation;

Chances of inhomogeneity during the
mixing/milling process leads to poor mechanical
properties.

High probability of casting defects (segregation,
blowholes, and shrinkage);

Post-processing is required after casting;

Cannot produce Fe-bioceramic composite;
High-stress shielding.

Difficulties in powder preparations.

Only thin sections/sheets can be made.
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2.2.1. Conventional manufacture techniques

Casting is one of the oldest metalworking technigues, with a history of nearly 7000 years. It
was initially used to develop Fe-based biodegradable materials. For example, Liu et al.
prepared Fe-3%X (X= Mn, Co, Al, W, Sn, B, C, S) binary alloys by casting when testing
available alloying elements. Microstructure and corrosion properties of FeMnPd alloys
forged by Schinhammer et al. [76—-78] can be improved by heat-treatment processes such as
recrystallisation and precipitation. Powder Metallurgy is one of the methods widely used to
produce metallic materials that can produce high purity products and allow the mixing of
metals and non-metals to create composite materials. PM generally consists of four basic
steps, namely (i) Powder production and preparation, (ii) mixing and blending, (iii) shaping
and (iv) sintering. As previously described, the Fe-Mn alloy for biomedical applications
proposed by Harmawan et al. was fabricated by the PM process [24,25,66]. Otherwise, the
degradation rate and mechanical properties of electroformed iron (E-Fe) are reported to be
better than those of iron fabricated by casting and thermomechanical treatment (CTT-Fe)

and present a fine microstructure [79-81].

The traditional casting process offers lower construction costs and relatively mature
processing technology. However, it may not meet the complex geometry required for clinical
implant materials. To address the limitations of conventional machining processes, such as
casting composition segregation and inhomogeneous grain structure leading to poorer
mechanical properties and degradation behavior, unconventional fabrication techniques

should be considered, depending on the specific application of the metal implant material.
2.2.2. Additive manufacturing

Additive manufacturing, also known as additive fabrication, 3D printing, or rapid
manufacturing, is an advanced manufacturing process where solid parts are built by
depositing materials layer by layer. The advancements in additive manufacturing
technologies have brought revolutionary changes in the development of biodegradable
implants. 3D printing of metals enables the use of existing biomaterials to provide patients
with customized devices that can be designed and manufactured with matching geometries
according to the required properties of different implant locations. The design can also be
engineered to specifically load any drugs or biologically active substances. Currently, AM
has been applied in the medical field, especially in orthopedics [82—87]. The bone structure
that matches the patient is designed by a computer-aided design (CAD) model. Then, a
custom bone implant is printed by a printer, and finally, an implantation procedure is
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performed to attach the custom plate to the affected site. In addition, parts produced by AM
are also widely applied in the aerospace industry, structure fabrication, dentistry, automobile
industry and other fields [88].

Powder bed fusion (PBF), selective laser melting (SLM) and electron beam melting (EBM)
are three major existing AM technologies. Among them, SLM occupies a special place
because it is able to mix different materials with functional gradients and can be used to
produce not only metals but also ceramics and polymers [89]. SLM was developed by Dr.
M. Fockele and Dr. D. Schwarze of F & S Stereolithographietechnik GmbH, with Dr. W.
Meiners, Dr. K. Wissenbach, and Dr. G. Andres of Fraunhofer ILT, and this technology
patented in Germany in 1997 [90]. Figure 2.1 shows a schematic of the SLM process setup
[91]. A thin layer of metal powder is evenly spread over a build platform, and the laser
selectively melts the powder particles based on a digital 3D model. After each layer is melted,
the build platform is lowered, and a new layer of powder is applied, repeating the process
until the entire object is formed. Due to the intricate nature of SLM systems and the
underlying mechanisms involved, process parameters play a crucial role in determining the
final quality of parts produced through this technology.
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Figure 2.1 Schematic illustration of the principle of operation of SLM process (Reprinted with
permission from Ref. [91]. Copyright @ 2019, Elsevier)

Compared to Mg and Zn, Fe and Fe-based materials are relatively easier to process using
SLM. Carluccio et al. [92] fabricated pure iron for biodegradable metal applications using
selective laser melting, laser metal deposition, and conventional casting techniques. They
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then compared the microstructural, mechanical, and corrosion properties of samples
produced by the three different processes. The results showed that the manufacturing method
significantly affects the microstructure. As shown in Figure 2.2, the cast pure Fe had an
average grain size of over 30 times larger than that of SLM and double that of LMD. The
grain size is dependent on the cooling rate, the cooling rate of the laser-based AM process is
significantly higher due to the small melt pool, which results in higher mechanical properties
of the pure iron processed by SLM. The corrosion rate is further increased due to the finer
grain size. Furthermore, they fabricated and evaluated the feasibility of SLM processed Fe-
35Mn scaffolds as bone scaffolds [28]. The microstructure of the scaffold consisted
primarily of y-austenite, leading to high ductility of the scaffold. The Fe-35Mn scaffold
maintained adequate mechanical properties after 28 days of immersion in Hank’s solution,
and the cell viability test results also showed good biocompatibility. In addition, they
performed in vivo tests where the scaffold was implanted in the defective calvarium of rats,
and the implant successfully bonded to the original bone and stimulated bone formation only

four weeks after implantation.
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Figure 2.2 Average grain size of each manufacturing method. Error bars represent SD. IP denotes
build direction in the plane, OP denotes build direction out of the plane (Reprinted with permission
from Ref. [92]. Copyright @ 2019, Wiley Online Library).

A remarkable advantage of SLM is the ability to achieve the processing of immiscible
materials. Kruger et al. [93,94] developed the FeMnAg alloy by dispersing the Ag phase in
the FeMn substrate, with the strategy of inducing galvanic corrosion through the high
potential of Ag and thus increasing the corrosion rate. In addition, Ag has good

biocompatibility and antibacterial properties.
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3 Corrosion mechanisms in physiological environments

3.1 Corrosion of metallic implants

Corrosion is an important factor in the design and selection of metals and alloys for use in
implants. During corrosion, allergenic, toxic/cytotoxic or carcinogenic substances may be
released into the body [95]. In addition, corrosion can lead to loosening and failure of
implants [96,97]. The corrosion behavior of metal implants is influenced by many factors of

their own properties as well as the environment, as shown in Figure 3.1.
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Figure 3.1 Factors affecting the corrosion of metallic implants (based on [98]).

Corrosion testing is an effective means of material selection and understanding degradation
mechanisms. Thus, extensive corrosion testing is necessary to evaluate the corrosion
properties of implants before they are applied in the clinical trial. Due to constraints of ethics,
cost considerations, and the need for additional equipment, space, and skills, there are
currently more in vitro studies of iron-based materials than in vivo [19]. Furthermore, the
results of in vivo experiments have indicated that corrosion rates based on in vitro tests often
show inconsistencies with the results of in vivo tests [63]. Corrosion rates from in vivo tests
tend to be low. This is due to the fact that not all factors (e.g. blood flow rate, pH, reactive
oxygen species, ion concentration, proteins, cells, etc.) affecting the corrosion process can
be fully taken into account under the pseudo-physiological conditions.

In the literature, only approximative values of the degradation rate of different iron-based
materials can be found, depending on the different testing methods, applied test
environments, time periods of observation (e.g. initial corrosion vs. corrosion after a longer

time) and material combinations, as well as fabrication and preparation of samples [99].
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3.1.1. The biological environment

The fluids in the human body are composed of water and inorganic salts, and organic
compounds dissolved in water together, collectively known as body fluids. Water is the main
component of body fluid, constituting 55% to 65% of body weight [100]. Body fluids that
exist outside the cells are defined as extracellular fluids (ECF). They mainly include tissue
fluid, plasma, lymph and cerebrospinal fluid. The fluid inside the cell is named the
intracellular fluid (ICF). Biodegradable metallic materials are mainly considered for
orthopedic and cardiovascular applications [34,65,101], where implants are faced with a
physiological environment that is typically ECF. The main components of the extracellular
and intracellular fluids are listed in Table 3.1. Body fluids are buffer solutions whose pH is

usually maintained between 7.0 and 7.35 [100].

Table 3.1 Electrolyte concentrations per 1 L water (mEq) [102].

Extracellular fluid

Species Intracellular fluid
Serum Interstitial
Na* 152 143 14
K* 5 4 157
Ca? 5 5 -
Mg?2* 3 3 26
Cl 133 117 -
HPO.Z 2 2 113(PO)
SO4* 1 1 -
HCOs 27 27 10
Organic acid 6 6 -
Protein 16 2 74

3.1.2. Commonly used media for in vitro corrosion test

Biomaterials have to face the complex human environment, so when developing
biomaterials, it is necessary to make the used test media as close as possible to the real human
physiological environment. Differences in the composition of the corrosion test medium
have a significant impact on corrosion behavior. Mai et al. [103] have reviewed a variety of
different corrosive media used to evaluate the degradation properties of biomedical implants,
ranging from simple inorganic electrolytes to complex corrosive media containing organic

biomacromolecules, as illustrated in Figure 3.2.
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3 CORROSION MECHANISMS IN PHYSIOLOGICAL ENVIRONMENTS
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Figure 3.2 Commonly used corrosive media for testing bio-absorbable metals. Typically, the
corrosion rate of magnesium is decreased as a function of the increasing complexity of the media.
lons in the brackets occasionally added to corresponding medium (Reprinted with permission from
Ref. [103]. Copyright @ 2020, Elsevier).

As shown in Table 3.1, the most important electrolytes in the ECF environment to which the
implanted material is exposed are Na, K, Cl, Ca, HCO3", and phosphate. Among them, Na*
and CI™ are the main ions, and NaCl solutions were rightly chosen as the initial corrosion
medium. The commonly used NaCl solution with a concentration of 0.9%, also known as
saline, has the same osmotic pressure as human plasma. Saline is not only the simplest
corrosive medium but also the most aggressive. In addition, it does not have buffering
capacity, which may lead to local pH changes. Phosphate buffered saline (PBS) contains
NaCl, KCI, KH2PO4 and NaxHPO4 salts, and it was designed for biological studies. It is also
often used as a corrosive medium to test the suitability of biological materials.
H2PO4 /HPO4?~ buffers the pH of the solution in the range of 5.8-8.0. Although PBS has a
pH buffering capacity compared to NacCl, it still lacks several important inorganic salt ions
that have a significant impact on corrosion behavior, such as Ca?* and carbonate. SBF refer
to media containing all major inorganic ions present in human serum and interstitial fluid,
which further improves the deficiencies of NaCl and PBS. SBF was proposed by Kokubo et
al. in the 1990s, and its ion concentrations are approximately equal to those of human blood
plasma [104,105]. The material forms a calcium phosphate surface phase in SBF similar to
that found in natural bone, which has led to the widespread use of SBF for bone tissue
engineering. Oyane et al. [106] modified the conventional SBF and recommended m-SBF
(modified simulated body fluid) for in vitro evaluation of biomaterials. The composition of
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NaCl, PBS and SBF in comparison to human plasma is shown in Table 3.2. Then, to better
fit the real body environment, the researchers continued to add proteins, amino acids,
vitamins, sugars and other biomolecules to the electrolyte solution, creating more complex
corrosion media, such as Dulbecco’s Modified Eagle’s Medium (DMEM).

Table 3.2 Components of simulated body fluid in comparison to those of blood plasma [103,107].

Concentration (mM)

NaCl PBS SBF Plasma
Na* 145.3-153.8 146-157 142.0 135-147
K* - 4.1 5.0 3.5-5.0
Mg* - - 1.0-15 1.5-2.5
Ca* - - 2.5 8-11
Cr 145.3-153.8 140.6 103-148.8 22-28
HCOs - - 4.2-27 27.0
HPO* - 9.5-11.5 1.0 1.0
SO4* - - 0-0.5 0.5
pH buffer ) ; 25.0-5506.50((Tkr|i|§)PES) )
Protein - - - 6-8 g dlI*?
Glucose - - - 70-110
Uric acid - - - 2-8

HEPES: 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid; TRIS: tris(hydroxylmethyl)aminomethane.

3.1.3. Corrosion of Fe-based materials in the physiological environment

Metal implant materials begin to corrode after implantation, and the metal (M) oxidizes to

metal cations (M"™), which react with OH™ produced by the cathode to form corrosion

products:
M — M™ + ne” (Anodic reaction) 1)
2H>0 + Oz + 4 — 20H™ (Cathodic reaction) ()
M™ + nOH — M(OH), (Produce formation) (3)

The corrosion behavior of Fe-based materials in various physiological solutions such as SBF,
PBS, and DMEM has been reported. Schinhammer et al. [78] investigated the degradation
behavior of Fe, FeMnC, and FeMnC-Pd in aerated (O2-containing) SBF and established the
degradation mechanism in oxygenated physiological solutions of iron-based alloys. The

degradation products consist mainly of oxides of Fe and Mn and a mixture of Ca and P. The
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3 CORROSION MECHANISMS IN PHYSIOLOGICAL ENVIRONMENTS

protective oxide layer formed acts as a degradation barrier affecting the degradation rate.
Hermawan et al. [108] studied the degradation behavior of FeMn alloy in modified Hank’s
solution, and the results indicated that the degradation products consisted of metal
hydroxides and calcium/phosphorus layers, as shown in Figure 3.3. In addition to this, due
to the presence of defects in the hydroxide layer and chloride ions from electrolyte
concentrates in preferential sites (Figure 3.3b). The formed metal chloride was then
hydrolysed by water to the hydroxide and free acid, lowering the pH value in the pits while
the bulk solution remained neutral. Corrosion pits grow wider and deeper over time, and
Fe(OH)2 is converted to magnetite (Fe:Os) and lepidocrocite (y-FeOOH) as the final

corrosion product.

Hydroxide layer

2+ 2+
Fe ; Mn

/, ,\ZOH'

H,0; 0, Cal/P layer

o y

c d

Figure 3.3 Illustration of the corrosion mechanisms for Fe—Mn alloys: a) initial corrosion reaction,
b) formation of hydroxide layer, c) formation of pits, and d) formation of calcium/phosphorus layer
(Reprinted with permission from Ref. [108]). Copyright @ 2010, Elsevier).

Chen et al. [109] compared the long-term corrosion behavior of Fe, Mg and Zn in PBS. The
pH change in the case of Fe during the degradation by continuous immersion was minimal,
and there was no hydrogen precipitation. The surface layer of Fe thickened with increasing
immersion time, and in addition to this, pitting was observed, and some of it had developed

into deep holes. As mentioned before, this is elicited by the confined self-promoting
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hydrolysis of the CI™ ions. Dong et al. [110] compared the degradation behavior of Fe, Mg,
and Zn in SBF and DMEM under the same experimental conditions. In SBF, Fe shows the
lowest corrosion rate compared to Mg and Zn, which is consistent with its thermodynamic
activity. And the difference is reduced in DMEM. Fe forms a porous corrosion layer in SBF,
while it is more dense in DMEM. Chemical elemental analysis results show that the
corrosion product layer of Fe consists of FesOs, FeEOOH, Fe203, FePOs, Caio(POs)s(OH)z2,
Cas(POa)2, and CaCOs.

Implants and byproducts often cause inflammation, and macrophages in the immune system
release reactive oxygen species (ROS) such as hydrogen peroxide (H202) and superoxide
(O27) when dealing with inflammation, thus changing the local corrosive environment [111].
In order to simulate the degradation of Mg and Fe under inflammatory conditions, Liu et al.
[111] added different concentrations of H2.O> to PBS. The degradation of iron was
accelerated with increasing H20 concentration, and the formation of corrosion products was
inhibited.

The corrosion performance of Fe-based implants has been studied so far in a variety of
physiological solutions, and protective corrosion products are considered to be one of the
causes of low degradation rates under physiological conditions. The results of several
reported in vitro corrosion experiments have shown that the most common types of corrosion
products resulting from the corrosion of Fe-based alloys are FeEOOH, Fe203, Fez04, Fe(OH)s,
and Ca/P-based precipitates [110,112,113]. However, no studies have been conducted to
specifically identify the type of corrosion products after in vivo implantation [114]. In fact,
the corrosion rates of in vivo tests are generally lower than those of in vitro tests due to the

complex physiological conditions in the body [63].
3.1.4. The proposed corrosion mechanism of Fe

Generally, the mechanism of iron corrosion under physiological conditions is considered to
begin with the oxidation of iron as an anodic reaction and the reduction of oxygen as a

cathodic reaction, as shown in the following equation:
Fe — Fe?* + 2e~ (Anodic reaction) 4)

2H>0 + Oz + 4e- — 20H™ (Cathodic reaction) (5)

Fe?* can continue to be reduced to Fe3* in the presence of oxygen. The iron ions react further
with the OH produced by the cathode to form insoluble substances. In the presence of oxygen
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and chloride ions, Fe(OH)sz is hydrolysed and goethite (a-FeOOH) precipitates. Fe(OH)2 will
then react with a part of FeO(OH), and the formation of Fe3O4 occurs [115,116]. The related

reactions are shown below.

Fe?* + 20H™ — Fe(OH), (6)
Fe?*+ 30H™ — Fe(OH)s (7)
4Fe(OH), + O, + 2H20 — 2Fe;03-6H20 (8)
Fe(OH); + 2FeOOH — Fe304 + H20 9

The Fe?* released from the anode during corrosion can also interact with other anions present
in the physiological environment. The alkalinization of the interface due to corrosion and
the increase in pH can indeed favor the precipitation and deposition of phosphates. As a
result, the following reactions occur in solutions containing phosphate [116].

Fe(OH)2+ CI” — FeCIOH + OH~ (10)
FeCIOH + H* — Fe** + CI" + H,0 (11)
Fe?* + O, + 30H" — Fe(OH)s + O* (12)
Fe(OH); + 2CI~ — FeCl,OH + 20H" (13)
FeCl,OH + H* — Fe®* + 2CI™ + H,0 (14)
6PO4*" + 10Ca®* + 20H™ — Cayo(POs)s(OH)2 | (15)
2P0O#*" + 3Fe?* + 8H,0 — Fe3(POx)2-8H20 (16)
POs~ + Fe®* — FePOs | a7

Pourbaix diagrams depict graphical representations of the stability of different substances in
aqueous solutions as a function of their oxidation state and the pH of the solution, which are
widely used in the field of electrochemistry and corrosion science to predict the stability of
different species and to understand the behavior of electrochemical systems, including
corrosion reactions and the formation of protective oxide layers on metal surfaces. Figure 3.4
displays the Pourbaix diagram demonstrating the interaction of pure iron with various ions
present in bodily fluids, based on physiological conditions (T = 37 °C, pH = 7.4) that are in

line with the service site of the iron-based implant material.
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Figure 3.4 Pourbaix diagrams for Fe in physiological concentration and body temperature: Fe-H,O
diagram, Fe-P-H,0 diagram and Fe-C-H,0 diagram, respectively (Reprinted with permission from
Ref. [117]. Copyright @ 2019, Wiley Online Library).
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Under physiological conditions, Fe?*, OH~, CI-, H,PO*/HPO,>~ and HCO3> ions are
present (see Figure 3.4). However, no species of carbonate ions are anticipated to exist. The
equilibrium equations for the iron ions with other present ions and chemical species are listed
below [95,118,119].

CO2(g) «> COx(aq) + Ho0 — H2CO3 <> H* + HCO*™ (18)
6Fe + H2CO*™ + 12H20 «» Feg(OH)12CO3 + 13H* + 14e~ (19)
6Fe** + HCO3™ + 12H20 < Fes(OH)12COs + 13H" + 2¢” (20)
6FeOH* + HCO3™ + 6H20 «> Feg(OH)12CO3 + 7TH* +2¢e~ (21)
Fes(OH)12C03 <> 60-FEOOH + CO3?™ + 6H* + 4e” (22)
HCO3 «» COz> + H* (23)
Fe?* + COs> «> FeCOs (24)
FeO + O, — 2Fe;0;3 (25)
FeO + H0 — Fes04 + H> (26)
7Fe(OH), + 2CO3> + H20 — 4Fe(OH)2-2Fe(OH)3COs + Hz + 20H (27)
AFe(OH)2-2Fe(OH)3CO3 + 4H* — Fes04 + 3Fe?* + CO3*™ + 8H20 (28)
Fe?* + 2CI" <> FeCl, + Hz0 <> Fe(OH), + HCI (29)
4Fe + CI™ + 8H20 <> Feq(OH)sCl + 8H* + 9e~ (30)
4Fe** +CI” + 8H20 <> Fes(OH)sCl + 8H" + &~ (31)
4FeOH* + CI™ + 4H,0 < Fes(OH)sCl + 4H* + e~ (32)
Fea(OH)sCl < 4 y-FeOOH + CI™ + 4H* + 3¢~ (33)
y-FeOOH — FesOq (34)
y-FeOOH — Fe(Ill) — a-FeOOH (35)
3Fe? + 2H,PO4* + 8H,0 > Fes(POu), + 2H* (36)
Fe + 2H,PO* — Fe(H2POu), + 2e” (37)
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3Fe(H2P04)2 «» Fe3(POa4)2 + 4H3PO4 (38)

3Fe + 2HPO4?™ — Fe3(POy4)2 + 2H* + 6e~ (39)
Fes(PO4)2 + 6H20 <> 3y-FeOOH + 2HPO4* + 7H* + 3¢~ (40)
Fe3(POas)2 + 4H20 <> FesO4 + 2HPO4* + 6H" + 2¢~ (42)

The phases formed in the intermediate steps are unstable and tend to be rapidly oxidized,
tending to convert to more stable compounds, such as FeOOH or FezO4. During in vitro
corrosion testing, exposing the degradation surface to the atmosphere can alter the
degradation pattern and the degradation products formed. This could result in the production

of chemicals that are distinct from those observed in vivo studies [118].

3.1.5. The proposed corrosion mechanism of FeMn

The main degradation processes for Mn are similar to those described previously for Fe:
Mn — Mn?* + 2e” (Anodic reaction) (42)

2H>0 + Oz + 4e- — 20H™ (Cathodic reaction) (43)

Then the metal ions released from the anodic reaction react with the hydroxide ions released

from the cathodic reaction to form insoluble hydroxides:

Mn%* + 20H™ — Mn(OH); (44)

In CO2-rich environments, there may be additional reaction processes that affect the nature,
chemical composition and morphology of the degradation layer. The main reason is that the
dissolution of CO2 changes the concentration of HCO3™ and CO3?” The formation of possible

insoluble products is described as [120]:

CO, + H20 — H,COs (45)
2H,CO3 — 2H* + 2HCO3~ (46)
2HCO3™ — 2C03> + 2H* (47)
Mn2* + CO3%~ — MnCO3 (48)
Mn2* + 2HCO3™ —> Mn(HCO3), (49)
Mn(HCOs)2 — MnCOs + CO, + H,0 (50)
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3.2 Protein Adsorption on solid surfaces
3.2.1. Protein structure

Protein is a macromolecule with certain biological functions and is also the most abundant
macromolecule in living organisms. Each protein has its own specific structure, which can

be generally described at four distinct levels (Figure 3.5).
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Figure 3.5 Representation of the four levels of the protein structure (Re-drawn from Ref. [121]).

The primary structure describes the linear structure of the protein, i.e. the sequence of
covalently linked amino acid residues. The secondary structure of a protein refers to the local
spatial arrangement of the main chain atoms in its molecule, of which there are two main
conformations, i.e. a-helix and the B-strand or B-sheets. Tertiary structure refers to the
overall arrangement of a peptide chain, where the main chain and side chains form a spatial
structure through hydrophobic interactions, electrostatic forces, hydrogen bonds etc. A
quaternary structure is a multimer formed by two or more polypeptide chains with

independent tertiary structures bound to each other by non-covalent bonds. [121-124]
3.2.2. Surface adsorption of protein on material surfaces

The structure of proteins indicates that they are large complex amphipathic molecules

composed of amino acids. The specific three-dimensional structure built by amino acid side
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chain groups and multiple forces allows the protein to expose a combination of hydrophobic,
hydrophilic, polar and non-polar regions in the medium (Figure 3.6). This allows them to
interact with material surfaces, for example, hydrophobic effects, formation of ionic bonds,

electron transfer, etc.

Protein

Solid surface

| © Negative charge © Hydrofobic zone

— . . |
ER NG =G SRS | ® Positive charge @ Polar zone

Figure 3.6 Schematic illustration of proteins domains and respective interactions with surfaces of
different nature: polar zone, hydrophobic zone, positively charged and negatively charged [122].

The adsorption of proteins on material surfaces involves a large number of processes. Over
the past decades, researchers have observed the adsorption behavior of different proteins on
the surface of various biomaterials, and the experimental results indicate that properties of
proteins such as their size, shape and structure, and isoelectric point influence their
interaction with the surface of biomaterials. Meanwhile, surface properties such as surface
chemistry, charge, morphology, hydrophobicity and mechanical properties, as well as
temperature, ion concentration, pH value and other environmental factors, also affect protein

adsorption. The main factors affecting protein adsorption are summarized in Figure 3.7. [125]

hydrophobic, hydrophilic, charge, ™
size, structure stability... ! v

/ Protein
,” adsorptlon \‘\ hydrophobicity, charge, topography,
temperature, pH, blood flow velocity, “----------------- L surface chemical composition, wettability,

electrolyte ions ... mechanical properties, roughness ...

