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Abstract

This Thesis dissertation covers different synthetic approaches to obtain Fe-
based alloys to be used for biomedical and environmental applications. Special
emphasis has been placed to design a proper composition and to study the
morphology and structural properties to tailor both the mechanical and
magnetic properties of the resulting materials.

Firstly, ferromagnetic Fe-10Mn6Si1Pd (wt.%) and shape memory,
paramagnetic Fe-30Mn6Si1Pd (wt.%) compact alloys were prepared by arc-
melting followed by copper mold suction casting. The evolution of
microstructure, mechanical and magnetic properties, as well as the
assessment of degradation, cytotoxicity and cell proliferation in Hank’s solution
as a function of the immersion time were systermatically studied.

With the aim to improve the biocompatibility of the Fe-10Mn6Si1Pd alloy,
calcium phosphate coatings (CaP) (i.e., brushite and hydroxyapatite) were
electrodeposited on the alloy by pulsed current electrodeposition. Due to
porous structures resulting from needle-, rod- or plate-like morphologies, the
measured Young’s modulus and hardness of these coatings were lower than
those of fully-dense CaP layers with analogous compositions.

Then, to increase the degradation rate and to reduce the Young’s modulus of
the fully bulk alloys, porous Fe-30Mn6Si1Pd (wt.%) alloys were prepared by a
simple press and sinter process from ball-milled Fe, Mn, Si and Pd powders
blended with 10 wt.%, 20 wt.% and 40 wt.% NaCl. Remarkably, the reduced
Young’s modulus of all the porous alloys reached values close to 20 GPa after
long-term immersion, a value which is close to the Young’s modulus of human
bones (3—-27 GPa), hence favoring good biomechanical compatibility between
an eventual implant and the neighboring bone tissue.

Meanwhile, open cell Fe and Fe-Mn oxides foams were prepared by the
replication method using porous polyurethane templates. The magnetic
response of the foams, from virtually non-magnetic to ferrimagnetic, could be
tailored by controllably adjusting the Mn content as well as the Nz flow rate. Still
dealing with magnetic properties, femtosecond pulsed laser irradiation was
used to create periodic magnetic patterns at the surface of a non-ferromagnetic
amorphous Fe-based alloy.
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Finally, a nanoporous Fe-rich alloy was prepared by selective dissolution of
melt-spun Fes35Cuss.5 ribbons. The nanoporous ribbons were found to be an
excellent heterogeneous Fenton catalyst towards the degradation of methyl

orange in aqueous solution.



Resum

Aquesta tesi doctoral compren la sintesi d’aliatges basats en ferro mitjangant
diversos métodes de fabricacié. Aquests aliatges s’han dissenyat amb la
intencio de ser utilitzats en biomedicina o en aplicacions mediambientals. S’ha
donat especial émfasi a dissenyar una composicié adequada i a estudiar la
morfologia i les propietats estructurals per tal d’optimitzar tant les propietats
mecaniques com les propietats magnétiques dels materials resultants.

En primer lloc es va utilitzar la técnica de fusio per arc i colada per succiéo amb
motlle de coure per fabricar dos aliatges densos: un aliatge ferromagnétic amb
composicié en pes Fe-10Mn6Si1Pd i un aliatge paramagnétic amb memoria
de forma amb composici6 en pes Fe-30Mn6Si1Pd. L’evolucid de la
microestructura, les propietats mecaniques i magnetiques, aixi com tambeé la
degradacio, la citotoxicitat i la proliferacioé de cél-lules en solucié Hanks es van
estudiar de forma sistematica en funci6 del temps d’immersio.

Per tal de millorar la biocompatibilitat de I'aliatge Fe-10Mn6Si1Pd, aquest
aliatge es va recobrir amb fosfat de calci (brushita o hidroxilapatita) mitjancant
la técnica d’electrodeposicido per corrent polsant. A consequéncia de la
morfologia porosa d’aquests recobriments (per exemple: en forma d’agulles,
cilindres o plaques), el modul de Young i la duresa mesurades foren inferiors
als valors obtinguts en recobriments analegs no porosos.

Seguidament, amb I'objectiu d’incrementar la velocitat de degradacio i reduir
el modul de Young d’aquests aliatges compactes, es van fabricar aliatges
porosos de Fe-30Mn6Si1Pd mitjangant un procés de premsa i sinteritzacié de
Fe, Si, Mn i Pd en pols préviament molta i barrejada amb un 10, un 20 o un
40% en pes de NaCl en un moli de boles. Cal destacar, que després de
submergir els aliatges porosos durant un periode llarg de temps, el modul de
Young reduit que es va mesurar en tots ells va ser d’'uns 20 GPa (essent aquest
valor similar al modul de Young de I'os huma, entre 3-27 GPa). Aquest fet
afavoriria una bona compatibilitat biomecanica entre I'implant i el teixit ossi vei.