Figure 3.7 Main factors affecting protein adsorption.
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Protein property

Amphipathic nature: The amphipathic nature of proteins is reflected in their different
structural domains, i.e. hydrophobic, hydrophilic, positive and negative charges. This
is determined by the local amino acid composition and environmental factors. In
aqueous media, the hydrophilic amino acid side chains are more often located outside
the protein molecule and tend to adsorb on polar material surfaces. The isoelectric
point of proteins depends on the amino acids and conformations that make up the
protein, can carry different charges depending on the pH of the environment, and
readily adsorbs to regions of the material surface that carry the opposite charge. In
general, proteins tend to adsorb more readily near the isoelectric point.

Structural stability: Proteins undergo different degrees of conformational changes
upon adsorption. Compared to proteins with high conformational stability (hard
proteins), protein molecules with lower thermodynamic stability (soft proteins) tend
to undergo conformational changes upon adsorption, unfolding to a greater extent on

the surface to optimize interfacial energy.

Size: Smaller proteins have faster diffusion rates and reach the surface of the
substrate more quickly. Larger proteins have more binding sites to interact with areas
of the material surface.

Surface property

Surface chemical composition: The chemical composition of the material surface can
strongly influence protein adsorption. Surface functional groups such as =CHs, “OH,
—COOH, etc., can influence surface polarity, hydrophobicity, hydrophilicity, and the
specific adsorption of proteins. The chemical composition determines the type of

intermolecular forces and also the surface charge at environmental pH.

Charge: The surface potential affects the distribution of ions in the solvent and the
interaction with proteins. Negatively charged surfaces are more likely to attract

positively charged proteins.

Topography: Differences in surface topography may affect the conformation and
amount of proteins adsorbed on the material surface. Compared to smooth surfaces,
topographic features have a greater specific surface area and surface energy, thus

increasing the adsorption sites for proteins.
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iv.  Heterogeneity: Biomaterials present heterogeneity at the microscopic scale, such as
some metallic materials exhibiting different phases and the presence of grain
boundaries. Non-homogeneity creates different regions of interaction with the

protein.
Environmental factors
Numerous environmental factors can also affect the interaction of proteins with surfaces.

i.  Temperature: Temperature has a strong influence on protein behavior, and high
temperatures can accelerate the diffusion rate of proteins, thereby increasing the
amount of adsorbed proteins. However, too high temperatures can lead to protein

denaturation and inactivation.

ii.  Environmental pH affects the charge of proteins and material surfaces.

As mentioned above, protein adsorption on a surface is a very complex process, and the
overall adsorption behavior is influenced by numerous factors. The exact mechanism of
protein adsorption is not fully understood, so it cannot be assumed that the adsorption
behavior of proteins on the material and the structure of the adsorbed proteins are
deterministic. Nevertheless, by studying the adsorption of different types of proteins at the
solid-liquid interface under a variety of experimental conditions, it is possible to predict the
possible adsorption behavior of proteins and to develop models to explain the adsorption
kinetics. Generally accepted that proteins can unfold with a distribution of charges in the
interface after arriving at the surface and followed by a structural rearrangement. Eventually,
they can adsorb on the surface reversibly or irreversibly through electrostatic interactions,
hydrogen bonding, hydrophobic interactions and van der Waals forces. Overall, protein
adsorption is an entropically driven process and tends toward monolayer and near-monolayer

adsorption.
Competitive adsorption behavior

In complex biological mediums such as blood, plasma, tears, saliva or other body fluids,
there exist multiple different proteins. For example, plasma contains about 7% of proteins
and more than 150 species. Among them, Albumin is the most abundant protein in plasma,
accounting for about 60% of total plasma protein, followed by Globulins (35%) and

Fibrinogen (4%). The major component proteins in plasma are listed in Table 3.3.
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Table 3.3 Plasma Proteins with the Highest Concentration [126].

Plasma Protein Concentration Molecular Diffusion Coefficient
(mg/ml) Weight(KDa) (10" cm?/s)

Albumin 40 66 6.1
lgG* 15 150 4.0
ou-Antitrypsin 3 54 5.2
Fibrinogen 3 340 2.0
Low-density lipoprotein (LDL) 3 5000 54
o-Macroglobulin 3 725 2.4
Transferrin 2.6 77 5.0
IgA* 2.3 162 3.4
oz-Haptoglobins 2 1000 4.7
High-density lipoprotein (HDL) 2 195 4.6
Complement 3 1.6 180 4.5

*1gG, Immunoglobulin G; IgA, Immunoglobulin A.

In multicomponent solutions, in addition to considering protein-surface interactions, there is

also protein-protein competition on the surface, as shown in Figure 3.8.
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Figure 3.8 A schematic illustrating three different processes proposed for the change in composition
of a layer adsorbed from a mixture solution by exchange of earlier adsorbed proteins with other
proteins. A) Initially adsorbed protein X (blue) desorbs, leaving a vacancy for protein Y (red) to
adsorb. B) Initially adsorbed protein X is displaced by protein Y which has a stronger binding affinity
to the surface. C) Protein Y embeds itself in previously adsorbed protein X to form a transient
complex (top); the complex then turns, exposing protein X to solution (middle); protein 1 desorbs
into the solution; and protein Y remains on the surface (bottom)(Re-drawn and Reprinted with
permission from Ref. [127]. Copyright @ 2013, Elsevier).
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The adsorption area and the adsorption sites of the material are finite. As previously
described factors, protein in higher concentration has more opportunities to reach surfaces
(e.g., Albumin) and proteins with smaller sizes have faster diffusion rates, so they can
preferentially occupy the surface. Those proteins with greater affinity for the surface (e.g.,
Fibrinogen) may reach the surface later due to their concentration and size, but they can
compete with previously adsorbed proteins for binding sites through conformational
transitions leading to their desorption from the surface. At the same time, due to their more
flexible conformation, they are able to adsorb more strongly to the surface. Thus, the
composition of the adsorbed layer is time-dependent, and this dynamic competitive
adsorption following the diffusion principle was first mentioned in the 1960s by Vroman
and Adams and was afterwards widely known as the “Vroman effect” [128], whereby the
initially adsorbed protein in a multicomponent solution can be replaced from the surface

over time by a subsequent arriving protein.
3.2.3. Effect of protein adsorption on corrosion

The process of protein adsorption is multifaceted and influenced by several factors, including
the characteristics of the protein, material, and solution, as discussed in section 3.2.2. Due
to the complexity of this process, there is so far no definitive evidence on how proteins affect
the corrosion of implants. The currently accepted possible mechanisms by which proteins

affect the corrosion behavior of metals are [95]:

i.  Proteins can bind with metal ions and remove them from the surface of the implant,
disrupting the balance of the electrical double layer and inducing further metal

dissolution.

Ii.  Proteins can alter the electrode potential through their electron-carrying ability, while
bacteria can alter the local pH by producing acidic metabolic products.

ili.  The adsorption of proteins onto biomaterial surfaces can restrict the diffusion of
oxygen to certain areas, leading to preferential corrosion of oxygen-deficient regions

and passive layer breakdown.
iv. A protein layer adsorbed on the surface can act as a barrier, inhibiting corrosion.

v. Incases of wear or wear-assisted corrosion reactions, proteins can serve as lubricants

on the surface.
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The corrosion rate is influenced by kinetic factors, such as the rate of the corrosion reaction,
the availability of corrosion agents, and the mass transport of reactants and products
[119,129]. Thermodynamic factors, such as the electrode potential, pH, and stability of
corrosion products, can provide information about the driving force for corrosion, but they
do not determine the rate at which the corrosion occurs [119,129]. Thus, proteins can
increase or decrease the corrosion rate by interfering with anodic or cathodic reactions in
different ways [98,130,131]. Protein adsorption can act as a corrosion inhibitor mechanism,
as the adsorbed proteins create a protective layer on the metal surface that reduces metal
release. This protective layer forms a barrier that blocks corrosive agents from entering the
surface and inhibits the process of electrochemical dissolution. On the other hand, the
interaction between metal ions and proteins can lead to the formation of metal-protein
complexes at the surface. The transport of the complex compounds away from the interface

increases the corrosion rates.

Despite a significant amount of research on the influence of proteins on metal corrosion in
metal implants, no single study has definitively demonstrated the effect. The relationship
between proteins and metal corrosion is multifaceted and can be influenced by several
factors. Overall, the effects of proteins on metal corrosion is a dynamic and evolving field
of research, with new discoveries frequently arising. Therefore, to gain a comprehensive
understanding of the topic, it would be essential to review the pertinent literature and account

for the specific conditions and methodologies employed in each study.
3.2.4. Influence of proteins on corrosion of metallic implants

In the body, fluid contains a variety of biomolecules, especially proteins. Adsorption of
proteins is considered to be the first step that happens after the implant is implanted in the
body, and it further affects the corrosion properties of metal materials [132]. The research
has shown that the impact of the degradation of Mg-based alloys can be either accelerating
or inhibiting, depending on the specific proteins involved and their interaction with both the
surface of the implant and the medium [133]. In comparison, the effect of protein adsorption
on Fe-based alloys has received less attention, and there is a need for further experimental

work to understand the possible mechanism.

In the in-vitro testing of metallic implant materials, proteins are incorporated into the testing
media. The most widely used model protein is serum albumin, as it is the most abundant

protein class found in plasma [134]. Bovine serum albumin (BSA) is commonly used as an
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alternative to human serum albumin (HSA) in various in vitro studies because of its
structural similarity [134]. Studies related to protein adsorption on iron-based alloys under
physiological conditions showed a system-dependent behavior. Hedberg et al. [135,136]
reported that BSA induced an increased release of iron ions from stainless steel (AISI 304,
310, 316L, 430, and 2205) in PBS but slightly reduced the corrosion rate of pure iron. Other
studies on 316L indicated that protein adsorption in physiological saline containing reactive
oxygen species (e.g. H20>) could reduce the cathodic reaction rate while accelerating anodic
dissolution [137]. Additionally, the presence of BSA in PBS was reported by Karimi et al.
[138] to enhance the stability of the passivated film of 316L steel. Wagener et al. [139]
showed that the adsorption of BSA slightly increased the corrosion rate of pure iron in SBF.
In a study on hot rolled Fe20Mn-1.2C austenitic alloy, it was found that the degradation
behavior is medium-dependent, with different kinds of corrosion products and degradation

layers formed in physiological solutions with and without proteins [140].

However, using only serum albumin to assess the corrosion behavior of metals in the
physiological environment is usually not sufficient, and several studies have reported
differences in the influence of different protein species on the corrosion properties of
metallic materials. Kocijan et al. [141] reported the corrosion behavior of pure iron in Hank’s
solution containing either albumin, y-globulin, fibrinogen or transferrin and observed
different effects of particular proteins on iron dissolution. Hedberg et al. [142] investigated
the effect of different proteins and protein mixtures on metal release from stainless steel and
found that the total amount of released metal is greater in protein mixtures than in the
presence of a single protein species. Wagener et al. [139] compared the interaction of BSA
and lysozyme (LYZ) with Mg and Fe surfaces. These two proteins are different in size,
charge and physiological concentration, and the results demonstrate that the protein-surface

interactions depend on the type of protein.

Based on those research works, proteins can have different effects on metallic implants,
depending on the type of metal, the type of protein, and the environment [143,144]. Proteins
can corrode or stabilize metals, promoting or inhibiting degradation. Proteins can also
interact with metals to form a complex, which can modify the metal's physical and chemical
properties and impact its biocompatibility and biodegradability. Overall, the effect of
proteins on biodegradable metals is complex and multi-faceted, and further research is

needed to fully understand the underlying mechanisms.
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4 Fundamentals of applied experimental methods

4.1 Electrochemical techniques
4.1.1. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical measurement method
that uses a small amplitude sinusoidal potential (or current) as a perturbation signal. It has
been widely used in many scientific fields, such as materials science, physical science,
biology, and medicine. EIS is a frequency domain measurement method where impedance
measurements are obtained as a function of frequency to study the electrode system, thus
providing more kinetic information and information about the electrode interface structure
than other conventional electrochemical methods. By analyzing the impedance data across
a range of frequencies, researchers can gain insights into the charge transfer processes,
adsorption phenomena, and interfacial properties, enabling a comprehensive understanding

of the electrochemical behavior of the system.

In direct current (DC) techniques, resistance is defined by Ohm's law as the ratio of the
voltage V across a conductor to the current I through the conductor, as shown in Figure 4.1a.
When dealing with alternating current (AC) systems, the impedance Z represents the overall

impeding effect of resistance, inductance, and capacitance on the AC current in the circuit.

Impedance Z can be expressed as % following the equation of Ohm's law for AC circuits,
t

as shown in Figure 4.1. [145]

(a) DC voltage (b) AC voltage

AN

5l 14

S R=7(DC) \/ \/ Z——(AC)

Time Ohm'’s law in DC circuit Ohm'’s law in AC circuit

Figure 4.1 Ohm's law in @) DC circuits and b) AC circuits (Based on Ref. [145]).

Where R is the resistor (QQ), VV is the voltage (volts), and I is the current (amps) for direct

current, and E is the potential (volts), and Z is the impedance (Q) for alternating current.

When a sinusoidal excitation signal is applied to the electrochemical system, it acts as a

function of time as follows:
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E; = Ejsin(wt) (51)

where E; is the potential at time t, E; is the amplitude of the signal. The ® in Equation 51 is

the angular frequency, and its relationship with frequency (fin hertz units) is expressed as:
w = 2nf (52)

In a linear system, the response current resulting from the applied sinusoidal perturbation
excitation signal passing through the circuit has an offset in time ranging from 0 to 90

degrees (see Figure 4.2), which is called the phase angle shift (¢), as shown below:

I, = Iy sin(wt + @) (53)

E; = Eysin(wt)
A I. = Iysin(wt + @)

A J

phase shift

]

Figure 4.2 The illustration and equation about the relationship between the voltage and current
when applying an AC voltage with the angular frequency w.

Applying Equations (51) and (53) to Ohm's Law in AC, the impedance of the applied AC
potential can be expressed as

_E(@®)  Epsin(wt) sin(wt)
T I@) T Ipsin(wt + @) “sin(wt + @)

(54)

Further introducing the concept of complex numbers j = +/—1, according to Euler's formula:
e/* = cosx + jsinx (55)

The sinusoidal voltage and response current can be modified as follows:
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E, = E, e/t (56)

I, = I, eU®t=9) (57)
The complex form of impedance is expressed as:

E ,
Z(w) = I—t =Zyel? = Zy(cosp + jsing) =Zge + jZim (58)
t

where Zg, is related to the real component and Z;,, is the imaginary component.

Im 4

» Re

ZRe

Figure 4.3 Vector representation of impedance as complex number |Z|; Zr. real component and Zim
imaginary part of the impedance.

As shown in Figure 4.3, the real and imaginary parts of the impedance in Equation (59) are
expressed in cartesian coordinates to obtain a vector (blue arrow) of length |Z|. The vector
|Z| represents the magnitude of the impedance, and the angle ¢ between the vector and the

X-axis is called the phase angle, represented as follows:

|Z| = ,’ZReZ + ZIm2 (59)

Z
tan(p) = Z:n (60)
e

Based on the form of expression of impedance values, there are two ways to visualize
electrochemical impedance spectra: the Nyquist plot and the Bode plot. The Nyquist plot,
shown in Figure 4.4a, consists of the real and imaginary parts of the impedance, with each
point representing the impedance at a specific frequency. On the other hand, the Bode plot
(Figure 4.4b) displays |Z| (magnitude of impedance) and the phase angle as functions of
frequency. The advantage of the Bode plot is that it provides frequency information along

with impedance characteristics.
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Figure 4.4 Graphical representation of Impedance using Nyquist and Bode plot (Based on Ref.
[145]).

Resistor (R), capacitor (C) and inductor (L) are common circuit elements that are composed
of circuits. Additional constant phase elements (CPE) are often used to describe the non-
ideal behavior of electrodes. The corresponding impedance equations for the various circuit
elements are shown in Table 4.1 [145].

Table 4.1 Commonly used circuit elements in EIS modeling (Based on Ref. [145]).

Circuit Element Symbol Used Impedance

Resistor(R) -~ \\— Zr =R

1
Capacitor(C) —{ I— Ze = ]a)_C
Inductor(L) flﬂfﬁ.\_ Z, = jwl

1
Constant phase element (Qcpe) —E— Zcpp = QG@)?

4.1.2. Application of electrochemical impedance spectroscopy in corrosion

Electrochemical impedance spectroscopy is one of the most important methods for studying
metal corrosion processes because the vast majority of corrosion processes in metals are

electrochemical in nature.
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When a metal electrode is immersed in an electrolyte, metal ions dissolve, and charge
transfer occurs. The charge builds up on the surface of the metal electrode and attracts ions
from the solution, which leads to the formation of a double-layer structure with two parallel
layers of charge at the interface between the metal electrode and the electrolyte, as shown in
Figure 4.5. The dense layer close to the metal electrode contains solvent molecules as well
as specifically adsorbed ions, and this layer is called the Inner Helmholtz Plane (IHP). The
plane through the charge center of the ions is called the Outer Helmholtz Plane (OHP). In
addition, the non-specifically adsorbed ions are distributed in the diffusion layer. The
structure of the double layer at the interface is similar to the behavior of a parallel-plate
capacitor. Thus, the metal/electrolyte interface allows the construction of equivalent circuits
to study the corrosion behavior. At the interface, there is resistance to the charge transfer
process (R.;) with the capacitance of the double layer (C;;) and the electrolyte generates the
solution resistance (R;). By analyzing the electrochemical impedance spectrum, the
contribution of each element to the impedance and its relationship with the electrochemical

process can be derived.

Metal - Electrolyte
@ Ssolvent Molecule
% @ Specifically Adsorbed Anion
RS C%) Solvated Cation
o— — VAANA—

R,  Electron transfer Resistance
Diffuse layer

R,  Electrolyte Resistance
% Cq1  Double layer capacitance

Figure 4.5 Schematic simulation of the electrochemical interface metal/electrolyte, also known as
the electrical double layer. IHP is Inner Helmholtz Plane and OHP is outer Helmholtz Plane. This
interface is represented by an equivalent electrical circuit (EEC) model. In the model, Re is the
electron transfer resistance, Rs is the electrolyte resistance, Cq is the capacity of the double layer.

In an EIS experiment, the total resistance of the investigated system can be measured and
evaluated in the frequency range of MHz to mHz. Electrochemical impedance spectroscopy
can distinguish different electrochemical processes in a system by scanning in the frequency

domain, enabling the detection of electrochemical processes on different time scales. By
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measuring impedance values and resolving impedance spectra, it is possible to study the

possible behavior and mechanisms in electrochemical systems such as corrosion systems.

4.1.3. Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique commonly used to study the redox
behavior of electroactive species in a solution. It provides information about the oxidation
and reduction processes occurring at an electrode surface and allows for the determination
of electrochemical parameters such as redox potentials, electron transfer kinetics, and

diffusion coefficients.

CV, also known as triangle wave linear potential scanning, involves applying a pulsed
voltage of triangular waveform to the closed circuit formed by the working electrode and the
counter electrode. This waveform rapidly changes the potential at the working
electrode/electrolyte interface at a specified rate (Figure 4.6a). As a result, it induces the
oxidation/reduction reaction of the active material on the working electrode, allowing us to
measure the magnitude of the response current during the electrochemical process. The
electrode potential and the response current magnitude are recorded throughout the process,
resulting in the corresponding current-potential curve, which is called a cyclic
voltammogram (Figure 4.6b). [146]
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Figure 4.6 a) Typical potential variation and b) A typical cyclic voltammogram. The top curve
represents increasing voltage, and the bottom curve represents decreasing voltage (Reprinted with
permission from Ref. [146]. Copyright @ 2018, Springer Link)

In performing a CV measurement, the potential range is scanned in one direction starting
from the initial potential. In general, the potential is scanned along the forward direction to
the potential limit, and as the potential increases, the electroactive species on the electrode

surface is oxidized, increasing current. At a specific potential, known as the oxidation
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potential, the species loses electrons and is oxidized. After reaching the potential limit, the
potential is then swept in the reverse direction (negative potential) back to the starting
potential. This reverse potential scan allows the reduced form of the electroactive species to
be regenerated, causing a reduction in current. At a specific potential, known as the reduction
potential, the species gains electrons and is reduced. By analyzing the shape, magnitude, and
position of the current peaks in the cyclic voltammogram, various parameters, such as peak
current, peak potential, etc., can be determined, thus providing information about the

electrode reaction, electrode reaction rate, and electrode surface properties, etc.
4.2 Spectroscopic techniques

Spectroscopy is a science that deals with the interaction of matter with light or
electromagnetic radiation. It involves analyzing the spectrum of matter to identify substances
and determine their chemical composition, structure, or relative content. Spectroscopic
techniques are categorized into absorption, emission, and scattering spectra based on the

principle of analysis.

According to classical physics, electromagnetic waves consist of alternating electric and
magnetic fields propagating through space with specific frequency, intensity, and speed.
Different electromagnetic waves have different wavelength A or frequency f, and their
relationship is given as follows:

(61)

_U
=3

Where f is frequency in hertz (Hz), 4 is wavelength in meter (m), v is wave speed in meter

per second (mM/s).

Electromagnetic waves can interact with charged particles, leading to an exchange of energy
between the waves and matter. Spectral analysis is based on this energy exchange
phenomenon. Matter is composed of atoms, and when an atom in its ground state absorbs
external energy, its electrons transition to higher energy levels known as the excited state.
However, the excited state is unstable, and the electrons will eventually return to the ground
state or other lower energy levels, releasing the excess energy in the form of electromagnetic
waves. The energy of the radiation can be expressed as follows:

h
AE=E2—E1=hv=7C (62)
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Where AE is energy differences, E, and E; are the energy of high and low energy levels,
respectively, c is the speed of light (c = 2.9 x 10*° cm-s), and h is Planck’s constant (h =

6.626 x 1034 J-3).

As shown by Equation (62), the wavelength of each emitted spectral line depends on the
energy differences. A series of characteristic spectral lines at different wavelengths can be
created for the atoms of a particular element and recording them in wavelength order presents

the spectrum.

Infrared spectroscopy, Raman spectroscopy, and X-ray spectroscopy are all branches of
spectroscopy. They use different wavelengths or frequency ranges of electromagnetic

radiation for their studies
4.2.1. Fourier-transformed infrared spectroscopy

Infrared spectroscopy (IR) is a branch of spectroscopy that deals with the infrared region of
the electromagnetic spectrum, covering wavelengths between 0.7 and 1000 pum. IR is
primarily based on absorption spectroscopy, which takes advantage of the fact that molecules
can absorb specific frequencies unique to their structure. Molecules can undergo vibrational
motions, either in the form of stretching or bending. When a continuous wavelength infrared
radiation passes through a substance, and its vibration or rotation frequency matches that of
a group within the molecule, the molecule absorbs the infrared radiation, transitioning from
the ground state energy level to a higher energy vibrational state. Selection rules for infrared
spectroscopy indicate that a change in the molecule's dipole moment during vibration is

necessary for infrared absorption, making the molecule "infrared active."”

As most organic compounds possess infrared activity, infrared spectroscopy finds
widespread use in the qualitative and quantitative analysis of organic molecules. Its ability
to identify characteristic absorption bands associated with specific functional groups makes
it an invaluable tool in various fields, including chemistry, biochemistry, and materials
science, among others. With the advancement of infrared spectroscopy technology, various
infrared techniques have been developed to cater to different sample types and analytical
needs. Among these, Fourier-transformed infrared spectroscopy (FTIR) is particularly
widespread and forms the core of many infrared applications. A typical setup of the FTIR is
illustrated in Figure 4.7.
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Figure 4.7 A representative setup for FTIR microscopy (Reprinted with permission from Ref. [147].
Copyright @ 2014, Springer Link).

The IR radiation from the source is directed to the interferometer as a collimated beam. The
interferometer consists of two perpendicular mirrors and a beamsplitter. The beam obliquely
incidents on the semitransparent mirror and splits into transmitted and reflected beams (see
Figure 4.7). The two beams are brought together again in the semi-transparent mirror after
being reflected by the fixed mirror and the moving mirror, resulting in interference patterns.
When a sample is placed in the beam path, the interferogram changes depending on the
optical properties of the sample. The interferogram is a function of time and gives
information about the relative intensity of the optical path difference. The spectrum is then

obtained by performing the Fourier transform on the detector.
4.2.2. Fourier-transformed infrared reflection absorption spectroscopy

Incident waves can be reflected, absorbed, transmitted or scattered at the material surface
(see Figure 4.8a). Based on the different interaction modes, a variety of infrared spectra have
been developed.

a) ) b) Reflection-Adsorption

Incident Radiation ,
incident IR : reflected IR

\ \ thin film

Reflection Adsorption Scattering substrate(metal)

Transmission

Figure 4.8 a) Reflection, adsorption, transmission, and scattering at the surface; b) Schematic
illustration of infrared reflection-absorption on a metallic sample with a thin film (Re-drawn from
Ref. [148] and Ref. [149]).
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Fourier-transformed infrared reflection absorption spectroscopy (FT-IRRAS) is one of the
FTIR techniques based on reflection-absorption for the characterization of adsorbed
substances and thin films on metal surfaces. The IR beam penetrates the sample, is reflected
by the substrate, and passes the sample a second time. A reflective substrate (e.g., metals) is

a prerequisite for IRRAS (see Figure 4.8Db).

Due to the dielectric behavior of metals, when a molecule is adsorbed on a metal substrate,
the molecule induces a mirror image dipole on the substrate. The dipole moment of the
molecule can be oriented parallel or perpendicular to the surface. The electrical component
of the incident IR light interacts with charges present on the surface, leading to polarization
of the metal at the surface (Figure 4.9a).
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Figure 4.9 a) Real and image dipoles at a metal surface; b) Electric vectors of the incident and
reflected (Re-drawn from Ref. [150] and Ref. [151]).

As shown in Figure 4.9b, the E-field of the incident wave is split at the surface into
components perpendicular (E,) and parallel (E,) to the plane of incidence. The incident and
reflected waves are shifted in phase by about 180 at the position of a reflection. For the
direction perpendicular to the plane of incidence, the external electric field and the field
resulting from polarization cancel each other out. This eliminates the causal electrical force,
and no further polarization charges are built up. In contrast, the field component directed
parallel to the plane of incidence generates a polarization field that aligns with the external
field and adds to it. This enhances the component of the incident field.Hence, only those
adsorbed species with a dipole moment perpendicular to the metal surface are IR active.The
amplitude of the electric field oscillating normal to the metal surface is strongly dependent
on the angle of incidence. For layers 0.5-20 um thick, the angle of incidence is usually
between 10° and 60°, and thin layers in the range of a few nanometers show a maximum at

grazing incidence. [152]
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4.2.3. Polarization modulation infrared reflection-adsorption spectroscopy

Polarization modulation infrared reflection-absorption spectroscopy (PM-IRRAS) is a
highly sensitive technique usually used to detect thin films adsorbed on smooth metal
surfaces [153]. In PM-IRRAS, the incident light is modulated with two polarizations,
referred to as p- and s-polarizations. The p-polarized light oscillates parallel to the plane of
incidence, while the s-polarized light oscillates perpendicular to the plane of incidence.
When a smooth metal surface, e.g., gold, is illuminated with p-polarized light at a grazing
angle, the electric field component perpendicular to the substrate is enhanced, while s-
polarized light nearly eliminates the electric field component parallel to the substrate, which
is known as the metal surface selection rule. PM-IRRAS makes use of this principle, where
the phase change upon reflection for perpendicular polarization is constant, while for parallel
light, it varies with the angle of incidence. As shown in Figure 4.10, the intensity of the
electric field for parallel-polarized light increases with the angle of incidence, peaking near
grazing incidence, while the intensity of the electric field for perpendicular-polarized light
remains negligible [154]. As a result, only the parallel-polarized light provides information
about the adsorbed species on the surface. The absorption of gas phase molecules is
independent of the orientation of the electric field vector due to their random orientation.
Consequently, phase-modulated spectroscopy effectively eliminates the sample
environment's absorption interference. [149,153]

4
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Figure 4.10 Mean square electric field vector strength vs angle of incidence of the incoming IR
radiation at 2 = 3000 cm ! at the air/gold interface: normal component of the p-polarized (black
solid line), in-plane component of the p-polarized (black dashed line) and s-polarized (grey solid
line) IR light. Schematic representation of the direction of the E of the p-polarized a) and s-polarized
light b) before and after reflection from the gold surface at pi™" = 88.5° (Reprinted with permission
from Ref. [154]. Copyright @ 2020, Springer Link).
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In PMIRRAS measurements, polarized modulated infrared radiation is directed onto the
sample surface. By recording the reflected intensity under different polarization states, two
absorption spectra are obtained. The species adsorbed on the reflecting surface do not
interact with the s-polarized light, providing the reference spectrum. On the other hand, the
molecules adsorbed on the metal surface interact with p-polarized infrared radiation,
providing the sample spectrum. [149,155] The intensities of the I and I,, are correlated with

the intensity of the incoming IR radiation by the Beer law:

I
A, = —log (—S) (63)
IOs
I
- _ r
Ay, = —log <10p> (64)

where A; is the absorption for perpendicular-polarized light (Iys), A4, is the absorption for

parallel-polarized light (/yp,).

The absorbance spectrum (AA) of the surface layer is then obtained through the difference
between the absorption under parallel-polarized and perpendicular-polarized light. [149] The

AA is equal to:

A = A, — A (65)

4.2.4. Diffuse reflectance infrared Fourier transform spectroscopy

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) is an IR technique
based on the scattering of radiation within the sample, usually applied to the analysis of

powders or rough surfaces.

The incident radiation has different interactions between the surface and the particles. Firstly,
specular and diffuse reflected radiation can occur at the sample grain interface. Specular
reflectance occurs at any interface between two materials with different refractive indices,
where the angle of reflection is equal to the angle of incidence, which is also called Fresnel
reflectance. [156] Diffuse reflected radiation occurs at surface grain interfaces that are not
parallel to the surface of the macroscopic sample, and the angle of reflection is not equal to
the angle of incidence. However, this diffusely reflected radiation will not carry information
about the sample because it is isotropically scattered and is called diffuse Fresnel reflection.

Different from the first two types of reflected radiation, which occur at the outer surface only,
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the other type of radiation is transmitted through the sample grain and is called diffuse
Kubelka-Munk reflectance. This radiation has been transmitted through one or more sample
grains and carries information about the analyzed sample, and is isotropically scattered. [156]
In DRIFT, the diffuse reflectance spectra obtained from the sample are typically expressed
as a ratio of the diffuse reflectance to the reflectance of a reference material. The Kubelka-
Munk function allows for the transformation of the diffuse reflectance spectra into a more
straightforward representation and allows for the quantification of the sample's absorption
and scattering contributions, enabling a more accurate analysis of the sample's molecular

composition and surface properties. [157]

4.2.5. Attenuated total reflection FTIR spectroscopy

Attenuated total reflection FTIR spectroscopy (ATR-FTIR) is equipped with an ATR

attachment which is designed based on the phenomenon of total internal reflection and is
able to realize the in-situ characterization of solid-liquid interfaces (see Figure 4.11). Internal
reflection elements (IRE), also called ATR crystals, Ge, Si, Diamond, and Thallium
bromide/iodide (KRS-5), are the commonly utilized materials which have a known and

comparatively higher refractive index. [158,159]
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Figure 4.11 Optical ray diagram of a single reflection and b multiple reflection internal reflection
element (IRE) geometries of ATR-FTIR spectrometer (Reprinted with permission from Ref. [160].
Copyright @ 2021, Springer Link).

At the boundary between two media, when the condition is met: the refractive index n of
medium 1 (n,) is greater than the refractive index m of medium 2 (n,), i.e., light enters the
optically rare medium from the optically dense medium, and the angle of incidence 6 is

greater than the critical angle 6., total reflection of the incident light beam will occur. In fact,
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when infrared radiation is reflected from the surface, it penetrates the sample surface to a
certain depth before it is reflected. In this process, the IR-active species at the interface have
selective absorption in the frequency region of the incident light, and the intensity of the
reflection is reduced and producing a spectrum, thus obtaining structural information on the

chemical composition of the surface layer.

The internal reflection causes evanescent waves, which decay exponentially in the optically

rare medium according to the relation:
E=E, e % (66)

where E is the amplitude of the evanescent wave that decays exponentially with the distance
from the interface (z), E, represents the amplitude of the electric field of IR radiation at the
interface The penetration depth d,, is defined as the penetration distance when the electric

field intensity of the radiated wave decays to 1/e of its value at the surface, i.e:
A

d, =
27Tn1\/[sin2 0 — (Z—i)Z]

p

(67)

From Equation (67), the penetration depth d,, depends on the wavelength of the radiation
beam, the refractive index of the reflecting material and sample, and the angle of incidence.
The commonly used infrared radiation wavelengths range from 4000 to 400 cm™ (2.5 - 25
um). Thus ATR spectra give spectral information only at the micron level or thinner layers
from the interface. After an attenuated total reflection, the depth of light penetration into the
surface is limited, and the sample absorbs less light, so the energy change of the beam is less.
The absorption band is weak, and the signal-noise ratio (S/N) is poor. In order to enhance
the intensity of the absorption peaks and improve the S/N, most IRE enhance the absorption
spectrum by increasing the number of total reflections. This is called multiple attenuation
total reflection (see Figure 4.11). When multiple reflections occur, the summation of discrete

reflections.is obtained. The total effective depth is expressed as follows:

depr = z Ni- d; (68)
i

where N; is the number of total internal reflections, each with penetration depth d;.

The total number of internal reflections N is related to the length [,z and the thickness of

the crystal d;zz of the ATR crystal. In general, [,z and d,gzg Of are determined, and the
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angle of incidence 8 can be varying within a certain range. The total number of internal

reflections N can be calculated as follows:

lire
N= 2 X djgg X tanf (69)

4.2.6. Raman spectroscopy

Raman spectroscopy, similar to IR spectroscopy, provides information about the vibrational
and rotational states of molecules. Raman spectroscopy is based on the Raman scattering
effect discovered by Indian physicist C.V. Raman [161], which analysis the scattered light
with different frequencies than the incident light to obtain information about the vibrational

energy modes of a sample.
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Figure 4.12 Schematic representation of the energetic states of a molecule with regard to Rayleigh
scattering and the two possible Raman scatterings (Reprinted with permission from Ref. [162].
Copyright @ 2023, Springer Link).

Unlike IR spectroscopy, the Raman effect is practically independent of the wavelength of
the excitation radiation and is brought about by the interaction of electromagnetic radiation
with the electron shell of the molecule. The incident radiation's photons interact with the
electron cloud of the molecule, acting as the scattering center, resulting in molecular

deformation and excitation from a ground state to a virtual state. Most of the photons change
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direction and are scattered, while the frequency of the light remains the same as the excitation
source. This scattering is called Rayleigh scattering and is the dominant process. On the
other hand, a minor part of the photons (approximately 10 % ~ 101° %) undergoes inelastic
scattering, known as Raman scattering. This is due to the transfer of energy between the
molecule and scattered photons. As shown in Figure 4.12, molecules can gain or lose energy
from photons during the scattering process. When a molecule in the ground state absorbs the
energy of photons and is excited to the virtual state, and then returns to the vibrationally
excited state, the energy of the scattered photons is lower than that of the incident radiation,
this process is called Stokes scattering. In contrast, anti-Stokes scattering is when a molecule
in a vibrationally excited state is excited to a virtual state and then releases photons to jump
back to the lower energy state, i.e., the energy released is greater than the energy absorbed.
In fact, according to Boltzmann's law, there are more molecules in the ground state than in

the excited state, so the intensities of the Stokes-shifted Raman bands are more intense.
4.2.7. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a widely used analytical technique in the fields
of materials science, chemistry, and physics. It provides information about the chemical
composition, electronic structure, and oxidation state of a sample by analyzing the X-rays

emitted when the sample is subjected to a high-energy photon source [163].

In XPS, a sample is placed in a vacuum chamber with a pressure typically below 107 Pa and
exposed to a beam of high-energy X-rays, typically with an energy range of 1200-1500 eV,
which causes the emission of photoelectrons from the sample's surface. The intensity and
the relatively low kinetic energy (E;,) distribution of the photoelectrons is recorded by an
electron spectrometer. The energy of the emitted photoelectrons is dependent on the binding
energy (E,) of the electrons in the sample [164]. The binding energy of an electron located

at the Fermi level can be defined as:
Eb = hV — CI) — Ekin (70)

where @ is the work function of the spectrometer, hv is energy of X-ray.

By analyzing the binding energies of electrons, which are affected by their chemical
environment, it is possible to determine the orbital from which a measured electron
originates. Figure 4.13 illustrates the photoemission process, whereby an electron from the

1s orbital is escaped.
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Figure 4.13 Schematic illustration of the photoelectron emission process (Re-drawn from Ref. [163]).

The kinetic energy of the photoelectrons emitted during the XPS process is indicative of the
element from which they originated. Information about the chemical state and quantity of
each element can then be obtained by analyzing the position and intensity of the peaks in the
energy spectrum. The surface sensitivity of XPS is determined by the distance that the
photoelectron can travel through the material without losing any kinetic energy. During the
process of photoemission, a photoelectron can interact with other electrons within the surface,
thereby losing a fraction of its kinetic energy to them before leaving the material. Inelastic
scattering events that cause the photoelectrons to lose some kinetic energy before they leave
the sample contribute to the background signal in the energy spectrum, while elastically
scattered photoelectrons contribute to the photoelectron peaks. Prior to performing data
analysis, appropriate techniques must be employed to account for the background signal in
the energy spectrum. One common approach involves subtracting a linear background from
the spectrum before evaluating the peak areas. The spectra are dependent on the core
electrons of the investigated system, which are influenced by its chemical environment.
Spectra of the same element exhibit differences in core electron binding energy of up to a
few electronvolts (eV), depending on its chemical form. This is referred to as a chemical
shift. By determining the charge distribution within a chemical compound, the oxidation
state of an atom or group of atoms can also be inferred. Thus, the shape of the spectra can
provide information about the valence state of an element. In addition, photoemission is
accompanied by various physical processes, such as photoluminescence or the generation of
Auger electrons, which have been used as separate measurement techniques in their own

right.
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4.3 Ellipsometry

Ellipsometry is a non-destructive and non-invasive optical technique used for characterizing
thin films and surfaces [165]. It is based on the principle of measuring changes in the
polarization state of light reflected or transmitted from a sample. The polarized light is
usually elliptically polarized after reflection of the sample, therefore, the technique is well

known as ellipsometry [166].

A v, R

Figure 4.14 Schematic illustration of ellipsometry(Based on Ref. [167]).

As shown in Figure 4.14, a thin film of unknown optical constants (refractive index n,
extinction coefficient k and thickness d) is positioned on a substrate with known optical
properties. Incident light (E;) is directed at an oblique angle onto the film, as illustrated in
the inset. Within the film, multiple beam interference occurs, leading to different reflection
coefficients (rp and rs) for the orthogonal polarization components ( E, and Ej).
Consequently, the reflected light (E,.) becomes elliptically polarized. The designations "p"
and "s" correspond to polarizations with electric fields parallel and perpendicular to the plane
of incidence, respectively [167]. The ellipsometer measures the amplitude ratio (V') and the
phase difference (A) between the p-polarized and s-polarized components of the reflected or
transmitted light. These parameters are sensitive to the optical properties and thickness of
the sample layer. By comparing the measured values with a mathematical model, the optical

constants (n, k, d) of the thin film can be determined.
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4.4 Atomic force microscope

Atomic force microscopy (AFM) is a technique for characterizing the three-dimensional
structure of a sample at the nanoscale, introduced in 1986 by Binnig, Quate, and Gerber
[168]. The main principle involves using a microcantilever with a thin probe to sense and
amplify forces between the cantilever and the atoms on the target sample's surface, enabling
the study of material surface structure and properties. AFM allows the analysis of various
materials and samples in both atmospheric and liquid environments with atomic-level

resolution.

The schematic setup of an AFM is shown in Figure 4.15. The AFM consists of a microscopic
and force-sensitive cantilever with a sharp tip on the head, which is used to raster-scan over
the sample surface using a feedback loop. As the fine tip approaches a solid surface, there is
an attractive force between the tip's foremost atoms and the surface atoms, followed by a
repulsive force. The force acting on the tip causes the cantilever arm to bend. A laser beam
is reflected from a point on the cantilever onto a quartered photodiode, which detects the
tip's movement. The optical signals of the beam deflection are directly measured and further
processed at the signal processor.

Figure 4.15 lllustration depicting the operation principle of the AFM (Reprinted with permission
from Ref. [169] . Copyright @ 2023, Springer Link).

The effective force with distance dependence corresponds to the LENNARD-JONES-
POTENTIAL, and different force regions correspond to the three typical modes of AFM,

which is shown in Figure 4.16.
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Figure 4.16 Distance dependence of the acting force between the tip and the surface (Reprinted with
permission from Ref. [169] . Copyright @ 2023, Springer Link).

For the contact mode, the tip is in soft physical contact with the sample surface during the
entire measuring time, and there is a strong repulsive force between the tip and the sample
surface. The tip moves above the surface at a specific height or under a constant force. This
movement is strongly influenced by friction and adhesion forces. When measuring under
ambient pressure or in a liquid film, the surface tension forces may attract the tip. If these
forces are sufficient, the sample's surface can be damaged. The use of the Contact mode is
suitable for hard sample surfaces. However, for softer materials, such as biological

specimens, this mode is disruptive [170].

Compared to the statically operated contact mode, there are two dynamically operated modes:
the tapping mode and the non-contact mode. In the non-contact mode, the tip is several
nanometers distant from the sample surface, and the cantilever is excited to oscillate close
to its resonant frequency. In this mode, attractive forces dominate. A further dynamic mode
of operation is the tapping mode, which is used more frequently than the non-contact mode.
When operating in tapping mode, the cantilever is moved to oscillate up and down at or near
its resonant frequency. In this mode, the cantilever oscillates with a higher amplitude than
in the non-contact mode. As the tip approaches the sample surface, the forces between the
tip and the sample cause the amplitude to dampen. Intermittently approaching the surface
can effectively eliminate friction and reduce the trouble caused by adhesion. Tapping mode
is less destructive than the contact mode and is a suitable choice for testing soft samples.
[168]
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4.5 Scanning electron microscope

Scanning Electron Microscopy (SEM) is a powerful imaging technique that uses an electron
beam to create high-resolution images of samples and can also produce detailed 3D images
of a sample's surface using stereoscopic imaging. The basic principle of SEM involves the
use of a focused electron beam that is scanned across the surface of the sample in a raster
pattern [171].

The main components of the SEM are electron sources, electron lenses, a sample stage,
detectors, and an image display system (Figure 4.17). The electron source is a critical
component of SEM, responsible for continuous and uniform electron emission. Tungsten
(W) and lanthanum hexaboride (LaBs) are widely used electron sources in conventional
SEM, which maintain stable electron emission through the application of the necessary
filament heating current. Field Emission Scanning Electron Microscopy (FE-SEM)
represents another type of SEM, utilizing a field emission gun (FEG) as the electron source.
FEG operates by exciting electrons through the potential difference between the cathode and
anode. FE-SEM can provide higher resolution and greater surface sensitivity compared to
conventional SEM.
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Figure 4.17 Schematic representation of a scanning electron microscope (Based on Ref. [172]).
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As shown in Figure 4.17, the electron beam emitted by the electron sources is focused and
accelerated by magnetic lenses and electric fields in the SEM and is then directed onto the
sample. The beam electrons interact with the nuclei or outer-shell electrons of the atoms in
the sample, causing scattering that alters the direction or energy of the beam electrons,
thereby producing various signals that reflect the characteristics of the sample. The scattering
process is divided into elastic and inelastic scattering and occurs simultaneously. The former
causes the incident electrons to deviate from their original direction of motion and to diffuse
inside the sample, while the latter causes the electrons' energy to decrease gradually until
they are completely absorbed by the sample, limiting the diffusion range of the electron
beam. The energy of the electron beam is fully deposited in the interaction region, and a
large amount of detectable secondary radiation is generated. This region is called the
interaction volume. Elastic scattering results in backscattered electrons, whereas inelastic
scattering produces secondary electrons, Auger electrons, and X-rays [171]. The interaction
volume and the type of signal generated are illustrated in Figure 4.18. Generally, the higher
the energy of the electron beam, the deeper the electron penetration depth, and the larger the
interaction region. The larger the atomic number of the sample, the more elastic scattering
events the beam electrons experience per unit distance traveled, resulting in a larger average

scattering angle and shallower penetration depth in the sample.
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Figure 4.18 Interaction volume and signal emission (Based on Ref. [173]).
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The emitted signals are then detected by specialized detectors and used to generate images
of the sample. Secondary electrons are low-energy electrons that are generated by the sample
through inelastic scattering with incident high-energy electrons. These electrons typically
originate from the first few nanometers of the sample surface. The detection of these
secondary electrons is accomplished using an Everhart-Thornley detector (ETD), also
referred to as an InLens detector, which is primarily used to produce images of the surface
morphology of the sample [174]. Backscattered electrons are high-energy electrons that are
backscattered from the atoms in the sample because of elastic collisions between the incident
electrons and the atomic nuclei. The energy of the backscattered electrons is proportional to
the atomic number of the element being struck, so it is useful for characterizing the
composition of the sample. Backscattered electrons are collected by an SE2 detector, which
is located on the side of the primary beam. Simultaneously, the detector also detects
secondary electrons that are emitted from the sample surface due to the inelastic scattering
of the primary electron beam [174]. The SE2 detector is suitable for characterizing the spatial
morphology of the sample and can be used in conjunction with the InLens detector to obtain
images with complementary information during detection. Furthermore, the inelastic
interaction between the sample atoms and the electron beam leads to the appearance of
characteristic X-rays and continuous radiation. The produced characteristic radiation is
measured as wavelength or energy-dispersive radiation, which provides valuable
information regarding the chemical composition of the sample. This analytical technique is

referred to as energy-dispersive X-ray spectroscopy (EDX) [175].
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5 Experimental

5.1 Materials and chemicals

5.1.1. Chemicals and electrolyte

In the experiments of this work, ultrapure in HPLC quality water purchased from Carl Roth
was utilized for all electrolyte configurations. The ethanol (EtOH) was an analytical grade

reagent from Merck KGaA, Darmstadt, Germany, and was used without further purification.

Phosphate buffered saline (PBS, powder form, PPB006) was purchased from Sigma-Aldrich,
Steinheim, Germany. One pouch was dissolved in 500 mL of deionized water to obtain a
PBS solution containing 10 mM NaxHPOg4, 1.8 mM KH2PO4, 138 mM NaCl and 2.7 mM
KCI with a pH of 7.4. PBS was used as a model electrolyte in sections 6.1and 6.4 of this

thesis.

Modified simulated body fluid (m-SBF) used in sections 6.2 and 6.3 was prepared according
to the recipe of Oyane et al. [106]. The final solution contained 142 mM Na*, 5 mM K,
1.5 mM Mg?*, 2.5 mM Ca?*, 103 mM CI~, 10 MM HCO3™, 1 mM HPO.? and 0.5 mM SO4?".
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) and 1.0 M NaOH
aqueous solution were used to adjust pH to 7.4. The chemicals used are listed in Table 5.1.

Table 5.1 Overview of chemicals used in the preparation of m-SBF solution.

Reagents Purity Provider
NaCl >99.5% VWR
NaHCO3 >99.5% VWR
Na>COs >99.5% VWR
KCI >99.5% Merck
K2HPO;4 - 3H.0 >99.0% Merck
MgCl; - 6H,0 >98.0% Merck
NaOH — Merck
HEPES >99.9% Roth
CaCl; >95.0% Merck
Na>SO4 >99.0% Merck

HEPES, (4-(2-hydroxyethyl)—I-piperazineethanesulfonic acid)
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5.1.2. Protein

Table 5.2 provides detailed information about the used proteins. All protein-containing
solutions were freshly prepared prior to each use. Human serum (HS) was added into the test
medium in section 6.1 and 6.4. In section 6.2, BSA and LYZ were used as model proteins.

Table 5.2 Overview of protein reagents used.

Protein Product Nr. Biologische quelle Assay Provider Section
':::S;n H5667 Human male AB plasma Sigma-Aldrich 6.1, 6.4
BSA A3294, Heat shock fraction >98%  Sigma-Aldrich 6.2

Lyophilized powder,

LYz L6876 hen egg white

>90%  Sigma-Aldrich 6.2

5.1.3. Metals and preparation of alloys

Conventional FeMn steel X-IP™ 1000 (FeMn), FeMn alloy fabricated by selective laser
beam melting (FeMn-LBM), and pure Fe were used in this thesis. Table 5.3 lists the metallic

materials used in this thesis.

Table 5.3 Overview of metallic substrates.

Substrate Manufacturing  Dimension/mm Provider Section

FeMn-LBM LBM 20x 20 x 2 - 6.2
. ArcelorMittal Germany

FeMn cold rolling 20x 20 x 2 Holding GmbH 6.2
ALLIEDPUREIRON®,

Fe hot rolling 20x 20 x 2 Allied Metals 6.2

Corporation
Fe hot rolling 15x15x 3 ARMCO® 6.3
Fe hot rolling 20x 20 x5 ARMCO® 6.4

5.2 Preparation of additive manufactured Fe alloys

The FeMn-LBM samples were produced and provided by Jan Tobias Kruger, University of
Paderborn, Direct Manufacturing Research Center, and the production was performed
following Niendorf et al. [176] with an SLM 250HL (SLM Solutions Group AG, Liibeck,
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Germany) using gas-atomized FeMn-powder (Nanoval GmbH & Co. KG, Berlin, Germany)
with a nominal particle size of 20 um — 63 um. As a feedstock for the powder, pure elements
have been used and were processed under an argon gas atmosphere. Processing parameters
followed by Reference by Niendorf [177], samples were built up in 30 pum layers based on
the same set of processing parameters, applying 175 W laser power at a scan velocity of

750 mm s ! and a hatch distance of 0.12 mm.

The chemical compositions of FeMn-LBM measured by optical emission spectroscopy
(OES) are presented in Table 5.4.

Table 5.4 Chemical composition (wt-%) of FeMn-LBM measured via OES.

Mn C V Si Cr Fe

FeMn-LBM 20.31 0.58 0.03 0.02 0.06 bal.

5.3 Preparation of thin metal oxidized surfaces

The thin metal films were deposited on commercial Si(100) wafers (p-doped, Siegert Wafer
GmbH, Germany) with native surface oxide. After RCAL cleaning and subsequent rinsing
in water and ethanol, a 10 nm Cr (99.95%, Umicore AG & Co. KG, Germany) buffer layer
followed by 150 nm Au (99.999%, Goodfellow GmbH, Germany) were deposited by thermal
evaporation (tectra GmbH, Germany). The Fe (99.95%, Angstrom Engineering Inc, Canada)
films (30 nm) were deposited on top of the Au films with an intermediate 3 nm Cr (99.95%,
EVOCHEM Advanced Materials GmbH, Germany) buffer layer by magnetron sputter
deposition (Angstrom Engineering Inc, Canada). Right before each adsorption experiment,

the sample surfaces were rinsed with ethanol and dried in a stream of nitrogen.

5.4 Surface preparation of metal alloys
5.4.1. Mechanical polishing

All samples performing mechanical polishing were ground iteratively using silicon carbide
(SIiC) papers of P600, P1000, P2500, and P4000 grit to achieve a mirror-like finish and
subsequently polished with 1 pum diamond paste (Schmitz). The mechanically pretreated
samples were ultrasonically cleaned (Ultrasonic Cleaner, 45 kHz, 120 W, VWR
International GmbH, Darmstadt, Germany) for 10 min in ethanol abs. (p.a., Merck KGaA,
Darmstadt, Germany). After cleaning, the samples were rinsed with ethanol abs. and dried

with a stream of nitrogen.
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5.4.2. Electropolishing

In section 6.3, Fe samples that were performed electropolished were done and provided by
Steffen Wahrkenrohe, Leibniz University Hannover, Materials Science. The specimens were
electropolished with a lectro pol 5© system. The removal height was 150 pum, so that further

surface defects due to the cutting process could be excluded.
5.4.3. Chemical etching

In this work, the etching solution was a mixture of nitric acid and ethanol, with a nitric acid
volume concentration of 5% (5% Nital). The specimens underwent a mechanical polishing
and cleaning process before being etched. The cleaned samples were immersed in the 5%
Nital solution for 5 seconds, followed by an immediate rinse with ethanol, and finally dried

using nitrogen.
5.5 Electrochemical measurements

All electrochemical experiments were performed using a Gamry Ref. 600

galvanostat/potentiostat (Gamry Instruments, Philadelphia, PA, USA).
5.5.1. EIS measurements

EIS experiments are used to understand the possible corrosion mechanisms at the
metal/electrolyte interface. EIS experiments were carried out in an electrochemical cell
provided with a thermostatic jacket and a three-electrode set-up. A graphite rod or platinum
sheet were used as a counter electrode and Ag/AgCI (sat. KCI) as the reference electrode.
The open-circuit potential (OCP) and the EIS measurements of a working electrode with a
sample area of 0.5 cm? were performed in the electrolyte at 37 °C for 24 hours. For the EIS
measurements at OCP, the frequency was varied between 100,000 Hz and 0.1 Hz with 10
points/decade and a perturbation amplitude of + 20 mV. All electrochemical measurements
were done at least three times to ensure reproducible behavior trends. The EIS spectra were

analysed using the Echem Analyst™ software.
5.5.2. Cyclic voltammetry measurements

In order to investigate the effect of protein adsorption on the electrochemical activity of
surfaces CV experiments were performed. In section 6.1, CV experiments were done on the
gold and iron films after protein adsorption in a three-electrode cell. The working electrode
was the sample, the counter electrode was a gold wire, and the reference electrode was a
standard Ag/AgCl electrode (sat. 3 M KCI). The cyclic voltammograms were recorded in
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electrolyte between 0.25 and -0.8 V (relative to Ag/AgCl) with a scan rate of 50 mV s™.
Three cycles were recorded each time, using the first cycle for comparison.

5.6 Surface analysis
5.6.1. Ellipsometry

Ellipsometry is an optical technique that can be used to obtain the dielectric properties of
thin films The thickness of the adsorbed protein layers at the gold surfaces was determined
by ellipsometry (auto nulling ellipsometer, Ep3, Accurion GmbH, Gottingen, Germany).
Two-zone measurements were performed in the wavelength range from 363.7 nm to 550.1
nm at an incidence angle of 70°, and three points were measured for each sample. A blank
gold substrate without adsorbed proteins was also measured. A model of the blank substrate
and the adsorbed protein layer was constructed, and the data were fitted in the EP4 software
using a Cauchy dispersion function:

B
nd)=A+ z (71)

with the refractive index n, the Cauchy parameters A and B, and the wavelength A.
5.6.2. AFM characterization

AFM is used to characterize the surface topography. In section 6.1, the surface topography
of the dry samples was analyzed by AFM using an Agilent 5500 operated in intermittent
contact mode in air with MikroMasch NSC18/AIBS cantilevers (NanoAndMore GmbH,
Germany). Images were recorded at a scan size and resolution of 3 x 3 um2 and 512 x 512
pX, respectively. The images were analyzed using Gwyddion 2.60 open source software
[178]. In section 6.2, AFM imaging was performed in air using a MFP-3D-AFM setup
(Asylum Research, Santa Barbara, CA, USA) in intermittent contact mode (AC mode) with
NSC15/AIBS cantilevers (325 kHz, 40 N/m, MikroMasch, Wetzlar, Germany). Images were
collected with scan sizes of 5 x 5 um? and a resolution of 512 x 512 px2. At least three
different regions were scanned for each sample.

5.6.3. SEM, EDX and FIB characterization

FE-SEM and focused ion beam (FIB) milling were performed using a NEON®40 electron
microscope (Carl Zeiss SMT AG, Oberkochen, Germany) with a SE2 and an InLens detector
at Paderborn University, CMP (Coatings, Materials & Polymers). FIB cuts were milled using
a Ga beam from a liquid metal ion source (LMIS) at an energy of 30 keV. Elemental
distributions were recorded using the additional built-in EDX (energy-dispersive X-ray)
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device (Thermo Fisher Scientific Ultra Dry, Waltham, MA, USA) at a probe voltage of
10 kV.

5.6.4. Infrared spectroscopy
5.6.4.1 PM-IRRAS

PM-IRRAS was performed using a Bruker Vertex 70 spectrometer with a photoelastic ZnSe
modulator (PMAS50, Bruker Corporation, USA). The angle of incidence was 80° with respect
to the surface normal. The reflected light was detected using a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector (Bruker Corporation, USA). The recorded
spectra were processed and analyzed using OPUS 5.5 (Bruker Corporation, USA).

5.6.4.2 FT-IRRAS

FT-IRRAS was done with a Bruker Vertex 70 FTIR spectrometer with a deuterated
triglycine sulfate (DTGS) detector. The incidence angle was 45°. Each spectrum was
recorded with 256 scans and a resolution of 4 cm™ at room temperature. The respective

polished alloy served as a reference.

5.6.4.3 ATR-FTIR

ATR-FTIR was performed using a “Spectrum Two” spectrometer (PerkinElmer,
Beaconsfield, UK) equipped with a LiTaOs detector, and a diamond ATR crystal. As a
reference, the spectra of pure electrolyte were collected. All the spectra were collected at a
resolution of 4 cm™ and 128 scans.

5.6.4.4 In situ ATR-FTIR

In This thesis, the in-situ FTIR-cell for attenuated total reflection studies was mounted on an
attachment for ATR measurements (IRUBIS, Germany) within the sample compartment of
a Bruker Vertex 70v FTIR spectrometer, equipped with a narrow-band MCT detector.
Spectra were recorded at room temperature at a resolution of 4 cm™ by co-adding 128 scans.
The Si-crystal served as reference. The agar film was applied to the Si-ATR crystal in the
same way as for the iron samples. Spectra of the Agar film were recorded before and after

exposure to m-SBF.
5.6.5. Raman spectroscopy

Raman spectra were recorded using an InVia Renishaw Raman microscope (Renishaw,
Gloucesterhire, UK) with a CCD detector. A 50X objective was used for all measurements.
A YAG-Laser (532 nm), an 1800 I/mm grating were used for all metal samples. A NIR-
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Laser (785 nm), an 1200 I/mm grating was used to measure agar film. The Raman
spectrometer was calibrated using the peak position of 520.0 cm™ (+ 0.5 cm™) of a reference
silicon wafer. The recording time was set to 10 s with 10 accumulations. Each sample was
measured three different points. The program "Wire 5.0" (Renishaw, Gloucestershire, UK)

was used for data recording and processing.
5.6.6. XPS characterization

The surface chemical composition of samples was analyzed by XPS using an ESCA+ ultra-
high vacuum system (Scienta Omicron, Germany) with monochromatic Al Ka radiation
(1486.7 eV) at a working pressure of below 5 x 1071% mbar. A take-off angle of 30° was used
for XPS characterization of thin iron film in section 6.1, and the experiments were performed
by Jiangling Su, Paderborn University, Technical and Macromolecular Chemistry (TMC).
Spectra of metal samples as well as the agar hydrogel film in section 6.3 and 6.4 were
obtained by Markus Voigt, Paderborn University TMC, at a take-off angle of 60° with
respect to the surface. Survey spectra with a spectral resolution of 0.5 eV and high-resolution
spectra with a spectral resolution of 0.1 eV were recorded using a pass energy of 100 eV and
20 eV, respectively. The electron binding energies were referenced to the C 1s peak at
285.0 eV. The peaks were fitted using a peak shape consisting of a convolution of a Gaussian
(30%) and Lorentzian (70%) shape. Peak fitting and data analysis of the spectra were carried
out by CasaXPS (Casa Software Ltd., Wilmslow, UK).
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6 Results and discussion
6.1 Multiprotein adsorption on oxidized metal surfaces

Protein adsorption occurs on the surfaces of most materials, and it is a crucial consideration
for biomedical materials, such as implantable devices. Therefore, before evaluating the
corrosion performance of candidate iron-based biomaterials, the focus was first on exploring
protein adsorption on the material surfaces. This work involved evaluating the influence of
factors such as pH value, types, and concentrations of proteins, as well as the impact of
material surface properties on protein adsorption (see Figure 6.1). The following section has
been published in reference [33] by the author of this thesis.
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Figure 6.1 The sketch overviews the main content of section 6.1, adsorption of serum proteins on
gold and oxidized iron surfaces under different conditions.

Multiprotein adsorption from complex body fluids represents a highly important and
complicated phenomenon in medicine. Numerous studies have investigated protein
adsorption at the surfaces of relevant materials in vitro with the aim of understanding and
ultimately controlling the involved mechanisms and interactions [179-189]. The vast
majority of such in-vitro studies focused on the adsorption of one or few selected proteins
from single-component solutions. Body fluids, however, are composed of a multitude of
protein species, with the total body-fluid proteome comprising more than 15,000 different
proteins [190]. Among the different body fluids, blood plasma is not only the most relevant
with regard to implants but also the most complex. Therefore, in this study, human serum
was chosen as a suitable example of body fluid containing multiple protein components.
Protein adsorption from such complex multi-component solutions is highly competitive and
leads to the formation of a dynamic adsorbate film with changing composition that is
determined by the individual concentrations and surface affinities of all the proteins in the
solution [191]. Investigating multiprotein adsorption under such conditions is

experimentally challenging. In the work studied in this section, the potential of AFM and
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PM-IRRAS was evaluated to provide insights into multiprotein adsorption from diluted
human serum. AFM is used to obtain information about changes in surface topography due
to the adsorbed protein film, while PM-IRRAS enables the assessment of the total adsorbed
protein amount and additionally allows to qualitatively detect changes in film composition.
In this way, multiprotein adsorption at the surfaces of gold and iron thin films is studied ex-
situ at different serum concentrations (1% and 10%) and pH values ranging from pH 6 to pH
8. This rather modest variation around neutral pH was chosen in order to minimize the
contribution of protein denaturation in bulk solution. Gold was selected as a chemically inert
model surface, whereas iron is chemically reactive and prone to corrosion and dissolution in
physiological electrolytes; a phenomenon strongly influenced by the presence of proteins
[31]. In addition, evaluating protein adsorption on iron thin films is of guiding significance
for the subsequent investigation of the influence of proteins on the corrosion of candidate

iron-based metal materials.
6.1.1. Materials and chemicals

The thin metal films were deposited on commercial Si(100) wafers with native surface oxide.
After RCAL cleaning and subsequent rinsing in water and ethanol, a 10 nm Cr buffer layer
followed by 150 nm Au were deposited by thermal evaporation. The Fe 30 nm films were
deposited on top of the Au films with an intermediate 3 nm Cr buffer layer by magnetron

sputter deposition.

Heat-inactivated human serum from male AB clotted whole blood was diluted in aerated
PBS, to obtain the desired concentration (1% or 10%). The pH of the PBS was adjusted
between pH 6 and pH 8 using HCI (35%) and NaOH (>99%).

6.1.2. Experimental approach
6.1.2.1 Serum exposure

Serum dilutions of different concentrations for adsorption experiments were prepared fresh
each day to ensure comparability of the results. The different serum samples (100 ul) were
deposited on the different sample surfaces (1 x 1 cm2) and incubated for 2 hrs at room
temperature. After incubation, the sample surfaces were rinsed with ca. 3 ml HPLC-grade

water (Carl Roth, Germany) and dried in a stream of ultra-pure air.
6.1.2.2 Cyclic voltammetry

CV experiments were performed on the gold and iron films after protein adsorption in a

three-electrode cell using a Reference 600 potentiostat (Gamry Instruments). The working
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electrode was the sample, the counter electrode was a gold wire, and the reference electrode
was a standard Ag/AgCl electrode (sat. 3 M KCI). The cyclic voltammograms were recorded
in PBS between 0.25 and -0.8 V (relative to Ag/AgCl) with a scan rate of 50 mV s, Three

cycles were recorded each time, using the first cycle for comparison.
6.1.2.3 Surface analysis

The deposited Fe films were characterized by XPS. The thickness of the adsorbed protein
layers at the gold surfaces was determined by ellipsometry. To quantify adsorption-induced
changes in surface topography and the total amount of adsorbed proteins, AFM and PM-
IRRAS are employed, respectively. The experimental methods are described in detail in
Chapter 5. The spectra recorded by PM-IRRAS were analyzed using OPUS 5.5. For
determining the amide | and amide Il band areas, the integral between the respective bands
and a straight line drawn between the intensity values of two specified frequencies (amide I:
1700 — 1600 cm*; amide 11: 1600 — 1480 cm™) was calculated. This was done using the

original spectra without background correction.
6.1.3. XPS characterization of deposited Fe films

The survey spectrum of the iron film as shown in the Figure 6.2 confirms the presence of C,
O, Fe on the surface. The atomic percentage composition of iron film is summarized in the
Table 6.1.
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Figure 6.2 XPS survey spectrum of the deposited iron film.

72



Table 6.1 Results of the XPS elemental analysis of the deposited iron film.

Element C1ls O 1s Fe 2pss

Concentration (at%) 43.5 47.3 9.2

Figure 6.3 shows the high-resolution XPS spectra in the regions of Fe 2pz (a) and O 1s (b),

respectively, used for analyzing the potential compositional components at the surface of the

iron thin film.
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Figure 6.3 High-resolution XPS spectra of a) Fe 2ps, and b) O 1s.

The high-resolution Fe 2ps2 spectrum shown in Figure 6.3a could be fitted with three
components, i.e., the peaks of Fe 2psz;, at 710.0 eV, 711.1 eV, and 707.4 eV which are
attributed to Fe(ll), Fe(l1l), and Fe(metal), respectively [192,193]. The high-resolution O 1s
spectrum in the Figure 6.3b shows two components. The peak at 529.7eV is attributed to
iron oxides [194], the one at 530.9 eV is attributed to the bulk oxygen and surface adsorbed
oxygen [195], and the one at 531.6 eV is attributed to the FeOOH [193]. In summary, the
XPS characterization suggests the formation of a mixed oxide layer consisting of Fe203,
Fe304 and FeOOH on the deposited iron films.

6.1.4. AFM characterization

Before serum exposure, the surface topographies of the films were characterized by AFM.
As can be seen in Figure 6.4a, the gold surface has a grainy appearance, resulting from the
polycrystalline texture of the film. From the AFM images, a root-mean-square (RMS)
surface roughness of the gold films of Sq = 4.39 + 0.20 nm is obtained. After serum exposure
under the different conditions, the topographies of the gold films differ only slightly from
the as-prepared sample. As can be seen in the AFM images in Figure 6.4b-g, the overall

grainy morphology is largely preserved with no apparent changes. This indicates the
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6 RESULTS AND DISCUSSION

formation of a rather homogeneous protein film at the gold surface. However, for all
conditions, the overall height contrast appears to be lower than for the as-prepared substrate
in Figure 6.4a. Such a smoothing of the apparent surface topography may occur during the
adsorption of relatively small and soft proteins such as serum albumin at comparably rough
surfaces as a result of preferential adsorption of the proteins in topographic depressions,

which allows them to can maximize their contact area with the surface [179].

Figure 6.4. AFM images of the gold films before (a) and after exposure to 1% (b-d) and 10% (e-g)
human serum at pH 6 (b, ), 7 (c, f), and 8 (d, g), respectively. The images have a size and height
scale of 3 x3 um? and 35 nm, respectively.
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The adsorption-induced changes in the topography of the gold surfaces are quantified in
Figure 6.5a, which shows the surface roughness values after serum exposure. In line with
the qualitative observations discussed above, the RMS roughness values of the serum-
exposed gold surfaces are significantly lower than that of the as-prepared substrate. The only
exceptions are observed for 10% serum at pH 6 and pH 7, which do not yield significant
differences. As another interesting observation, the Sq values obtained under the different
exposure conditions are very similar and do not seem to depend on pH or serum

concentration.
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Figure 6.5 RMS surface roughness values Sq of the gold (a) and iron (b) films after exposure to
human serum at different concentrations and pH values. The horizontal lines indicate the average Sq
values of the as-prepared substrates prior to serum exposure. Values represent averages of four to
eight AFM images recorded at different positions on the surfaces of two to four identically treated
samples. Error bars indicate standard deviations. Significances (two-tailed distribution,
homoscedastic) are given with respect to the as-prepared substrates and indicated as * (p < 0.05),
** (p <0.01), and *** (p < 0.001).

For the reactive iron surface, the situation is similar with the overall grainy surface
morphology being largely preserved (see Figure 6.6). However, in contrast to the gold films
in the RMS surface roughness (Sq = 4.28 = 0.15 nm for the as-prepared film) does not change
significantly upon serum exposure under most conditions (see Figure 6.6b). As the only

exception, a significant increase in RMS surface roughness is observed for 10% serum at
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6 RESULTS AND DISCUSSION

pH 8. This behavior most likely reflects the complex interplay between protein adsorption

and surface dissolution. However, it should be noted that serum exposure did not lead to any

notable corrosion of the iron films, which maintained their mirror finish during all

experiments.

ie FARS
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Figure 6.6 AFM images of the iron films before (a) after exposure to 1% (b-d) and 10% (e-g) human
serum at pH 6 (b, e), 7 (c, f), and 8 (d, g), respectively. The images have a size and height scale of

3 x 3 um2z and 35 nm, respectively.
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6.1.5. Cyclic voltammograms

In order to verify whether serum protein adsorption passivates the surface of the metal films,
the samples after serum exposure were characterized also by CV. The corresponding cyclic

voltammograms are shown in Figure 6.7
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Figure 6.7 Cyclic voltammograms of the iron (a,b) and gold (c,d) films in PBS after exposure to
1% (a, c) and 10% (b, d) human serum. The curves shown in the plots always represent the first cycle.

As can be seen in Figure 6.7, there is rather an increase than a decrease of the peak areas
after protein adsorption. Furthermore, while the Fe oxidation/reduction cycle is visible for
the Fe substrates, but no superimposition of the reduction peaks is observed on both Au and
Fe substrates. Therefore, CV indicates no inhibition of the electrochemical surface activity

due to serum protein adsorption.
6.1.6. Analysis of protein adsorption film thickness

The thickness of the protein film adsorbed on the gold surface was measured by ellipsometry.
A blank gold substrate without adsorbed proteins was measured. A model of the blank

substrate and the adsorbed protein layer was constructed, and the data were fitted in the EP4
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software using a Cauchy dispersion function. The determined thickness values are shown in

Figure 6.8.
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Figure 6.8 Thickness of the protein films adsorbed at the gold surfaces after exposure to human
serum at different concentrations and pH values. Values represent averages of six measurements
recorded on the surfaces of two identically treated samples. Error bars indicate standard deviations.
Significances (two-tailed distribution, homoscedastic) are indicated as * (p < 0.05), ** (p < 0.01),
and *** (p < 0.001).

It can be seen in Figure 6.8 that the adsorbed layer is slightly thicker at pH 6 than in the case
of pH 7 and pH 8 at both concentrations (1% HS and 10% HS). At pH 6 and pH 8, high
serum concentration results in a slightly thicker surface layer compared to low concentration,

but under neutral conditions, there is almost no difference.
6.1.7. PM-IRRAS results

To obtain more quantitative information regarding the total amount of adsorbed proteins and
possibly the composition of the protein films, PM-IRRAS was utilized. In this regard,
emphasis was placed on the amide | to amide Il region, which encompasses IR absorption
bands that are specific to the polypeptide backbone. As can be seen in Figure 6.9, the amide
I and amide 11 bands at about 1650 cm™ and 1550 cm™, respectively, can be clearly identified
in all recorded spectra. The amide Il bands, however, are rather weak and barely

distinguishable from the background noise.
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Figure 6.9 PM-IRRA spectra of the gold (a, ¢) and iron (b, d) films after exposure to 1% (a, b) and
10% (c, d) human serum at different pH values, showing the amide I to amide 111 region.

The PM-IRRA spectra shown in Figure 6.9 reveal some interesting dependencies. In
particular, the intensities of the amide | bands exhibit rather similar pH dependencies for
both surfaces and serum concentrations. In general, it seems that the amide | intensity is
increasing with decreasing pH. Since the amide | band is composed mostly of C=0 stretching
vibrations with a smaller contribution from C-N stretching vibrations, both of which
originate in the polypeptide backbone, its integrated intensity is a measure of the total
amount of adsorbed proteins [185]. The observed increase in amide | intensity with
decreasing pH thus indicates enhanced serum protein adsorption at pH 6 compared to pH 7
and pH 8 for both surfaces. To quantify this effect, the amide | band areas have been
integrated for all conditions (see Figure 6.10). Indeed, for all investigated conditions, pH 6
shows the largest amide | integral, even though the observed trends are not in all cases
statistically significant, such as for the gold surface in contact with 10% serum
(Figure 6.10a). Notably, the thickness of the adsorbed protein films on the gold surface has
also been quantified through ellipsometry, exhibiting a comparable pH dependence (see
Figure 6.8).
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Figure 6.10 Integrated amide | band area values for the gold (a) and iron (b) films after exposure to
human serum at different concentrations and pH values. Values represent averages of two to four
spectra recorded on the surfaces of two to four identically treated samples. Error bars indicate
standard deviations. Significances (two-tailed distribution, homoscedastic) are indicated as * (p <
0.05), ** (p < 0.01), and *** (p < 0.001).

The apparent pH dependence of the total amount of adsorbed proteins may be explained by
considering that at a serum concentration of about 40 mg/ml [196], HSA is the major protein
component in human serum [197]. Since HSA has an isoelectric point around 4.7 [198],
shifting the pH closer to that value, albeit rather modestly, results in a lower absolute net
charge (see Table 3.3). Considering that protein adsorption in general reaches its maximum
when the protein is uncharged [196], it appears reasonable that the adsorption of this already
abundant protein is further enhanced at pH 6. For comparison, 1gG, which is another
abundant plasma protein with a serum concentration around 15 mg/ml [196] has an
isoelectric point closer to 7 [199] and should thus show the inverse trend. This interpretation
is further supported by the fact that both surfaces show a similar behavior, which suggests
that the effect originates in protein properties instead of surface properties. Furthermore,
Figure 6.10 also shows a weak to modest concentration dependence of protein adsorption at
both surfaces, with exposure to 10% serum resulting in a ~ 10 to ~ 30% increases in the

amide | area.

80



Table 6.2 Calculated net charge of HSA at the different pH values used in the present study [200].

pH net charge
6 -0.6
7 -12.2
8 -24.2

When it comes to surface-specific differences, the data in Figure 6.10 indicate a larger total
amount of adsorbed proteins at the gold surface for all conditions. Increased protein
adsorption at gold compared to other surfaces is a phenomenon frequently observed for many
proteins and peptides [201-203], including serum albumin [204]. Increased protein
adsorption at the gold surface would also provide an explanation for the smoothing of the
surface topography revealed by AFM in Figure 6.4, which was observed only for the gold
but not for the iron film. It should be noted, however, that the enhanced intensities of the
amide | bands observed for the gold surface may also be due to a larger IR reflection

coefficient compared to the iron film.

As discussed above, the pH dependence of the total amount of adsorbed proteins observed
in Figure 6.10 hints at an increased adsorption of HSA at the lower pH value. Since
multiprotein adsorption from a complex mixture is considered here, increased adsorption of
one or few protein species will most likely result in a different composition of the adsorbed
protein films. Therefore, the assessment of such compositional changes was pursued through
a closer examination of the amide | bands. The chemical groups in the polypeptide backbone
that contribute to the amide | band participate in the H bonds that stabilize the secondary
structure elements of the protein, so that different secondary structure elements can be
assigned to different wavenumbers within the amide | region [185]. For a large protein with
complex secondary structure, this results in a broad amide | band with a complex shape that
can be considered the protein’s structural fingerprint. In order to assess whether a change in
the composition of the adsorbed protein film results in a change in the amide | shape,
normalization of the spectra displayed in Figure 6.9 has been performed relative to the peak
intensity of the amide | band. As can be seen in Figure 6.11, the normalized spectra
unfortunately do not reveal any clearly identifiable differences in the shapes of the amide |
bands obtained at different pH values. This is most likely because the recorded amide I bands
are superpositions of many differently shaped amide | bands specific for the large number
of protein species present in the adsorbed films. Furthermore, many proteins and in particular

serum albumin undergo denaturation during adsorption at solid surfaces, which often is
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accompanied by drastic changes in the relative occurrence of some secondary structure
elements [185].
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Figure 6.11 Same spectra of the gold (a, ¢) and iron (b, d) films after exposure to 1% (a, b) and 10%
(c, d) human serum at different pH values as shown in Figure 4, but normalized to the maximum
intensity of the amide | peak.

Even though no changes in the shapes of the amide | bands can be identified in the
normalized spectra shown in Figure 6.11, there are nevertheless some variations in other
features that may hint at different film compositions. The first feature is the amide Il band.
The amide 11 band is more complex than the amide | band and derives mostly from the in-
plane bending vibration of N-H groups with smaller contributions from C-N and C-C
stretching vibrations. Therefore, it shows a similar sensitivity to secondary structure as the
amide | band. As can be seen in Figure 6.11 for both surfaces and serum concentrations,
changes in pH lead to rather drastic changes in the intensity of the normalized amide Il bands,
while the normalized amide | bands are barely affected. To quantify this effect, the amide
I1/1 area ratio has been calculated for all spectra and is displayed in Figure 6.12. For both
surfaces and serum concentrations, we find a minimum amide 11/1 area ratio at pH 6, even
though the large error bars sometimes result in the differences being non-significant. Two
effects may contribute to this decrease in the amide 1l/1 area ratio. The most obvious is a

change in the protein composition of the adsorbed film, which would be in line with above
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interpretation. However, also changes in a protein’s secondary structure can account for such
a change in the amide I1/1 area ratio [205], since different secondary structure elements may
have different absorption coefficients. Such changes in secondary structure may result from
both, different pH values in bulk solution and differences in adsorption-induced protein
denaturation. Therefore, it is not clear whether this change in the amide I/l area ratio is

indicative of a change in protein film composition, structure, or both.
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Figure 6.12 Ratios of the amide Il and amide | peak areas for the gold (a) and iron (b) films after
exposure to human serum at different concentrations and pH values. Values represent averages of
two to four spectra recorded at different positions on the surfaces of two to four identically treated
samples. Error bars indicate standard deviations. Significances (two-tailed distribution,
homoscedastic) are indicated as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

The second interesting feature is the weak high-wavenumber shoulder of the amide | band
between 1750 and 1700 cm™. IR absorption bands beyond 1700 cm™ are usually attributed
to the protonated carboxyl groups located in the side chains of Asp and Glu [185,206]. In all
spectra shown in Figure 6.11, it is observed that the high-wavenumber shoulder of the amide
| band is weaker or entirely absent at pH 6 when compared to the higher pH values. This is
particularly obvious for the gold surfaces, where the high-pH spectra exhibit a rather well
resolved shoulder. For the oxidized iron surface, the effect is less pronounced, which may

be attributed to the lower amount of adsorbed proteins that contribute to the overall intensity.
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The disappearance of the high-wavenumber shoulder at low pH values is rather surprising,
since one would expect a lower pH to result in an increase in the number of protonated
carboxyl groups and not in a decrease. Even more surprising is the fact that the same trend
can also be observed for the weak absorption band around 1400 cm, which corresponds to
the deprotonated carboxylate group [206]. Here, a decrease in intensity is also observed with
decreasing pH, suggesting a decrease in the number of deprotonated carboxylate groups.
Together, both observations are indicative of a loss of Asp and/or Glu, which can only be
the result of a change in the composition of the adsorbed protein films. Since HSA and 1gG
have a rather similar Asp/Glu content of 10 — 20 w% [207,208], the observed decrease in
Asp/Glu absorption a pH 6 furthermore suggests the involvement of other, less abundant
protein species, which show stronger adsorption at higher pH values.

6.1.8. Conclusions

In summary, the investigation focused on the pH dependence of multiprotein adsorption at
gold and oxidized iron surfaces exposed to human serum, using AFM and PM-IRRAS. AFM
facilitated the quantification of adsorption-induced changes in surface topography, while
PM-IRRAS was employed to quantify the total amount of adsorbed proteins and
qualitatively evaluate compositional changes in the adsorbed protein films. AFM revealed
that on average, serum protein adsorption at the gold surface resulted in a smoother surface
morphology, without any pronounced dependencies on pH or serum concentration. For the
iron surface, however, no statistically significant changes in morphology due to protein
adsorption were observed. PM-IRRAS showed a pH dependence of the total amount of
adsorbed proteins for both surfaces, which was even more pronounced than the dependence
on serum concentration. Finally, close inspection of the amide | and amide Il region of the
PM-IRRA spectra, in particular with regard to the absorption of the amino acid side chains,
revealed clear differences in the composition of the adsorbed multiprotein films at pH 6
compared to pH 7 and pH 8. Since the observed pH-dependent effects are rather similar for
both the gold and the oxidized iron surface, it is suggested that they are not primarily
governed by surface properties but rather by the pH sensitivity of the adsorbing proteins.
Due to its isoelectric point of approximately 4.7 and its high abundance in serum, the
assumption is made that protein adsorption at pH 6 is primarily influenced by HAS, which
replaces other proteins with lower surface affinities in the multiprotein film. The presented
results show the potential of PM-IRRAS in quantifying protein adsorption on metallic
surfaces from complex mixtures like serum. It also enables assessing compositional changes

in adsorbed multiprotein films, albeit indirectly and qualitatively.
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6.2 Influence of proteins on the corrosion of a conventional and selective laser
beam melted FeMn alloy

This section mainly concerns the effect of different proteins on the corrosion of FeMn alloys

produced by conventional and additive manufacturing and compares the results to those of

pure Fe (Figure 6.13). The following section has been published in reference [31] by the

author of this thesis.
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Figure 6.13 The sketch overviews the main content of section 6.2, the effect of different types of
proteins on the corrosion behavior of Fe and of FeMn alloys produced by two different processes in
m-SBF.

The process route influences both the microstructure and the resulting corrosion properties
of iron alloys. Selective laser beam melting (LBM) has been employed in this work, as the
most important additive manufacturing process of iron alloys [176]. As mentioned in section
3, the effect of proteins on the corrosion and degradation behavior of Fe-based alloys is not
negligible. Due to their zwitterionic characteristics, different proteins have different charges
and may interact in different ways with the surfaces of the materials [135,139]. Therefore,
in this study, BSA and LYZ were selected as model proteins. Albumin is the most abundant
protein in plasma and thus represents one of the major components of proteinaceous deposits
on biomaterial surfaces in contact with blood [126]. BSA is a 69 kDa globular protein with
an isoelectric point (IEP) of 4.7-5.2 [209] and is widely used as a model protein for
investigating protein adsorption [210-213]. The antimicrobial enzyme LYZ is a small
globular protein that is part of the innate immune system and can be found in numerous
tissues and bodily fluids [214]. With an IEP of 11 and a molecular weight of 14.1 kDa [215].

The corrosion properties of Fe and FeMn alloys were investigated by electrochemical
analysis. Surface characterization was carried out by AFM, FE-SEM, Raman spectroscopy,
and FTIR to correlate the surface material and the adsorbate layer composition with the

corrosion behavior.
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6.2.1. Materials and chemicals

In this section, conventional FeMn steel X-IP™ 1000 (FeMn), FeMn alloy fabricated by
LBM (FeMn-LBM), and pure iron (Fe) were investigated. Both FeMn alloys are austenitic
high-manganese steels containing nominally 22 wt.-% Mn and 0.6 wt. The chemical
compositions of the pure Fe, FeMn steel and the LBM processed material measured by OES
are presented in Table 6.3. The Fe, FeMn, and FeMn-LBM samples were cut in 20 mm
(length) x 20 mm (width) x 2 mm (thickness) plates. All samples were performed mechanical
polishing prior to the experiment.

Table 6.3 Chemical composition (wt-%) of the investigated Fe, FeMn and FeMn-LBM measured via
OES. Compositions of the Fe and FeMn materials are taken from Ref. [216] and [217], respectively.

Mn C \% Si Cr Fe

Fe 0.03 0.002 - 0.003 0.01 99.9
FeMn 22.36 0.52 0.25 0.25 0.20 bal.
FeMn-LBM 20.31 0.58 0.03 0.02 0.06 bal.

m-SBF was used as a physiological electrolyte in the studies of this section and prepared

according to the description in section 5.1.

For protein solution preparation, BSA and LYZ were dissolved in m-SBF with a
concentration of 10 g/L BSA and 50 mg/L LYZ, respectively (see Table 6.4).

Table 6.4 Characteristics of the studied proteins.

Protein Mw/kDa  IEP[139] Concentration (in m-SBF)
BSA 69 4.7-5.2 10 g/L
LYZ 14.1 11 50 mg/L

The normal albumin concentration in human plasma is 40 — 60 g/L [126], whereas the
concentration of human lysozyme in serum is 7-13 mg/L [218]. Hedberg et al. [135]
investigated the effect of BSA concentration (ranging from 0.01 to 100 g/L BSA in PBS) on
protein-induced metal release in their study of surface protein interactions. The results
showed that the release of metal ions correlates proper with protein concentration. The
concentration of 10 g/L was chosen because it is a suitable concentration for BSA monolayer
adsorption (> 0.5g/L) [143]. On the other hand, there is already a significant effect on metal
release and interactions at this concentration. In addition, there are several previous studies
that have used 10 g/L BSA as experimental conditions [139,219,220]. Therefore, similar
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concentrations were selected in the work of this section to enable comparison of the results
with those of previous studies. LYZ was selected because it has the opposite charged
property to BSA, i.e. BSA has a net positive charge at pH 7 while LYZ has a net negative
charge. A lower LYZ concentration of only 50 mg/L was chosen to roughly reflect the lower
serum concentration. The protein-containing solutions are freshly prepared to ensure their

activity.

6.2.2. Experimental approach
6.2.2.1 Corrosion testing

The corrosion behavior was studied by electrochemical measurements. EIS and OCP were
carried out in an electrochemical cell provided with a thermostatic jacket and a three-
electrode set-up. A graphite rod was used as a counter electrode and Ag/AgCI (sat. KCI) as
the reference electrode. The OCP and the EIS measurements of a working electrode were
performed in m-SBF with and without the respective proteins at 37 °C for 24 hours. The

electrical equivalent circuit (EEC) in Figure 6.14 was used to analyze the EIS data [221,222].

CPEfim
CPE
Ret

Figure 6.14 Equivalent circuit used to model the EIS data.

The model EEC contained the electrolyte resistance (Rs), charge transfer resistance (Rc),
and the resistance of the surface film (Rp). The non-ideal capacitive behavior is described by
the CPE in the model EEC. CPEq and CPEfim are the capacitive elements of the
electrolyte/metal interface and the formed corrosion product layer on the metal surface,

respectively.
6.2.2.2 Surface analysis

The microstructure of FeMn alloys fabricated by LBM was characterized by FE-SEM with
electron backscattered diffraction (EBSD) using an EBSD-Detector (DIGIVIEW 5 form
AMETEK, Berwyn, Pennsylvania, USA). For data collection, a step size of 0.35 mm was
applied. SEM and EBSD characterization of FeMn-LBM before corrosion tests was done by

Jan Tobias Krtger, University of Paderborn, Direct Manufacturing Research Center.
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6 RESULTS AND DISCUSSION

Surface characterization after corrosion was carried out by AFM, FE-SEM, EDX, Raman
spectroscopy, and FTIR. The experimental methods are described in detail in Chapter 5.

6.2.3. Microstructural characterization of FeMn-LBM

The microstructure of cold-rolled conventionally produced FeMn is characterized by nearly
equiaxed grains with a mean grain size of approximately 2 um [217,223,224]. The texture is
weak and consequently, no preference in orientation is observed. To characterize the
microstructure of FeMn-LBM, EBSD-analyses have been conducted by Kriuger and the
results are shown in Figure 6.15 [31].

001 101

Figure 6.15 Microstructure of FeMn-LBM samples: a) Inverse pole figure obtained by EBSD-
analysis referred to the building direction, b) Light microscopy of an etched sample, c) Micro-
texture-analysis calculated from the EBSD-data [31].

Figure 6.15 shows the analysis of a section along the building direction. As the scanning
direction in the LBM process is rotated by 67° after each layer, the evolving microstructure
is representative for all sections along the building direction. A section across the building
direction shows different shapes of grains and solidification structures, but the main
characteristics are similar. For FeMn-LBM, an average grain size of 12 um is calculated
according to the EBSD-map with a size of 550 x 450 umz2. As Figure 6.15a) shows, the grain
structure of FeMn-LBM is more inhomogeneous than for FeMn. The structure of FeMn-
LBM consists of larger, partly elongated grains, as well as some small grains. In a section
crosswise the building direction, the grains are less elongated. Hence, the grains are
elongated along the building direction, respectively along the solidification direction.
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Although the shape of the grains of FeMn-LBM is more inhomogeneous than for FeMn, no
strong texture could be observed (Figure 6.15c). For better comparability, the scale for the
texture analysis is set similar to Niendorf et al. [39]. The texture analysis in Figure 6.15c is
calculated from EBSD-data and thus, the analysis is not in detail but gives a general

impression. The results indicate that no distinct texture is present.

The FeMn-LBM specimens were examined in the as-built conditions. Therefore, the
solidification structure resulting from the LBM-process differs from the homogenously cold-
rolled FeMn. The LBM-typical boundaries of the melt pools and the columnar-dendritic
solidification structure can be determined on the etched sample (Figure 6.15b). The etching
enhances these structures due to differences in the local chemical composition. The local

variation of Mn in the alloy is proven by SEM-EDX mappings as shown in Figure 6.16.

Figure 6.16 EDX mapping of Mn distribution registered for FeMn-LBM sample. Images was done
by Jan Tobias Kruger, University of Paderborn, Direct Manufacturing Research Center [31].

As described by Zhong et.al. [225] the columnar structure is accompanied by segregation of
alloying elements and since Mn is the major alloying element of FeMn-LBM the columnar
dendritic structure is characterized by segregations of Mn. From the cross-section, it can be
seen that manganese segregates during the solidification process along with the columnar
dendritic solidification structure and is enriched along the melt pool boundaries. Similar
findings were observed for Fe-35Mn scaffolds produced by LBM [226].

6.2.4. Electrochemical analysis

Upon immersion in m-SBF, a rather complex surface process occurs comprising metal
dissolution and oxygen reduction which is gradually superimposed with hydroxide/oxide

formation and precipitation of carbonates, phosphates, sulphates, and other degradation
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products. First, the electrochemical behavior of these FeMn-alloys in m-SBF solutions
containing BSA or LYZ is characterized. The electrochemical responses registered for pure

iron under the same experimental conditions are also shown for comparison.
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Figure 6.17 Open circuit potential (OCP) for Fe, FeMn and FeMn-LBM as a function of time for

immersion in with and without BSA or LYZ for 24 hours. The error bars were obtained from the
standard deviation of three measurements.
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The transients of the open circuit potentials of the studied Fe alloy as shown in Figure 6.17
indicate accelerated corrosion of the FeMn-alloys in comparison to the reference pure iron
alloy. The shift in the OCP of pure iron to more negative values during the initial stages of
immersion, which is typically related to the breakdown of the native iron oxide film, was not
observed for FeMn-alloys indicating a very fast corrosive attack. The OCP values of pure
iron exhibited instability during the first 12 hours. The addition of the proteins did not lead
to a significant change in the OCP transients as expected for samples that actively corrode

even after the formation of an adsorbate layer.

The interfacial corrosion reactions were studied by EIS at the free corrosion potential over
24 hours of immersion in the electrolyte to further characterize the influence of proteins on
the corrosion behavior of Fe, FeMn, and FeMn-LBM. Figures 6.18 to 6.20 show the Bode
plots recorded for the three different electrodes immersed in m-SBF, BSA + m-SBF, and
LYZ + m-SBF solutions.

Initially, Fe immersed in m-SBF shows a relatively high impedance and a related strong
phase shift at low frequencies indicating a dominating double-layer capacitance and a low
corrosion rate (Figure 6.18a) [227]. On the contrary, the Bode plots of FeMn-alloys in
Figures 6.18b and 6.18c show a low polarization resistance and Ohmic behavior at 0.1 Hz
already during the initial phases of immersion. In all cases, the polarization resistances
decreased with immersion time. Most importantly, the lowest corrosion resistance values
were registered for the LBM-FeMn alloy indicating that laser processing promotes increased
corrosion in these FeMn alloys.

The effect of the presence of BSA in the m-SBF solution on the impedance values of Fe,
FeMn, and FeMn-LBM substrates is shown in Figure 6.19. In the presence of BSA, the
impedance value of Fe decreases at the initial stage of immersion (roughly three hours),
however, tends to increase again slightly with longer immersion time. Although the presence
of BSA did not lead to an obvious effect on the EIS data of FeMn and LBM FeMn alloy
samples, a different trend to that seen on pure Fe could be inferred. For the cases of FeMn
alloys, the impedance values read at low frequencies, i.e., 0.1 Hz, are progressively getting
lower as the immersion time increases. Thus, the corrosion rate seems to increase with time
indicating that the barrier properties of the formed corrosion layer films in the presence of

BSA are progressively reduced.
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Figure 6.18 Bode plots of a) Fe, b) FeMn, c¢) FeMn-LBM electrodes immersed in m-SBF. The
different immersion times are displayed in the legend of every plot. The solid lines represent the
changes in impedance value and the dotted lines represent the phase shifts.
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Figure 6.19 Bode plots of a) Fe, b) FeMn, c) FeMn-LBM electrodes immersed in BSA + m-SBF. The
different immersion times are displayed in the legend of every plot. The solid lines represent the
changes in impedance value and the dotted lines represent the phase shifts.
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Figure 6.20 Bode plots of a) Fe, b) FeMn, c) FeMn-LBM electrodes immersed in LYZ + m-SBF. The
different immersion times are displayed in the legend of every plot. The solid lines represent the
changes in impedance value and the dotted lines represent the phase shifts.
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Figure 6.20 shows the EIS spectra recorded for Fe, FeMn, and FeMn-LBM immersed in an
LYZ-containing m-SBF electrolyte solution. When compared to FeMn and FeMn-LBM in
m-SBF (Figure 6.18) and BSA + m-SBF (Figure 6.19), a higher value of the phase shift and
increased impedance values at low frequencies were observed in the presence of LYZ (see
Figure 6.20). In this regard, it should be noted that the formation of thicker films on Fe and
Fe-based substrates from LY Z-containing (in contrast to BSA) solutions at pH 7.4 have been
previously reported [135,136,139]. This can be attributed to the preference of BSA for
monolayer adsorption on the surface while LYZ rather forms multilayers [143]. For the
neutral or negatively charged iron oxyhydroxide surface [139], the adsorption of positively
charged LYZ proteins should be favored. Protein-based films may cover corrosion active
sites and reduce the corrosion rate or the metal release at similar experimental conditions
[136].

Independent of the addition of proteins, the corrosion of Fe and FeMn samples in m-SBF
electrolytes leads to the formation of inorganic surface layers such as hydroxides, carbonates
and phosphates of the respective metal [228]. Such layers may contribute to the effective
corrosion rate [136]. The addition of proteins to m-SBF solution should lead to the formation
of a complex surface layer comprising of both the respective proteins and inorganic
compounds [135,139,229]. In this regard, a comparison of the evolution of the low-
frequency impedance values with time is provided in Figure 6.21 to illustrate the different
behavior of the studied alloys in the complex electrolytes used herein. As shown in Figure
6.21, in m-SBF, the low-frequency impedance values of pure Fe first decrease from 4.4 to
1.2 kQ cm?, however, start to increase again after about 8 hours, while in the presence of
BSA the impedance values of pure Fe decrease from 1.6 to 0.7 kQ cm? in the first 3 hours
and then increase slightly to 1.5 kQ cm?. In the case of LYZ, the impedance values of pure
Fe show a lower impedance from the beginning (1.2 kQ cm?) and increase reaching about
3.0 kQ cm?. It is assume that the complexing interactions between proteins and surface metal
ions in the oxide layer cause an accelerated metal dissolution at the early stages of immersion.
However, when the formed protein-containing surface layer gets thicker, it progressively
starts to act as a barrier film on the pure Fe sample.

Compared to Fe, the impedance values at 0.1 Hz of FeMn and FeMn-LBM were significantly
lower, and the values remained rather constant over the time of exposure. In this regard, the
recent results reported by Tonna et al. [230] also indicate that the corrosion resistance

exhibited by pure iron in Ca®*-containing Hank's solution is higher than those shown by
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FeMn alloy. Hot-rolled FeMn showed a slightly higher corrosion resistance in comparison
to FeMn-LBM which might be assigned to the smaller grain size and the more homogeneous

element distribution.
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Figure 6.21 Development of the impedance modulus of Fe, FeMn, and FeMn-LBM read at 0.1 Hz
with time in a) m-SBF, b) BSA + m-SBF, c¢) LYZ + m-SBF. The error bars were obtained from the
standard deviation of three measurements.

96



Moreover, it was also noticed that the scattering of low frequency impedance values was
very low in in the presence of BSA (see Figure 6.21b). Similar observations were reported
by Harandi et al. [221] in their study to investigate the effect of BSA on corrosion of Mg-
alloys. The EIS results showed that the impedance values of Mg in Hank’s solution
containing BSA were consistently lower than in the absence of protein. The presence of BSA
also appeared to reduce the variation in impedance values. Also with regard to Mg, Mei et
al. [231] analyzed the effect of albumin addition on pH buffering. They reported that the
presence of albumin effectively buffered the local and overall solution pH at the Mg surface.
It can be concluded that albumin, as the main protein in plasma, has a significant effect on

the corrosion kinetics of metal surfaces in physiological electrolytes.

The equivalent circuit (EEC) in Figure 6.14 was used to analyze the EIS data of Fe, FeMn,
and FeMn-LBM in BSA and LYZ-containing m-SBF after 24 hours of immersion. The
corresponding electrochemical parameters are presented in Table 6.5.

Table 6.5 Equivalent circuit parameters of Fe, FeMn and FeMn-LBM after 24 h immersion in m-
SBF, BSA + m-SBF and LYZ + m-SBF, respectively.

Samples Medium (le:nz) (QR;CIth) (QR;EnZ) Goodness
m-SBF 58 1789 12 2.5x10*

Fe BSA 63 2164 20 1.9 x 10*
LYZ 61 4330 17 1.8 x 10*

m-SBF 57 2470 16 5.0x10*

FeMn BSA 50 941 3 5.4x10*
LYZ 52 2801 27 8.5x10*

m-SBF 52 856 3 1.0x 103

FeMn-LBM BSA 45 1212 8 5.4x10*
LYZ 49 1501 13 3.6x10*

In agreement with the prior discussion, it is noted that for all alloys the charge transfer
resistance Rt values are higher in LYZ containing electrolytes. This inhibiting effect
observed for iron alloys in the presence of LYZ is in agreement with a recent study, which
showed that LYZ-based composite films inhibit metal dissolution/release by the inhibition
charge-transfer processes on stainless steel substrates [232,233]. Hedberg and Wagener et

al. reported about thicker and more compact LYZ-based films formed on iron substrates,
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which showed lower metal release ratios in comparison to surface layers formed in the
presence of BSA [136,139].

Consistent with previous research, it was observed that, on the contrary, the addition of BSA
to m-SBF tended to decrease the Rt values. In this regard, the inhibiting effect of metal
phosphate formation on Fe-based alloys should be taken into account. While proteins appear
to act mainly by adsorption, phosphates mostly change the film growth kinetics [229,234].
However, this inhibiting effect of phosphate seems to be reduced when albumin is present
in the solution. In addition, the capability of BSA proteins to complex Fe ions released by
the oxide layer could contribute to the effect of BSA addition. Finally, the adsorption of
negatively charged BSA proteins on Fe-based alloys is known to lower the surface pH, which
could account for an increased release rate of Mn [235]. In this regard, BSA has been shown
to exhibit stronger metal surface-protein complexation capabilities and higher amounts of
released metals than LYZ [135,136,235]. In comparison, the reduced corrosion rates in the
case of LYZ could be attributed to the formation of improved barrier LYZ-containing
corrosion product layers, the positive charge of LYZ, and the lower metal-complexation
capabilities of LYZ [139].

The LBM FeMn-alloy shows both in the case of pure m-SBF and LY Z-containing m-SBF a
higher corrosion rate which is assumed to be due to the higher and more inhomogeneous
grain size and higher number of defects in the additive manufactured alloy in comparison to

the hot-rolled alloy.

6.2.5. Microscopic studies of surface layer formation
6.2.5.1 Optical microscope characterization

After immersion in m-SBF with and without BSA and LYZ, the Fe, FeMn, and FeMn-LBM
samples were gently rinsed with pure water, causing some loosely bound corrosion products
to detach. Subsequently, the rinsed surfaces were characterized using optical microscopy to
visually observe the surface changes after corrosion. The microscopic images of the samples
are shown in Figure 6.22. After rinsing with pure water, the corrosion product layer remained

adhered to the surface.
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6 RESULTS AND DISCUSSION

Figure 6.22 Microscope images of Fe after immersion in @) m-SBF, b) BSA + m-SBF, ¢) LYZ + m-
SBF and FeMn-LBM after immersion in d) m-SBF, ) BSA + m-SBF, f) LYZ + m-SBF.

Photographic images taken after the exposure to the respective electrolytes and subsequent
thorough rinsing indicate that the macroscopic adhesion of the corrosion product layer and
the homogeneity in its thickness is strongly affected by the presence of proteins. Especially
the addition of LYZ leads to quite homogeneous yellow films in comparison to rather
inhomogeneous layers formed in pure m-SBF.

6.2.5.2 AFM characterization

AFM images of the Fe, FeMn, and FeMn-LBM surfaces before and after 24 h immersion in

the different test solutions are shown in Figure 6.23.

After 24 h immersion in m-SBF, the morphology of all surfaces has visibly changed and the
RMS surface roughness (w) increased drastically (see Figure 6.23a-f). Surface roughening
was stronger for FeMn and FeMn-LBM than for Fe, which can be attributed to their higher
corrosion susceptibilities. Fe developed the largest RMS roughness after immersion in LYZ
+ m-SBF (Figure 6.23j), whereas the maximum RMS roughness of the FeMn and FeMn-
LBM surface was obtained after immersion in BSA + m-SBF (Figure 6.23h, i).
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6 RESULTS AND DISCUSSION
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Figure 6.23 AFM images of a) Fe, b) FeMn, ¢) FeMn-LBM before immersion; AFM images of d) Fe,
e) FeMn, f) FeMn-LBM after 24h immersion in m-SBF; AFM images of g) Fe, h) FeMn, i) FeMn-
LBM after 24h immersion in BSA + m-SBF; AFM images of j) Fe, k) FeMn, 1) FeMn-LBM after 24h
immersion in LYZ + m-SBF. Root-mean-square (RMS) roughness values (w) are given in the images.
The height scales of the AFM image are 50nm (a, b, ¢), 200 nm (d), 600 nm (g), 700 nm (e, f, j, I),
and 900 nm (h, I, k) respectively.

The AFM data indicate that the addition of BSA led to the formation of cauliflower-like

clusters. The cluster structure formed on the pure iron surface is more dispersed compared
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to the FeMn alloy, which may be related to the difference in pH due to local corrosion of the
pure iron surface during the early immersion. In the case of FeMn alloys, it has been shown
that the local pH variation deviates slightly from that of pure iron in physiological solutions,
such as Hank’s solutions [236]. Studies on protein behavior on passive alloy surfaces have
shown that BSA adsorption is related to the microstructure of the substrate surface. Sand et
al. [237] investigated the adsorption of BSA on biomedical austenitic stainless steel surfaces
with different grain sizes and their results showed that the surface coverage of adsorbed
proteins increased with decreasing grain size, which was attributed to the increased number
of physical or chemical bonds on the surface of the substrate. Rahimi et al. [238] found that
BSA can form a network-like or cluster structure on the Ti6Al4V alloy surface due to the
heterogeneity between the different phases (a- and B-phases) on the substrate surface. In
contrast, for CoCrMo alloys with low fraction of grain boundaries, the adsorption of proteins
on the surface was more disordered [220]. The studies by Rabe et al. [239,240] combined
experiments and simulations to describe possible mechanisms concerning the adsorption
behavior of proteins at solid interfaces. The results demonstrate that proteins readily form a
heterogeneous distribution on the solid surface under cooperative effects due to the pre-
adsorbed proteins on the surface.

In the experimental system discussed in this section, although there are differences in the
microstructure between the two FeMn alloys, the adsorption behavior of BSA on the surface
does not show significant differences, and it can be seen that both surfaces form porous films
consisting not only of adsorbed proteins but also of various corrosion and mineralization
products. However, the anodic dissolution of the FeMn alloys leads to a dynamic situation
in which the surface topography and surface chemical composition rapidly changes.

In the presence of LYZ more compact films were formed. This tendency was observed
independent of the immersed alloy. In the case of m-SBF containing LYZ, for LBM-FeMn
even crack formation (occurred due to fast drying-dehydration) in the formed surface film
was observed (see Figure 6.231). This indicates that the formed layer shows an enhanced

cohesion in comparison to the films formed in m-SBF and BSA-containing m-SBF.

As m-SBF electrolytes contain bivalent cations as well as anions which promote the
formation of metal oxides, phosphates and carbonates [241]. It is difficult to analyze the
exact structure of the film under the given conditions, however, it can be assumed that both

inorganic precipitation, metal dissolution and protein adsorption occur simultaneously
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6 RESULTS AND DISCUSSION

[242,243]. Therefore, AFM images show the surface morphology of a complex layer and

not that of the proteins alone.
6.2.5.3 FE-SEM and EDX characterization

FE-SEM and EDX measurements were performed to further characterize the surface
morphology of the samples and to analyze the chemical composition of the sample surface,
respectively. FE-SEM images displayed in Figure 6.24 show the Fe, FeMn, and FeMn-LBM

surface topographies after 24 h of immersion in the different electrolytes.

Fe FeMn FeMn-LBM

m-SBF

m-SBF + BSA

m-SBF + LYZ

Figure 6.24 FE-SEM images of sample surfaces after 24h immersion in m-SBF: a) Fe, b) FeMn, ¢)
FeMn-LBM; SEM images of sample surfaces after 24h immersion in BSA + m-SBF: d) Fe, e) FeMn,
f) FeMn-LBM; SEM images of sample surfaces after 24h immersion in LYZ + m-SBF: g) Fe, h)
FeMn, i) FeMn-LBM.

In Figure 6.24, particulate corrosion products could be observed on the Fe, FeMn, and FeMn-
LBM surfaces, and the EDX results (EDX mapping not displayed) show that these clusters
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6 RESULTS AND DISCUSSION

contain mainly phosphate and calcium. The form and composition of this corrosion product
are consistent with the reported corrosion of other iron alloys in SBF [78,228,244]. The
scale-like morphology exhibited by some of the corrosion product films may be the result of
dehydration as previously stated by Schinhammer and co-workers [78]. As can be seen from
Figure 6.24a-c, FeMn and FeMn-LBM appear to form a thicker corrosion layer after
corrosion in m-SBF in comparison to Fe. In addition, the corrosion of Fe in m-SBF was non-
uniform and the occurrence of pitting could be observed on the surface (see Figure 6.25).

Figure 6.25 SEM image of Fe surface morphology after 24 hours of immersion in m-SBF. The
location of the pitting is indicated by the arrows.

In comparison to pure Fe, the layers formed on FeMn and FeMn-LBM in m-SBF were more
uniform in agreement with their higher corrosion activity. No variation in the Fe/Mn ratio
was observed for both the FeMn and FeMn-LBM alloys on a 20x20 micrometer image after
the immersion in the respective electrolyte. The surface of the investigated metal exposed to

m-SBF containing BSA was rougher compared to that in m-SBF only (Figure 6.24 d-f).

As revealed by FE-SEM, the corrosion layer on top of the Fe after exposure to the BSA-
containing m-SBF was not homogeneous (see Figure 6.26). The presence of LYZ in m-SBF
seems to give rise to the formation of denser and more compact films on the investigated
metal surface (Figure 6.24 g-i). The scale formation seems to be slightly more pronounced
for FeMn-LBM in comparison to FeMn after corrosion in the test solutions.
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Figure 6.26 a) SEM image of Fe after immersion in BSA + m-SBF for 24 hours. b) Detail of the surface
morphology in the yellow circle from a), ¢) Surface morphology in the green circle from a).

The results of the EDX analyses (EDX mapping not displayed) are given in Table 6.6.

Table 6.6 Surface composition of investigated Fe, FeMn, and FeMn-LBM samples after immersion
in m-SBF with and without protein as determined by EDX.

Composition (at. %0)

Electrolyte Samples
Fe Mn Ca C N O P
Fe 66.8 - 1.9 4.3 2.3 20.9 3.0
m-SBF FeMn 47.3 17.0 1.8 4.2 1.4 22.9 3.7

FeMn-LBM 51.9 15.9 2.0 3.4 11 21.4 3.9

Fe 87.9 0.2 0.2 5.6 3.0 2.6 05
m-SBF + BSA FeMn 43.3 20.3 0.4 19.0 2.7 10.4 15

FeMn-LBM 57.4 18.8 0.4 11.5 3.3 7.1 0.9

Fe 61.7 0.2 19 35 2.2 26.1 3.8
m-SBF + LYZ FeMn 55.9 20.5 11 4.6 1.8 12.3 24
FeMn-LBM 35.9 111 2.9 3.9 1.9 37.0 6.0

EDX data show that in the presence of BSA less Ca and P are incorporated in the corrosion
product layer in comparison to m-SBF and LYZ containing m-SBF. The observed inhibited
formation of calcium and phosphate in the presence of BSA is in agreement with a study of
Virtanen et al. [139]. The FeMn-LBM samples showed the highest calcium and phosphate
concentrations both for the m-SBF and the m-SBF+LYZ electrolyte.
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Overall, it can be concluded that compact composite films are formed in the presence of
LYZ. Conversely, the co-deposition of BSA brings about a reduction of the incorporation of
phosphates and the resulting barrier properties. The latter is supported by the AFM and FE-

SEM images which point out the formation of porous and defective films.

6.2.6. Vibrational spectroscopy of the surface layers
6.2.6.1 ATR-FTIR and FT-IRRA spectroscopy

The FTIR reflection spectra of Fe, FeMn, and FeMn-LBM samples after rinsing and drying
treatments are shown in Figure 6.27. It can be observed that after immersion in the different
protein-containing solutions for 24 hours, the FTIR spectra of Fe, FeMn, and FeMn-LBM
exhibit typical amide bands (as shown in Figure 6.27). These bands serve as clear evidence
for the adsorption of proteins on the sample surfaces. Information about the protein
secondary structure can be obtained by Gaussian fitting of the amide | band from 1700 cm
to 1600 cm™ [245].
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FeNn ' FeMn )

w FeMn-LBM m FeMn-LBM

= =

£ N £

3 P 2

[ =

) e e N S -

D [i+]

Q Q

c c

1] [1]

=] £

[ T

o o

/] w

K] L

< <

2000 1800 1600 1400 1200 1000 800 2000 1800 1600 1400 1200 1000 800
Wavenumbers / cm™ Wavenumbers / cm™

Figure 6.27. FTIR reflection spectra collected in the region of 2000-800 cm™ for Fe, FeMn and
FeMn-LBM substrates after 24 h immersion in a) BSA + m-SBF and b) LYZ + m-SBF.

Information on the secondary structure of the protein was determined by fitting the amide |
bands. First, selected the band between 1710 cm™ and 1590 cm™ of the original spectra and
fitted the baseline, then determine the position and number of peaks to be used for peak
fitting by means of the analysis of the second derivatives, and finally fitted the identified
peaks by Gaussian curves. The sum of the peak areas of all peaks was used to determine the
relative contributions of the different secondary structures. Figures 6.28 and 6.29 shows the

spectra of the fitted amide | bands.
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Figure 6.28. Fitting of Amide I band collected for adsorbed BSA on a) Fe, b) FeMn, c) FeMn-LBM.
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The results of the fit of the protein secondary structure are listed in Table 6.7 and Table 6.8.
The ratio of the integral of amide | to phosphate bands is presented in Table 6.9.

Table 6.7 Integral areas of the amide | band and composition of BSA secondary structure
determined by FTIR reflection spectroscopy.

Secondary structure (%)

Samples e e | . .
Random coil B-sheet a-helix B-turn
Fe 4.1 23101 29.0+£18.2 46.0+10.8 24.0x6.0
FeMn 0.7 30.0+£29 140+1.38 320+05 238+14
FeMn-LBM 0.5 - 244+26 50.6 +0.5 25.0+21
BSA in agueous i 16 14 53 4

solution [246]

Table 6.8 Integral areas of the amide | band and composition of LYZ secondary structure
determined by FTIR reflection spectroscopy.

Secondary structure (%)

Integral of
Samples the amide |
Random coil [-sheet a-helix B-turn
Fe 1.1 9.0+£0.3 327122 25.8+5.3 32.7+5.7
FeMn 0.3 249 +£13.7 323+4.4 134+7.9 294126
FeMn-LBM 0.8 178122 36.3+4.5 27.1+3.4 18.7+54
LYZ in aqueous i 17 12 52 19

solution [245]

Table 6.9 Ratio of the integral of amide | to phosphate bands obtained from the FTIR spectra.

The ratio of the integral of amide I to phosphate (%)

Electrolyte Samples
Fe 15.0+£45
m-SBF + BSA FeMn 742+172
FeMn-LBM 34505
Fe 35+£03
m-SBF + LYZ FeMn 46+0.1
FeMn-LBM 34101

Based on the integral of the amide | band in Figure 6.27a, which is proportional to the total
amount of adsorbed protein, more BSA was adsorbed on the Fe surface than on FeMn and

108



FeMn-LBM (see Table 6.7). As revealed by FE-SEM, the corrosion layer on top of the Fe
surface after exposure to the BSA-containing m-SBF was not homogeneous (see Figure
6.26), and the thickened BSA layer led to a significant increase in the amide | band. In the
case of LYZ, the adsorption of LYZ on the Fe surface is slightly stronger than for the FeMn
alloys. Both Fe and FeMn showed lower amounts of adsorbed protein for LY Z than for BSA,
which can be attributed to the widely different solution concentrations. In contrast, FeMn-
LBM shows a LYZ adsorption that is about 50% higher than the corresponding BSA

adsorption, despite LYZ having a 200 times lower concentration.

The information from the fitted amide | band indicates that the secondary structure of the
two proteins is differentially affected by the incorporation in the growing surface layers. For
example, Table 6.7 shows that the a-helix content of BSA decreased from 53 % in solution
to 46.0 %, 32.0 %, and 50.6 % after adsorption on Fe, FeMn, and FeMn-LBM, respectively.
The loss of the helical structure of BSA was lowest on FeMn-LBM. For LYZ, the a-helix
content decreased even more drastically from 52 % in solution to 25.8 %, 13.4 %, and 27.1 %

after adsorption on Fe, FeMn, and FeMn-LBM, respectively.

In addition to the amide bands, the spectra in Figure 6.27 show obvious metal phosphate and
metal hydroxide absorption bands in the wavenumber range 900-1200 cm™ for all alloys
[140]. After immersion in LYZ-containing m-SBF, the resulting phosphate peaks are more
dominant than in the case of BSA containing m-SBF, as can be deduced from Table 6.9.
This is in accordance with the FE-SEM and EDX results, which showed higher phosphate
concentrations for the sample immersed in LYZ containing m-SBF in comparison to the

BSA-containing electrolyte.
6.2.6.2 Raman spectroscopy

Raman spectra in Figure 6.30 reveal the formation of metal oxides and phosphates on all
samples. In Figure 6.30a, the peaks at 230 cm™, 258 cm™, 485 cm™, and 630 cm™ were
observed. It can be assumed that the scale formed on Fe, FeMn, and FeMn-LBM contains
iron oxides and oxyhydroxides for m-SBF [247]. After immersion in BSA + m-SBF, peaks
at 281 cm™ 330 cm™, 490 cm™ and 670 cm™ were found (see Figure 6.30b), which are
characteristic of Fe;Os and FesO4 [247]. In the presence of LYZ (Figure 6.30c), the
characteristic peaks of Fe2O3 at 285 cm™ and 485 cmt, and the peak of Fe3O4 at 663 cm™
were observed. Unlike the case of BSA, Figure 6.30b shows that Fe;Os appears to be the

predominant oxide form. With MnOx typically containing manganese in Mn**/Mn®* mixed
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oxidation states, some vibration bands arising at 360-370 cm™ and 630-670 cm™, with the
latter mostly overlapping with magnetite contributions, can be attributed to Mn(111)-O and
Mn(IV)-O bond vibrations, respectively [248-250]. The Raman shift spectra showed the
characteristic contributions due to phosphate ions at 980-1100 cm™ [251], which is also

visible in the corresponding FTIR spectra in Figure 6.27.
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Figure 6.30 Raman spectra of Fe, FeMn and FeMn-LBM after immersion in a) m-SBF, b) BSA + m-
SBF and c¢) LYZ + m-SBF.
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The results of FTIR and Raman spectroscopy showed that Fe, FeMn, and FeMn-LBM after
immersion in protein-containing m-SBF, formed a corrosion layer that incorporated protein,
metal oxides, carbonate and phosphate. LYZ containing m-SBF led to a stronger metal
phosphate formation than BSA containing m-SBF which explains the formation of the more

compact and barrier-like layer.
6.2.7. Conclusions

The influence of different types of proteins (BSA and LYZ) in simulated body fluid on the
corrosive properties of selective laser beam melted FeMn in comparison to hot-rolled FeMn
and pure iron could be revealed by complementary analytical approaches. The
electrochemical impedance data clearly demonstrate that both FeMn alloys show higher

corrosion rates in comparison to pure iron with and without the additional proteins.

The FeMn-LBM alloy showed an increase in corrosion in comparison to hot-rolled FeMn,
especially in pure and LYZ containing m-SBF. This finding could be explained by the
increased grain size of the additive manufactured FeMn alloy and the dendritic columnar
structure with local enrichments of manganese. The addition of BSA seems to attenuate the
differences between the different alloys concerning their corrosion rates. LYZ shows on
average an inhibitive effect, which could be correlated with the structure and morphology of
the formed surface corrosion layer. On the contrary, BSA rather slightly promotes the
corrosion process, which could be again justified by the defective structure of the film and
the ability to complex iron ions. The structure and morphology of the different surface films
could be revealed by FTIR spectroscopy in reflection, Raman spectroscopy, AFM
topographic images, and EDX studies. Both FTIR and Raman spectroscopy, in agreement
with EDX data, showed higher concentrations of phosphates in the formed surface layers in
the presence of LYZ compared to surface layers formed in the presence of BSA. This
formation of inorganic protective compounds is likely to contribute to the corrosion
inhibiting effect of LYZ in m-SBF electrolyte.

In summary, the studies in this section illustrate that the resulting corrosion rate of FeMn
alloys in m-SBF strongly depends on the specific microstructure and the presence of proteins.
However, both FeMn alloys show distinctly higher corrosion rate than pure iron both in the
presence and absence of the studied proteins. Additive manufacturing thereby allows the
variation of the corrosion kinetics of FeMn-based alloys as a bioresorbable alloy based on

the variation of their composition and microstructure.
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6.3 Influence of hydrogel coatings on corrosion of iron in m-SBF

The influence of an applied agar film on the surface corrosion of pure iron in m-SBF was
investigated. The following section has been published in reference [32] by the author of this

thesis.

Media: m-SBF
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o
I

SO,
HCo*

Figure 6.31 The sketch overviews the main content of section 6.3. In this section, the effect of applied
Agar films on the corrosion behavior of pure iron in m-SBF was investigated.

Metal implants in SBF tend to form a CaP layer on their surface [252,253]. For Mg alloys,
the formation of this layer can effectively decelerate their corrosion rate and enhance their
biocompatibility [254-256]. However, for Fe-based alloys which already suffer from a
comparatively low corrosion rate, the accumulation of corrosion products and the formation
of a calcium-containing degradation layer on their surface is detrimental [70,257]. Gebert et
al. [228] studied the corrosion behaviour of Fe-30Mn-1C in NaCl, Tris-buffered saline, and
SBF and noticed the precipitation of phosphate compounds already at an early stage of
immersion. The degradation mechanism of austenitic Fe-Mn-C-Pd alloys in SBF was studied
by Schinhammer et al. [78]. They reported that the surface product layer consisting of
hydroxides and carbonates reduced the degradation rate by limiting the diffusion of oxygen
and ions to the metal surface. As discussed in section 6.2 the presence of surface layers may

weaken the effect of microstructure.

Concerning the corrosive medium, hydrogel films have been discussed as an alternative to
liquid electrolytes [258-261]. However, so far the influence of a hydrogel on the corrosion

behaviour of iron alloys in contact with a physiological electrolyte was not studied in detail.

So in this section, surface corrosion of pure iron were performed in m-SBF electrolyte with

and without applied agar films as a typical hydrogel film. The corrosion properties of Fe
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alloys were studied by means of EIS in m-SBF with and without an applied agar hydrogel
film. The swelling process of the agar film was measured by in-situ FTIR spectroscopy in
attenuated total reflection. Surface characterization was carried out by FE-SEM, Raman
spectroscopy, and XPS with the aim to correlate the surface composition and morphology

after the corrosive attack with the corrosive environment.

6.3.1. Materials and chemicals

In this section present work, ARMCO® Fe with dimensions of 15 mm x 15 mm x 3 mm was
cut from the rolled stick. The specimens were electropolished [32]. m-SBF was prepared
according to the preparation by Oyane et al. [106].

6.3.2. Experimental approach
6.3.2.1 Preparation of hydrogel films

Figure 6.32 illustrates a Schematic of preparing the agar film. Agar films were prepared
using agar powder from AppliChem GmbH. 0.25 L of distilled water was heated to boiling
in an oil bath, after which 5 g of agar powder was added. After stirring until the agar powder
was fully dissolved, 5 ml of the hot agar solution was spread on a Teflon plate and left to
stand at room temperature for 3 days. The thoroughly dried films were recovered from the
Teflon plates and re-immersed in water for few seconds in order to form transparent and
malleable hydrogel films. Finally, the produced hydrogel films were applied to the iron
sample. They exhibited a film thickness of 300 pm.

Substrate with agar film Substrate Rewetting and cut

Figure 6.32. Schematic illustration of the hydrogel film preparation.
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6.3.2.2 Electrochemical impedance analysis

EIS measurements were performed in a three electrode configuration using a Gamry Ref.
600 galvanostat/potentiostat. The electropolished substrates with and without applied agar
film were used as working electrode. A Ag/AgCl (sat. KCI) electrode was used as the
reference electrode and a Pt platinum sheet as the counter electrode. The EIS spectra were

analysed using the Echem Analyst™ software.
6.3.2.3 Attenuated total reflection FTIR spectroscopy

The in-situ ATR-FTIR was mounted on an attachment for ATR measurements within the
sample compartment of a Bruker Vertex 70v FTIR spectrometer. Spectra were recorded at
room temperature at a resolution of 4 cm™ by co-adding 128 scans. The Si-crystal served as
reference. The agar film was applied to the Si-ATR crystal in the same way as for the iron
samples. Spectra of the Agar film were recorded before and after exposure to m-SBF.

6.3.2.4 Surface analysis

The microstructure samples and agar film were characterized by FE-SEM, and the surface
chemical composition was analysed by means of XPS. The experimental methods are

described in detail in Chapter 5.

Raman spectra were recorded using an InVia Renishaw Raman microscope with a CCD
detector. A YAG-Laser (532 nm), an 1800 I/mm grating was used to measure iron substrate
and a NIR-Laser (785 nm), an 1200 I/mm grating was used to measure agar film. A 50X

objective was used for all measurements.

The samples after removal of the agar film and corrosion product layer were characterized
using DRIFT. The spectra were recorded between the wavenumbers 400 and 4.000 cm™ in

256 scans and at a spectral resolution of 4 cm™. Bare iron was used as a reference.

6.3.3. Results and discussion
6.3.3.1 Electrochemical corrosion analysis

For the corrosion test, EIS data of iron samples were continuously measured with and
without the applied agar hydrogel film for an immersion time of 24 h in m-SBF at OCP.
Figure 6.33a) and b) show the impedance spectra obtained for samples with and without agar
films at different times. The Bode plots show only one time constant for both samples. In
the high frequency region (104 to 105 Hz), the impedance is almost independent of the

frequency and can be used to describe the electrolyte resistance (Rely). In the low frequency
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region, the two samples exhibited capacitive behaviour at the initial stage of immersion.
With increasing immersion time, the low-frequency impedance values decreased in both
cases due to the onset of corrosion. According to the measured values at 0.1 Hz, the corrosion

rate was higher for the agar-coated surface.
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Figure 6.33 Development of impedance spectra over time of immersion in m-SBF with (a) and
without (b) an applied agar film; comparison of the time -dependent open circuit potential (OCP) (c)
and impedance values at 0.1 Hz (d) of iron with and without an applied hydrogel film in m-SBF.

Figures 6.33c and 6.33d show the development of OCP values and impedance values at 0.1
Hz with incubation time, respectively. The transients of the free corrosion potential and the
low frequency impedance values of the iron sample in m-SBF show both a certain incubation
time of about three hours. Interestingly the incubation time with the applied agar film is
slightly shorter than for the non-coated iron substrate, which indicates a fast electrolyte
transport through the agar film. Both the measured free corrosion potentials and the
impedance values at 0.1 Hz indicate a faster corrosion attack for the agar film -coated
substrate during the first three hours of immersion. However, for extended times of

immersion, the free corrosion potentials values and impedance values at 0.1 Hz are similar
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for both samples (Figure 6.33), indicating that the applied agar film does not lead to any

preferential inhibition of anodic or cathodic reactions.

The equivalent electrical circuit (EEC) in Figure 6.34 was used to analyse the EIS data. The
non-ideal capacitive behaviour was described by the constant phase element (CPE) in the
model EEC. Rs represents the electrolyte resistance. CPEq and R are the capacitive and
resistive elements of the electrolyte/metal interface, respectively. CPEfim and Rp are the
capacitive and resistive elements of the surface film. The surface film is either the formed
corrosion product layer on the base iron substrate or the combination of the agar film and

the formed corrosion product layer in case of the agar coated substrate.

CPEjim

CPE,,
Rt

Figure 6.34. Equivalent circuit for the fitting of EIS data.

The simulated equivalent circuit parameters for iron with and without agar hydrogel film at
different immersion times in m-SBF solution are presented in Table 6.10a, 6.10b. The
presence of the hydrogel film leads to a higher electrolyte resistance. In agreement with
Figure 6.33, the Rt values indicate slightly higher corrosion current densities in comparison

to the film without applied agar film.
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Table 6.10 Equivalent circuit parameters of iron a) without and b) with agar hydrogel film after different immersion times in m-SBF at 37 °C.

a) Without agar film

Time (h) Rs (Q cm?) Ret (Q cm?) Rp (Q em?) CPEfiim (USs"/cm?) Ny CPEgi(uSs"/cm?) Ny Goodness
0 51.1 6626.7 394.9 287.8 0.84 12.3 0.93 4.1x10*
1 48.4 6058.9 252.8 246.8 0.87 84.9 0.72 3.6x10*
3 455 5943.4 500.1 368.2 0.85 100.6 0.37 5.3x10*
6 45.1 799.8 257.8 238.3 0.85 401.7 0.54 4.1x10*
12 45.7 898.3 291.8 248.6 0.85 403.9 0.47 3.5x10*
24 45.1 1652.0 304.0 188.6 0.85 151.7 0.39 43x10*
b) With the applied agar film
Time (h) Rs (Q cm?) Ret (Q cm?) Rp (Q cm?) CPEfiim (USs"/cm?) N CPEa(nSs"/cm?) n; Goodness
0 86.4 2475.8 300.7 416.8 0.85 139.8 0.92 3.7x10*
1 81.5 630.0 164.2 261.9 0.83 432.1 0.67 2.9x10*
3 78.6 513.9 115.1 280.3 0.83 541.2 0.62 3.1x10*
6 77.6 556.2 136.0 252.4 0.84 601.7 0.61 2.9x10*
12 77.6 596.3 196.7 233.1 0.85 525.7 0.66 2.9x10*
24 73.7 608.9 208.7 247.6 0.83 874.0 0.71 3.0x10*
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6.3.3.2 ATR-FTIR spectroscopy of electrolyte uptake in hydrogel films

For an improved understanding of the transport properties of the agar film, in-situ FTIR-
ATR studies were performed. The agar film was applied to a Si-ATR crystal in the same

way as for the iron samples. Figure 6.35 shows the absorption spectrum of the agar film.
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Figure 6.35 In-situ ATR-FTIR spectra of the swelling process of the agar film in m-SBF at 25 °C.
The spectrum of agar film is the differential spectrum with blank Si-ATR crystal. The difference
spectra developed over time are referenced to the agar film spectrum.

The characteristic bands of agar are consistent with those reported in the literature. The
adsorption band of agar at around 3230 cm™ and 2890 cm™ is attributed to the stretching
vibration of ~-OH and -CH, respectively [262]. The band at about 1635 cm™ is assigned to
the stretching mode of —~C=0 and also the absorption band of H2O [263]. The peaks between
880 and 1150 cm are typical vibrations of the 3,6-anhydro-galactose networks [262].

The difference spectra after the exposure of the agar film to m-SBF are given in Figure 6.35.
Positive absorption bands were observed only in the —-OH stretching and H2O absorption
region. It is known that agar can reach 160% swelling at room temperature within 12 hours
[264]. The difference spectra indicate that the m-SBF electrolyte rapidly penetrates the agar
film and does not influence the incubation time. It is assumed that the applied agar film does
not only act as a barrier but that the interfacial interaction with the oxide influences the

stability of the passive film.
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6.3.3.3 FE-SEM characterization of interface after exposure to m-SBF

After the immersion in m-SBF over 24 hours, both samples were analysed by means of
microscopic and spectroscopic techniques. The agar film was peeled off the substrate prior
to this characterization. Samples without agar films were just rinsed with pure water and
blown dry with nitrogen to remove loosely bound corrosion products. For comparison, the
removed agar film was analysed regarding its interface to the iron sample and the interface
to the m-SBF.

The FE-SEM images of the corroded samples with and without agar film are shown in
Figure 6.36. Obviously, the iron sample with applied agar film shows significantly fewer
corrosion products in comparison to the iron surface which was in direct contact with m-
SBF. However, as shown in Figure 6.36 corrosion products formed at the interface between

the agar film and iron were partly transferred to the underside of the agar film.

The thick layer of corrosion products on the surface of the sample directly exposed to the m-
SBF was however only weakly binding to the iron surface and easily washed off. The
resulting surface (see Figure 6.36¢) rather resembles that already discussed in Figure 6.36a.
This means that the corrosion product layer formation is not completely inhibited by the agar
film but the transfer of released ions into the adhering agar film prevents the formation of
thicker oxide scales at the iron interface. This assumption is supported by the FE-SEM image
of the outer surface of the agar film (see Figure 6.36d) which indicates the formation of

insoluble corrosion products.
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6 RESULTS AND DISCUSSION

iron substrate surfaces

agar film surfaces

Figure 6.36 FE-SEM images of iron substrate and agar film surfaces: iron substrate after immersion
in m-SBF for 24h with (a) and without (b) applied agar hydrogel film; FE-SEM image of the iron
sample shown in (b) after mechanical removal of the corrosion product layer (c); FE-SEM images
of the agar film after removal from the corroded iron sample (m-SBF/agar interface to the electrolyte
(d), agar/Fe interface to iron (e) of the agar film. The corresponding high-resolution images are
shown on the right (*).
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6 RESULTS AND DISCUSSION
6.3.3.4 Raman spectroscopy and microscopic characterization

Microscopic images and Raman spectra on different sites of both samples are shown in
Figure 6.37. The observed Raman bands and assignments are listed in Table 6.11. Raman
measurements of the different areas proved the assumption that the agar film mainly
influenced the distribution and amount of formed corrosion products. The chemical
composition, however, remained rather unaffected. In both cases, the Raman peaks of the
surface layer were assigned to a mixture of hematite, maghemite, and magnetite [247,265].
In addition, signals of phosphate at around 1040 cm™ were detected on the surface of samples
with and without agar hydrogel [266]. The signal of phosphate was prominent for the

samples without applied agar films.
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Figure 6.37. Microscopic image (left) and Raman spectra on labelled site (right) of iron substrate
surfaces: after immersion in m-SBF for 24h with (a, d) and without (b, e) applied agar hydrogel film;
iron substrate surface of the sample shown in b) after mechanical removal of the corrosion product

layer (c, f).
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Table 6.11 Raman data of iron with and without agar after 24 hour exposure to m-SBF as

measured on the iron substrate surface.

Raman shift (cm™?)

with applied agar film bare iron [Izb\:;lgggn;gé]
| 1 11 v
246 - - Hematite
- - 269 269 Magnetite
303 - - Hematite
347 355 - Maghemite
376 - Maghemite
- 468 Hematite
- 620 Hematite
663 663 - 671 Magnetite
1048 - 1031 Phosphates/apatite
1316 - Hematite
1380 - 1385 Maghemite

Raman spectroscopic analysis of the agar film as shown in Figure 6.38 support the

interpretation of the FE-SEM results as peaks which can be assigned to iron oxides and more

specifically to a-FeOOH (388/410 cm™) [247] and phosphates (about 1005 cm™) [266] were

mainly observed on the outer surface of the agar film.
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Figure 6.38 Raman spectroscopic data of the agar film interfaces after the corrosive exposure of the
agar film coated iron in m-SBF in comparison to a freshly prepared agar film.
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6.3.3.5 DRIFT-FTIR spectroscopy

The samples after removal of the agar film and corrosion product layer were characterized

using DRIFT and the results are shown in Figure 6.39.

—— without agar
—— with agar

vCH

/

Absorbance (arb. units)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6.39 DRIFT-FTIR spectra of samples with removed agar film and surface degradation layer.
The polished pure iron is used as a reference.

The sample with the applied agar film shows peaks between 2800 and 2900 cm™ that are
assigned to C-H stretching vibrations after the removal of the film (see Figure 6.39). This
could be residual agar molecules. On the other hand, the samples without applied agar film
did not show peaks in that region, but a strong signal around 1000 cm™* was observed, which

is attributed to the presence of phosphates.
6.3.3.6 XPS characterization

XPS was performed for further characterization of the interface chemistry of the iron
samples after exposure to m-SBF. Table 6.12 shows the calculated atomic concentration for
the m-SBF/Fe and the m-SBF/hydrogel/Fe interface, i.e., the corroded surface with and

without agar film, respectively. The just polished iron surface was used as a reference.
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Table 6.12. Surface elemental composition (at. %) of the relevant interfaces determined by XPS after 24 hour immersion in m-SBF.

Atomic percentages (at-%)

Interface
O1s Cis Fe2p N1s Cazp P2p Nals S2p Si2p
polished Fe 49.5 32.9 15.0 2.6 - - - - -
= Corrosion product layer m-SBF/Fe 55.2 194 3.6 11 6.3 13.9 0.5 - -
@
o
a )
> m-SBF/Fe after removal of corrosion 48.2 351 14.7 0.7 i i ) 13 i
= product layer
m-SBF/agar/Fe after removal of the 48.4 420 8.8 0.8 i i ) i i
agar film
(5]
f e m-SBF/agar interface to the electrolyte 42.6 45.6 2.0 14 2.3 4.9 0.5 - 0.7
g
= agar/Fe interface to iron 32.7 62.2 0.5 14 0.7 1.3 0.4 - 0.8
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The surface layer compositions indicate that residues of agar remained on the Fe-surface
after the removal of the film. This conclusion is mainly based on the C1s contribution for
the m-SBF/agar/Fe sample measured on the iron interface and the FTIR-data of the
corresponding surfaces shown in Figure 6.39. The samples in direct contact with m-SBF
formed a phosphate-rich layer of corrosion products on the surface (see Table 6.12).
Interestingly, higher iron concentrations were detected on the outer surface of the agar film
(m-SBF/agar) compared to the inner surface in contact with the iron (agar/Fe). In addition,
the phosphate concentration at the agar interface was measured to be higher in the case of
the m-SBF/agar interface. Both results are in excellent agreement with FE-SEM and Raman
data shown in Figure 6.36d and Figure 6.37a. It can be assumed that iron ions can diffuse
through the agar film, while the oxidic iron species or phosphates formed remain on the

surface of the agar film.
6.3.4. Conclusions

Surface corrosion studies indicate that the applied agar films prevent the formation of
corrosion product layers at the electrolyte/iron interface. While the interfacial corrosion
kinetics at extended times of immersion are not significantly affected by the agar film as
measured by EIS. Combined Raman, XPS and FE-SEM data show that the applied agar film
leads to the transport of released metal ions into the swollen hydrogel film. This process
leads to the formation of phosphates and iron oxides within the hydrogel film and at the

electrolyte/agar interface.

The comparison of the EIS studies and in situ FTIR measurements indeed showed that the
kinetics of electrolyte transport in the agar film is very fast, which promotes the transfer of
dissolved iron into the agar film. Overall, the studies in this section show that the application
of agar as a hydrogel film on alloy surfaces for the study of corrosion in physiological
electrolytes may affect the interfacial reaction and the formation of interfacial corrosion
products. This influence is based on both the macromolecular adsorption and the transfer of

dissolved metal ions into the hydrogel film.
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6.4 Corrosion of pure iron in human serum

This section of the study focuses on investigating the corrosion behavior of pure iron in a

human serum solution.
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Figure 6.40 The sketch overviews the main content of section 6.4. In this section, the corrosion
behavior of iron in the presence of human serum in physiological solutions was investigated.

In the context of Fe-based materials, it has been demonstrated that alloying and additive
manufacturing processes can modify the microstructure, resulting in an increased corrosion
rate. However, the interpretation of these effects is often hindered by the intricate interfacial

reactions occurring within the physiological environment [31,81].

The evaluation of promising Fe-based alloys is mostly carried out in pseudo-physiological
solutions such as SBF, which is often the first step in in-vitro testing [267]. Nevertheless,
the various media found in the human body are more complex and contain a variety of
biomolecules, especially proteins. Adsorption of proteins is considered to be the first step
that happens after the implant is implanted in the body, and it further affects the corrosion
properties of metal materials [132]. Therefore, proteins are often added to the media used in
the in-vitro testing of metallic implant materials. The most widely used model protein in this
regard is serum albumin, as it is the most abundant protein class found in plasma [268].
However, using only serum albumin to assess the corrosion behavior of metals in the
physiological environment is usually not sufficient, and several studies have reported
differences in the influence of different protein species on the corrosion properties of
metallic materials. Kocijan et al. reported the corrosion behavior of pure iron in Hank’s
solution containing either albumin, y-globulin, fibrinogen or transferrin and observed

different effects of particular proteins on iron dissolution [141]. Hedberg et al. investigated
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the effect of different proteins and protein mixtures on metal release from stainless steel and
found that the total amount of released metal is greater in protein mixtures than in the
presence of a single protein species [142]. The reporting work in section 6.2 also shows that
BSA and lysozyme have an opposite effect on the corrosion behavior of iron and iron alloys
[31]. While comparing the effects of different protein species individually certainly helps to
understand the possible interaction mechanisms between proteins and metal surfaces, in
reality, the abundant proteins in body fluids interact competitively with material surfaces,
resulting in rather complex phenomena. Therefore, in this work, the corrosion behavior of
pure iron was assessed in contact with human serum as one of the most relevant bodily fluids

in the context of bioresorbable implants.
6.4.1. Materials and chemicals

The high purity ARMCO® iron sheet (Purity P99.97%) used in the work of this section was
produced by hot rolling. The samples were cut into plates of dimensions 20mm (length) x
20mm (width) x 5mm (thickness).

PBS was used in this study as a model electrolyte, and the preparation procedure can be

found in Section 5.1.

For the preparation of multi-protein solutions, human serum from male AB clotted whole
blood (HS, Sigma-Aldrich, H5667) was diluted in PBS to a volume ratio of 0.1%, 1% and

10%, respectively. All protein-containing solutions were freshly prepared.

6.4.2. Experimental approach
6.4.2.1 Sample preparation

Mechanical polishing was carried out on the pure iron samples following the procedure
detailed in Section 5.4. Prior to exposure to the electrolyte, the polished samples were etched
in 5% Nital solution for 5s and then immediately rinsed with ethanol and dried with nitrogen.

Fresh preparation of pure iron samples was conducted before each experiment.
6.4.2.2 Electrochemical measurements

EIS was carried out in a three-electrode cell using a Reference 600 potentiostat. A platinum
plate was used as a counter electrode and Ag/AgCI (sat. 3M KCI) was used as a reference
electrode. EIS measurements were performed with an amplitude of 20 mV at OCP in the
frequency range of 0.1-100000 Hz with 10 points per decade. The EIS spectra were recorded

continuously at 37 °C for 24 hours.
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6.4.2.3 Surface characterization

Surface characterization after corrosion in HS solution was carried out by FE-SEM, EDX,

Raman spectroscopy, XPS and FT-IRRAS. The experimental methods are described in detail
in Chapter 5.

6.4.3. Results and discussion

6.4.3.1 Electrochemical measurment results

The effect of complex protein solutions with different HS concentrations on the corrosion
behavior of Fe in PBS was investigated by electrochemical analyses. Prior to electrolyte
exposure, all samples were etched in 5% Nital for 5 s. Figure 6.41 shows the development
of the open circuit potential of Fe with time. The potential behavior of Fe in PBS appears to
be independent of the HS concentration. The initial potential is more positive due to the
presence of the existing natural oxide film on the surface. In all of the studied solutions, a
steady-state value of around - 0.7 Vagagcl Was attained after 1 hour of incubation. The

presence of HS proteins had no significant effect on the anodic and cathodic reactions in the
interface.
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Figure 6.41 Open circuit potential (OCP) of Fe in PBS, 0.1 % HS, 1% HS, and 10% HS at 37°C for
24 hours. Error bars indicate the standard deviations of three measurements.

The impedance spectroscopy results of Fe in PBS and in solutions with different HS

concentrations are expressed in bode plots and shown in Figure 6.42a-d, respectively.
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Figure 6.42. Bode plots of Fe incubated in a) PBS, b) 0.1 % HS, ¢) 1% HS, and d) 10% HS at 37°C
for 24 hours. e) Impedance values at 0.1 Hz for Fe immersed in different HS concentrations after 24
hours. Error bars indicate the standard deviations of three measurements. f) Equivalent circuit for
film formation.

Fe samples show only one time constant for all HS concentrations. The impedance values in
the low frequency region allow for a rough assessment of the resistance behavior of the
surface. Figure 6.42a-d shows that the low-frequency impedance value of the iron sample
increases with time, which is an indication for the formation of a corrosion layer. The
increase in maximum phase angle also indicates an overall decrease in corrosion rate with

time. Figure 6.42e shows the low-frequency impedance modulus |Z| of the Fe samples at
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0.1 Hz after 24 hours of exposure to the different solutions. The results show that the
corrosion stability of Fe is highest at 0.1% HS. In addition, the impedance at low frequency
after 24 hours of immersion is significantly lower at HS concentrations greater than 1%. This
counterintuitive behavior may be caused by different compositions of the adsorbed multi-

protein film modulating the inhibitive effect of the corrosion layer [269,270].

An equivalent circuit as shown in Figure 6.42f is created to further evaluate the corrosion
mechanism, which includes the solution resistance (Rs), the charge transfer resistance (Rct)
and the resistance of the formed layer (Ry). Constant phase element (CPE) is used to describe
the nonideal behavior due to surface heterogeneity. The data was processed with Echem
Analyst software (Gamey Instruments) and the results are listed in Table 6.13. The value of
Ret shows a consistent trend with the low frequency impedance data, i.e., it increases with
immersion time. After 24 hours, 0.1%HS shows the highest Rt (2035 Q cm™), while the
lowest value is obtained for 10% HS (1391 Q cm™). Here it can be assumed that the
interaction of the proteins with the surface of the Fe samples affects the charge transfer
process. The species and relative amounts of adsorbed proteins may therefore lead to a
differentiation of the surface layer. However, it should be mentioned that HS contains also
a number of other molecular species, including various ions, carbohydrates, triglyceride, and
cholesterol, which may also contribute to this effect. Rather than affecting the temporal
inhibition process, the addition of HS to PBS appears to affect the passivation performance
of forming adsorbate film and thus the rate of metal ion release from the surface into the

electrolyte.

In summary, the similarities in the Bode plots and OCP values indicate a similar corrosion
mechanism for all HS concentrations. The surface barrier accumulates over time but the
protective properties of the passivated film are influenced by the HS concentration. This is
most likely due to the differences in the composition of the formed corrosion layers.
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Table 6.13 The evolution of fitted result of electrochemical impedance spectra of Fe in

different media.

Time Rs Ret Rp CPEfiim CPEul
Sample n1 nz  Goodness
(h)y @Qem?) @Qcm?) Qem?) (uSs/cm?) (uSs"/cm?)
0.25 72 670 835 206 0.8 950 05 1.4x10*
0.5 72 693 842 206 0.8 976 05 13x10*
1 71 971 628 197 0.8 630 0.4 13x10*
PBS 3 70 1468 751 193 0.8 375 05 18x10*
6 70 2176 889 183 0.8 270 05 21x10*
12 70 1261 976 198 0.8 383 0.6 26x10*
24 70 1786 1002 175 0.8 288 06 3.4x10*
0.25 66 527 535 234 0.8 1377 0.4 2.6x10*
0.5 66 564 521 241 0.8 1033 0.4 27x10*
1 66 826 283 232 0.8 499 06 26x10*
0.1% HS 3 67 848 539 220 0.8 512 03 27x10*
6 67 1191 501 204 0.8 383 0.3 29x10*
12 70 1327 782 176 0.8 332 0.2 3.8x10*
24 66 2035 1202 144 0.8 252 0.2 4.9x10*
0.25 66 341 395 296 0.8 1631 04 15x10*
0.5 66 205 488 303 0.8 1554 08 19x10*
1 66 430 378 288 0.8 958 05 16x10*
1% HS 3 67 766 243 254 0.8 453 0.4 15x10*
6 67 891 212 248 0.8 435 0.4 15x10*
12 66 951 207 200 0.8 363 05 1.7x10*
24 66 1437 219 142 0.8 274 05 2.1x10*
0.25 70 541 516 262 0.8 1292 04 12x10*
0.5 70 530 571 269 0.8 1460 0.4 1.0x10*
1 69 613 412 270 0.8 852 04 09x10*
10% HS 3 68 927 291 286 0.8 508 0.3 11x10*
6 69 1021 275 284 0.8 464 0.3 14x10*
12 69 1052 243 298 0.8 443 0.4 15x10*
24 68 1391 312 260 0.8 387 04 16x10*
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6.4.3.2 Surface Characterization by SEM

Figure 6.43 depicts the top-view and cross-sectional SEM images of Fe samples after 24h of
immersion in PBS with different HS concentrations. SEM reveals differences in surface
morphology, which agree with the electrochemical results.

Figure 6.43. Top-view (left) and cross-sectional SEM images (right) of Fe after 24h immersion in a)
PBS, b) 0.1% HS, c) 1% HS and d) 10% HS.
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Particulate corrosion products with heterogeneous size and low surface coverage can be
observed on the corroded Fe surface exposed to PBS (Figure 6.43a). In addition to this, a
relatively dense surface layer with a thickness of about 0.32 um is observed below the larger
particulates. This dense layer shows cracks due to surface dehydration. Such a dense layer
can also be observed at 0.1% HS, on top of which significantly more particles are found. The
thickness of the dense layer increases slightly to 0.40 um. The surface shows a flocculent
morphology compared to PBS exposure, which is considered to be the formation layer with
embedded protein molecules. The structure of the dense layer is hardly visible when the HS
concentration is increased to 1%, and the same is true for 10% HS. Here, the surface is
completely covered with a cauliflower-like product layer and the layer thickness increases
strongly to more than 10 pum. The SEM images in Figure 6.43 thus show that the layer
thickness of the forming surface layer is continuously increasing with increasing HS
concentration. This continuous buildup is probably due to the incorporation of proteins and
protein-complexed metal ions into the film. Nevertheless, the profiles also show that the
corrosion layers formed at the highest HS concentration is defective and porous. While this
may to some point be related to the drying of the samples, the electrochemical measurements
(see Figure 6.42 and Table 6.13) suggest that pores are also present in situ, so that ions can
continue to be transported through the pores from the surface into the electrolyte. This
explains why the corrosion in 10% HS is stronger than in PBS, even though the corroded
layer is almost 40 times thicker. In contrast, the thin but dense layer formed in PBS seems

to act as a more efficient corrosion barrier.

EDX data provide information on the chemical composition of the formed layers. Figure
6.44 shows the EDX maps of Fe samples exposed to different concentrations of HS and the
atomic concentrations obtained from the EDX measurements are shown in Figure 6.45. The
EDX mapping results for the surface show that the O and C content increase with increasing
HS concentration, which indicates that the amount of protein incorporated in the formed
surface layers is increased. The content of Fe, on the other hand, decreases with increasing

HS concentration.
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Figure 6.44. SEM images and EDX maps of Fe after 24h immersion in a) PBS, b) 0.1% HS, c) 1%
HS and d) 10% HS.
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Figure 6.45. Atom concentration in % of Fe samples after immersion in PBS, 0.1% HS, 1% HS and
10% HS as measured by EDX mapping.
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6.4.3.3 Raman spectroscopy and FT-IRRAS

The Raman spectra of the sample surfaces are shown in Figure 6.46. The assignments of the
peaks are listed in Table 6.14. The Raman spectra indicate that the surface layer contains
Fe203, Fe(OH)s3, FeOOH and FePO4-2H>0O. The presence of iron in the form of different
oxides and hydroxides in the surface corrosion product layers formed is consistent with
previous studies that investigated iron-based alloys in physiological solutions [108,110,271—
273].

PBS
0.1% HS 1033
1% HS

—10% HS
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Figure 6.46 Raman spectra of iron samples after immersion in PBS, 0.1% HS, 1% HS and 10% HS.

Table 6.14 Raman data of the Fe samples after exposure to PBS, 0.1% HS, 1% HS and 10% HS.

Raman shift (cm™?) Assignment [265,266,274]
265 FePO4-2H,0 Fe.O3 FeOOH
467 FePO,-2H,0
632 FePO,-2H,0 Fe20s FesO4
713 Fe,0;  FeOOH Fe(OH)s
1033 FePO4-2H,0 PO,*
1320 Fe20s
1590 Fe O3

As shown in Figure 6.46, the shape of the Raman spectra is similar for all samples but the
intensity of the peaks in specific regions different. The peak located at 1033 cm™ is attributed
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mainly to phosphate and its intensity decreases with increasing HS concentration. The signal
in the phosphate region is prominent and could have multiple origins [275]. Released Fe ions
can form FePO4-2H,0. In addition, PO4?>/HPO4 are readily adsorbed on the negatively
charged iron oxide surface due to electrostatic interaction in the PBS environment [276].
The peaks located at 1320 cm™ and 1590 cm™ are assigned to Fe,Os. In contrast to the
phosphate region, they increase with increasing protein concentration. In this region,
contributions of various organic molecules in the serum may become important [277]. Peak
intensity at 1590 cm™ was quantified relative to the peak intensity at 1033 cm™, and the
results were 8.2% (PBS), 21.6% (0.1% HS), 42.8% (1% HS) and 88.8% (10% HS),
respectively. This indicates that although the overall composition of the surface layers is
similar in the different environments, the addition of serum affects to some extent the

formation and incorporation of iron oxides and insoluble salts.

Figure 6.47 shows the FT-IRRAS spectra of the Fe samples after 24 h exposure to PBS
containing different concentrations of HS. The broad band in the range from 900 cm™ to
1200 cm™ is attributed to the contribution of PO4* [266,278]. The broad band in this region
indicates that it is mostly an amorphous structure. The the phosphate band is centered around
1010 cm™ in the absence of plasma proteins. Upon the addition of serum, however, the peak
shifts to larger wavenumbers. In the case of 10% HS it is located at around 1100 cm™ and

exhibits a low-wavenumber shoulder.
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Figure 6.47. FT-IRRAS spectra of Fe samples after 24 h immersion in PBS, 0.1% HS, 1% HS and
10% HS.

136



A similar behavior has been observed for Mg alloys i.e. the phosphate band shifted with the
addition of proteins [279]. The shift of the phosphate domain and the change of shape may
imply the variability of the products containing phosphate groups in the layer. It was also
observed that the O-H stretching band located at around 3300 cm™* was also slightly shifted

with incresing HS concentration (see Figure 6.47).

Furthermore, Figure 6.47 shows that the spectra have typical amide bands associated with
proteins located at 1648 cm™ for amide 1 and 1547 cm™ for amide Il at HS concentrations of
1% and 10%. The characteristic amide Il band was not observed in the case of 0.1% HS,
probably because the amount of protein in the surface layer was too small. However, the
surface exposed only to PBS also shows an absorption band at around 1648 cm™, which can
be attributed to residual water trapped in the surface layer. This was further verified by
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) performed
in PBS, which revealed notable amide | bands only for the samples exposed to 1% and 10%
HS (see Figure 6.48).
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Figure 6.48 ATR-FTIR spectra of iron after immersion in PBS, 0.1% HS, 1% HS and 10% HS.

Absorption bands located at 2935 cm™, 1729 cm™ and around 1450 cm™ (see Figure 6.48)
appear only in 10% HS and thus may be contributions of organic molecules such as glucose
and uric acid from the HS. The FT-IRRAS spectra therefore support the assumption that
different HS concentrations likely result in different compositions of the formed surface

layer.

137



6.4.3.4 XPS analysis of iron surfaces after corrosion

XPS analysis was performed to characterize the composition of the formed surface layers on
the Fe samples after immersion in PBS solutions containing different concentrations of HS.
The main components of the formed surface layers are C, O, P, N, and Fe, as well as minor

amounts of K and Na. The corresponding atomic concentrations are shown in Figure 6.49.
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Figure 6.49 Surface composition in at.-% measured by XPS of Fe samples after immersion in PBS
and in HS at concentrations of 0.1%, 1% and 10% for 24 h.

Figure 6.49 indicates that the signals of C and N were positively correlated with HS
concentrations, suggesting the presence of organic molecules like serum proteins in the
surface layers. There was no N signal detected in PBS. The N content in 0.1% HS was about
1.5 at.%. When the concentration was increased to 1% the N content increased to 6.4 at.%.
However, continuing to increase the HS concentration by a factor of ten, i.e., in 10% HS, the
N content is approximately the same as that at 1% HS with no significant increase. The
similar N contents at these high HS concentrations can be attributed to the high surface
sensitivity of XPS, so that proteins buried deeper than a few nanometers in the micron-thick
surface layers do not contribute to the spectra. Therefore, at plasma concentrations above 1%
it is assumed that protein incorporation in surface-near region of the formed surface layer
has reached a steady state. The signals of Fe, O and P decrease with increasing HS
concentration, which indicates a reduction in the content of phosphate and Fe degradation
products in the surface-near region of the top layer. This indicates that the increase in

phosphate absorption with increasing HS concentration observed in the FT-IRRAS spectra
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of Figure 6.47 is mostly related to the increasing thickness of the formed layer and not

primarily to a change in the amount of incorporated phosphates.

To gain a better understanding of the surface layer characteristics formed on Fe samples after
exposure in PBS solutions containing different concentrations of HS, high-resolution spectra
of Fe2p, C1s, Ol1s and N1s were obtained, the spectra are shown in Figure 6.50.
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Figure 6.50. High resolution XPS spectra for Fe after 24h immersion in PBS and in HS at
concentrations of 0.1%, 1% and 10%. a) Fe 2p3/2, b) C 1s,c) O 1sand d) N 1s.

As shown in Figure 6.50a, a characteristic asymmetric form and split spin orbit components
are observed in the high-resolution spectra of Fe2p. Additionally, the contribution of the
underlying metallic iron, Fe(0), is seen in the case of 0.1% and 1% HS, indicating the

presence of defects in the formed surface layer.
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6.4.3.5 Discussion of the influence of HS on iron corrosion in PBS

In this study, electrochemical measurements were used to examine the corrosion behavior

of pure iron in PBS that contained various concentrations of HS.

The addition of HS to PBS had no significant effect on the OCP values of Fe (Figure 6.41).
Furthermore, the electrochemical impedance spectra of Fe in PBS containing different
concentrations of HS have similar shapes (Figure 6.42). The electrochemical experiments
thus showed that the addition of HS did not change the corrosion kinetics of Fe in PBS. This
is further supported by the observation of similar iron degradation products in the surface
layer in both the presence and absence of HS. As shown by Raman data as well as XPS, the
surface layer consists mainly of iron phosphate, iron oxide, and iron hydroxide. This is
consistent with the reported degradation behavior of iron-based alloys in physiological
solutions [31,110,193,280]. The anodically dissolved Fe?* can continue to be reduced to Fe3*
in the presence of oxygen. The iron ions react further with the OH produced by the cathode
reaction and phosphate ions from the solution at the interface to form a variety of insoluble
substances. The formation of FeOOH from hydroxide has also been reported under specific
conditions [115].

Although the kinetics of iron corrosion are similar, the results of EIS clearly showed that the
HS concentration had a significant effect on the corrosion behavior of Fe in PBS. The
increase in low-frequency impedance with time in all cases indicates the formation of a
corrosion layer. In the absence of protein, the formed surface layer is thin and compact as
shown in Figure 6.43a, contributing to a high electron transfer resistance. Adsorbed proteins
may be incorporated into the forming surface layer when a small amount of protein is present,
but at this point metal oxides and phosphates still dominate in the corrosion layer. According
to a study by Hedberg et al. [281], the concentration of BSA affects the metal release from
316L, but the effect is insignificant at low concentrations (less than 0.1g/L BSA). For the
samples exposed to PBS with 0.1% HS, the dense surface layer and the large particles on
top were characterized separately with EDX and Raman and the results are shown in Figure
6.51 and Table 6.15.
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Figure 6.51 SEM images and Raman spectra of different sites of Fe after 24h immersion in a) PBS
and b) 0.1% HS. The blue arrow in the SEM images points to the surface particulate corrosion
products; the yellow arrow points to the dense layer underneath.

Table 6.15 Atomic percentages obtained by EDX (at. %).

Elemental Composition (at. %)

C @] Na P K Fe
PBS layer* 2.0 44.8 4.3 7.7 0.5 40.5
particle** 2.2 60.6 4.3 144 1.4 16.7
0.1% HS layer* 2.0 54.6 5.4 9.6 1.2 27.2
. (0]
particle** 2.9 59.0 4.8 15.1 2.1 15.2

The yellow arrow (*) and blue arrow (**) points to the area in the SEM images in Figure 6.51.

As shown in Figure 6.51, The distributed particles on top of the layer are rich in elemental
phosphorus and thus probably consist mainly of phosphates. The dense layer underneath is
thought to be a mixture of various iron oxides and iron hydroxides and has a higher iron
content. The impedance values at 0.1 Hz after 24 h were the lowest in the case of high serum
concentrations (10%HS), which suggests poor corrosion resistance (Figure 6.42e) of the

much thicker surface layers obtained under those conditions (see Figure 6.42d).
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High plasma protein concentrations thus cause thicker formation layers with worse
protective properties. We speculate that this is related to the porous structure of the layers,
which may be a result of protein-surface and protein-protein interactions. In multi-protein
solutions, protein adsorption at the surface of the material is highly dynamic and competitive,
a process also known as the Vroman effect [282]. Proteins with higher concentrations have
a higher change to reach the surface (e.g., albumins) and proteins with smaller sizes have
faster diffusion rates, so they can rapidly occupy the surface, even though they might not
have a high affinity for the surface. Proteins with greater affinity for the surface but lower
concentrations (e.g., fibrinogen) may reach the surface and compete with previously
adsorbed proteins for binding sites. This competition may result in conformational
transitions in the different protein species and finally the desorption of already adsorbed
proteins from the surface [121,282]. Typically, the winners of this competition are able to
adsorb more strongly to the surface, for instance because they can more easily adjust their
conformation and thereby maximize their contact area with the surface. Thus, the
composition and molecular structure of the adsorbed layer is time-dependent [121]. This
implies the existence of a dynamic protein layer on the material surface in a multi-protein
solution. Generally, soft proteins such as albumin may become inactive after surface
adsorption because they denature in the process, which reduces the number of exposed
specific binding sites. This may reduce the protein’s ability to bind or chelate metal ions,
thus inhibiting degradation of the surface. As demonstrated in previous works, BSA has a
tendency to inhibit iron corrosion at a later stage [31]. Hou et al. [279] showed that the
content of Ca-P salts in the surface degradation layer of Mg increased when BSA, fibrinogen
and fetal bovine serum (FBS) were added to DMEM, but Ca-P salts formation was inhibited
in the protein mixtures solution. These differences indicate that it is necessary to consider

protein variety when investigating the effect of proteins on metal degradation behavior.

Additionally, the Vroman effect may affect the extent of metal release. In a report by
Hedberg et al [142], The authors investigated the impact of the Vroman effect on the extent
of metal release and the corrosion resistance of medical-grade stainless steel in PBS. They
exposed the 316L and 303 stainless steel samples to physiological concentration of BSA,
fibrinogen and a mixture thereof. For type 316L, the overall metal release was enhanced in
the presence of proteins compared to PBS, and the release of Fe, Cr and Ni was increased in
the protein mixture. Protein-induced metal ion release produces metal-protein complexes,

which may be present at the surface or in solution. The formation of complexes may reduce
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the thickness of surface oxides, as at high concentration of HS, so that it is difficult to obtain

a dense oxide layer.

The combined effect of protein adsorption, desorption, competition and repulsion processes
at the interface under multi-protein conditions increases the interfacial activity and thus
facilitates the release of metal ions. As indicated by the impedance and SEM results, the
corrosion activity was higher even though the surface layer was thickened at increased HS
concentrations. This may be triggered by a change in the variety of protein species
interacting with the corroding surface and thus in different surface layer formation kinetics
and compositions at different HS concentrations. In particular, proteins occupying active
sites on the surface may slow down the formation of degradation products such as phosphate
in a protein species-dependent way. In the case of low HS concentration, phosphate
dominates and is more likely to adsorb quickly on the surface of the iron sample to form first
a thin film and then insoluble corrosion products with the dissolved metal ions, forming a

barrier on the surface.

6.4.4. Conclusions

The results in this work show that Fe has similar corrosion kinetics in PBS with and without
serum, but the concentration of serum has an effect on the corrosion behavior. Due to the
Vroman effect, the different protein species found in HS compete for adsorption on the
surface, resulting in the presence of a highly dynamic protein layer at the interface, which
enhances the surface activity and subsequently affects surface electron transfer. The forming
surface film inhibits the corrosion of iron mainly by reducing charge transfer. The presence
of HS affected the stability and inhibition effect of the surface passivation film, with higher
HS concentrations resulting in. thicker surface layers but less inhibition of corrosion. For the
application of Fe and its alloys as biodegradable implants, the results imply the feasibility of
using human serum as in vitro corrosion test media, the use of a single protein may

misestimate the true corrosion rate of iron-based alloys in vivo.
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7 Overall conclusions and outlook
7.1 Overall conclusions

The main focus of this thesis is to investigate the corrosion behavior of Fe-alloys in
physiological electrolytes. It discusses the implications of the findings for the potential use
of the Fe-alloy as a biodegradable implantable device. The composition and fabrication
process of the alloy, as well as the microstructure of the alloy, the corrosive medium, and
the type and concentration of proteins, all have varying degrees of impact on the corrosion

behavior of Fe-based alloys.

Results of the study on the adsorption behavior of proteins on surfaces reveal the pH
dependence of serum protein adsorption on gold and oxidized iron surfaces. AFM analysis
showed that protein adsorption on the gold surface resulted in a smoother morphology,
regardless of pH or serum concentration. Conversely, the iron surface did not exhibit
significant morphology changes due to protein adsorption. PM-IRRAS revealed a pH
dependence in the total amount of adsorbed proteins for both surfaces, with a more
pronounced effect than serum concentration. Analysis of PM-IRRAS spectra indicated
compositional differences in the adsorbed multiprotein films under different pH conditions.
These effects were consistently observed on both surfaces, suggesting a primary influence
of pH sensitivity in the adsorbing proteins. The adsorption of highly abundant proteins in
serum at pH close to their isoelectric point is advantageous and can displace other proteins

with lower surface affinity in multiprotein films.

The microstructure of Fe alloys manufactured by the conventional process is compared with
that of additive manufacturing. SEM and EBSD provide information on the microstructure.
The FeMn alloy fabricated by selective laser beam melting (FeMn-LBM) is characterized
by a solidification structure resulting from the LBM process, connected to segregations of
manganese. Both the larger grain size distribution and dendritic columnar structure with
local enrichment of manganese are observed in the FeMn-LBM alloy compared to the

conventional alloy.

The corrosion behavior of Fe alloys manufactured by the conventional process and additive
manufacturing is compared. The corrosion behavior was analyzed by EIS, AFM, SEM,
infrared, and Raman spectroscopy. The electrochemical impedance data clearly demonstrate

that both FeMn alloys show higher corrosion rates than pure iron in all physiological

144



electrolyte tests, with FeMn-LBM being superior to conventional FeMn. The high corrosion
rate is independent of the addition and type of protein and is determined by the properties of
the alloy itself. The presented studies illustrate that the resulting corrosion rate of FeMn
alloys strongly depends on their specific microstructure. Additive manufacturing allows the
variation of the corrosion kinetics of FeMn-based alloys as a bioresorbable alloy based on

their composition and microstructure variation.

The influence of proteins on the corrosion behavior of iron-based alloys is studied. First, two
different proteins (BSA and LYZ) were added to m-SBF to evaluate the corrosion behavior
of iron-based alloys in the presence of proteins and the effect of protein type on the corrosion
behavior. The EIS results indicate that LYZ exhibits, on average, an inhibitive effect on
corrosion, while BSA rather slightly promotes the corrosion process. It should be noted that
the addition of BSA seems to attenuate the differences between the different alloys
concerning their corrosion rates. The structure and morphology of the surface corrosion layer
formed in the presence of different proteins differ. Studies using FTIR spectroscopy in
reflection, Raman spectroscopy, AFM topographic images, and EDX show higher
concentrations of phosphates in the formed surface layers in the presence of LYZ compared
to surface layers formed in the presence of BSA. This formation of inorganic protective
compounds likely contributes to the corrosion-inhibiting effect of LYZ in m-SBF electrolyte.

Next, Fe was exposed to different concentrations of human serum diluted in PBS to assess
the effect of multi-component proteins on corrosion. Electrochemical data showed that
adding HS did not change the corrosion kinetics of Fe in PBS, but the HS concentration
affects the corrosion behavior. The multi-component proteins compete for adsorption on the
surface, resulting in the presence of a highly dynamic protein layer at the interface, which
enhances surface activity and subsequently affects surface electron transfer. The surface film
formed inhibits iron corrosion mainly by reducing charge transfer. The presence of serum
proteins affected the stability and inhibition of the surface passivation film, and the higher
multiprotein concentration enhanced the competitive adsorption effect at the interface, which

actually had less corrosion inhibition even though the surface layer was thickened.

The effect of hydrogel coating on corrosion of Fe is investigated. The previous discussion
of the results has shown that corrosion kinetics of iron-based alloys are correlated with their
surface film formation in physiological electrolytes. Surface corrosion studies indicate that
the application of agar films prevent the formation of corrosion product layers at the
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electrolyte/iron interface without affecting corrosion kinetics. Combined Raman, XPS and
FE-SEM data show that the applied agar film leads to the transport of released metal ions

into the swollen hydrogel film. This process leads to phosphates and iron oxides forming

within the hydrogel film and at the electrolyte/agar interface.

Generally, it is evident that the corrosion and degradation of iron-based alloys in
physiological electrolytes are influenced by various factors, including but not limited to the
manufacturing process, alloy composition, microstructure, protein type and concentration,
and the formation of the corrosion product layer. Therefore, a comprehensive consideration
of these multiple factors is essential when conducting in vitro testing of potential

biodegradable metallic implant materials.
7.2 Outlook

Over the past decade, researchers have been exploring the field of biodegradable materials,
and it is expected that the medical applications of biodegradable metals will continue to
receive attention in the foreseeable future. This work focuses on evaluating the corrosion
and degradation of iron-based alloys in physiological electrolytes. The in vitro corrosion
testing results will provide an impetus for developing ideal bioresorbable metallic materials.

The major challenge that needs to be addressed for the recognized Fe-based alloys to be used
as biodegradable materials is their low corrosion rate. In this work, it can be confirmed that
microstructural changes are beneficial in promoting corrosion by comparing the
performance of additively manufactured and conventionally fabricated FeMn alloys in
physiological electrolytes. SLM technology enables highly customizable and complex
structural designs. By adjusting the laser scanning paths and parameters, precise control over
the material's microstructure and surface characteristics can be achieved to meet the
requirements of different applications. Therefore, advanced manufacturing techniques such
as SLM offer more possibilities and new directions for the development of biodegradable

materials, proving to be beneficial in the field of stent biomaterials.

Results of corrosion kinetics analysis and surface characterization indicate that the
degradation rate is related to the surface film formed by corrosion, and the composition of
the testing media largely influences the corrosion behavior of iron-based materials. The
formation of degradation products often obscures the effects of corrosion rate changes

caused by microstructure. In addition, the concentration and type of protein in the test
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medium significantly affect the corrosion behavior. Among them, the addition of serum
proteins to the electrolyte was used to explore the effect of multicomponent protein
adsorption on corrosion behavior. The results demonstrated that the corrosion behavior of
iron differs in a multicomponent protein environment compared to when only a single
species protein is present. This attempt can be applied to in vitro testing of other biomaterials.
So far, there is no clear standard for the selection of corrosion test media, and it is challenging
to fully simulate the complexity of the in vivo environment in vitro. This is also a reason for
the frequent discrepancies between in vitro and in vivo test results for the same material.
Therefore, based on the findings in this work, the selection of corrosive media must be done
carefully when investigating iron-based biodegradable materials. It is necessary to adjust
physiological electrolytes and additional components appropriately to cater to specific
application requirements and obtain a more comprehensive understanding of the corrosion

behavior.

In summary, iron-based bioabsorbable materials have great attraction but also face many
challenges. The influencing factors investigated in this work still have limitations. Further
insights into the interaction mechanisms between iron-based materials and biological
organisms are necessary, and new alloy designs as well as fabrication methods are sought to
improve the material properties.
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List of abbreviations and symbols

ABBREVIATIONS

Mg
Zn

Fe
Mn
FeMn

Ca

Sr

Li

Cu
Ag
Au
Pd
Co

Al

Sn

Na

Cl

HCOs

Magnesium
Zinc

Iron
Manganese
Iron—-manganese alloy
Calcium
Carbon
Strontium
Lithium
Copper
Silber

Glod
Palladium
Cobalt
Aluminium
Tungsten
Zinn

Boron
Sulfur
Vanadium
Sodium
Potassium
Chloride

Bicarbonate
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Si
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m-SBF
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PM
TWIP
SPS
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PBF
SLM
EBM
ECF
ICF
NaCl
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NaxHPO4
KH2PO4
HEPES
TRIS
PBS
DMEM

ROS

Germanium

Silicon

Magnetic resonance imaging
Simulated body fluid

Modified simulated body fluid
Smooth muscle cell

Based porous interference Screws
Powder metallurgy
Twinning-induced plasticity
Spark plasma sintering

Additive manufacturing
Computer-aided design

Powder bed fusion

Selective laser melting

Electron beam melting
Extracellular fluids

Intracellular fluid.
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Human serum albumin
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Electrochemical impedance spectroscopy
Cyclic voltammetry

Atomic force microscope

Infrared spectrum

Fourier-transformed infrared spectroscopy
Fourier-transformed infrared reflection absorption spectroscopy
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IRE Internal reflection elements

S/IN Signal-noise ratio

XPS X-ray Photoelectron Spectroscopy
SEM Scanning Electron Microscopy

LaBe lanthanum hexaboride

FE-SEM Field Emission Scanning Electron Microscopy
FEG Field emission gun

ETD Everhart-Thornley detector

EDX Energy-dispersive X-ray spectroscopy
EtOH Ethanol

OES Optical emission spectroscopy

SiC Silicon carbide

OCP Open-circuit potential

FIB Focused ion beam
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IEP Isoelectric point
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SYMBOLS

~ < m N

~

corr
VC orr

UCOTT

Impedance
Resistor

Voltage

Current
Corrosion current density
Corrosion potential

Corrosion rate in terms of penetration rate

Potential

Potential at time

Amplitude of the signal
Angular frequency

Frequency

Phase angle shift

Time

Imaginary unit

Natural logarithm

Real component of impedance
Imaginary component of impedance
Resistor

Capacitor

Inductor

Constant phase element
Resistance of the charge transfer
Capacitance of the double layer
Solution resistance
Wavelength

Wave speed

Energy differences

Speed of light

Planck’s constant

Refractive index

Angle of incidence

Critical angle
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Penetration depth

Total number of internal reflections
Length

Thickness

Kinetic energy

Binding energy

Work function

Amplitude ratio

Phase difference

Extinction coefficient
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