Per altra banda, es van fabricar escumes de Fe i Fe-Mn de cél-la oberta
utilitzant matrius de poliureta poroses pel métode de réplica. Es va observar
que la resposta magnética d’aquestes escumes, des de practicament no
magneética a ferrimagnética, es podia controlar ajustant el contingut de Mn i el
flux de N2. També, en el marc de propietats magnetiques, es va utilitzar la
tecnica d’irradiaci6 amb laser polsat de femtosegon per crear patrons
magnétics periodics a la superficie d'un aliatge amorf no ferromagnétic basat
en Fe.

Finalment, es va preparar un aliatge nanoporods ric en Fe per dissolucié
selectiva de cintes de Fe43.5Cuss.5 fabricades per tornejat en estat de fusid. Es
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va observar que els materials nanoporosos eren un excel-lent catalitzador
heterogeni de la reaccié de Fenton per la degradaci6 del taronja de metil en
solucié aquosa.
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1.1 State-of-the-art of Fe-based alloys: Fe as a structural

material

Iron is one of the most common chemical elements on Earth, with symbol Fe,
forming around 5% of the Earth’s crust. The atomic number of iron is 26 and
the atomic weight is 55.847. Iron is a transition metal which belongs to the
group 8 in the periodic table, along with Ruthenium (Ru), Osmium (Os) and
Hassium (Hs). Its ubiquity, working qualities and tenacity make iron one of the
most valuable metals. Pure iron is a silvery white metal with a lustrous surface.
Thanks to its malleable and ductile nature, it can be easily molded into different
shapes without breaking or cracking. Iron also has good heat and electrical
conductivity, directly affecting the quality of our lives. Iron ore is one of the first
ores that humans have exploited for making tools since ancient times, playing
a major role in human history. Iron melts at 1538 °C, and boils at 3070 °C [1].
The density of iron is 7.874 g/cm?® and its Young's and shear moduli at room
temperature are 200 GPa and 78 GPa, respectively. Elemental or pure iron is
difficult to be found in nature as its chemical reactivity is very high and it
corrodes rapidly, forming an oxide layer on the surface, especially at elevated
temperatures or in moist air. The two most common oxidation forms of iron are
Fe(ll) and Fe(lll), in which the metal loses two or three of its electrons, although

iron was found to exist in other oxidation forms (from +2 to +6).

Pure Fe is relatively soft, but alloying Fe with a certain proportion of other
elements, for instance, carbon (steel) can significantly harden and strengthen
it. Steels and iron-based alloys are about 95% of the total metal alloys that are
being manufactured. Such a high production and extensive use is achieved,
not only by the abundant and easy-exploitation of iron-bearing rocks, but also
because of the low-cost processing and the great range of desirable properties

that it can offer.
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There are three allotropes of iron known as “ferrites” at atmospheric pressure:
o-iron allotrope, body-centered (BCC) crystal structure; y-iron allotrope, face-
centered cubic (FCC) structure (austenite); a-iron allotrope, BCC structure
(ferrite) (Figure 1.1). Figure 1.2 shows the low-pressure phase diagram of pure
iron with regions belonging to the above-mentioned crystal structures. However,
at very high pressure (10 GPa), although not depicted in the diagram, a fourth
form exists, called €-iron, which has the hexagonal close-packed (HCP) crystal
structure. Besides crystal structure evolution, the most important property of
iron is the Curie temperature (770 °C), below which a positive exchange
interaction exists between the magnetic moments of neighboring atoms and
iron becomes ferromagnetic, even though there is no change in the crystalline

structure.

a) d)

Figure 1.1: Allotropes of iron: a) alpha (a) iron, b) gamma (y) iron, c) delta (d)

iron and d) epsilon (g) iron.
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Figure 1.2: Phase diagram sketch of pure iron at low pressure.
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Iron plays a very important role in humans because it is used in the production
of complexes with molecular oxygen in myoglobin and hemoglobin; these two
substances are vital oxygen-transport proteins within the body; iron is also one
of the indispensable components of the human metabolism. In addition, it is
one of the most important trace elements in the body and it commonly exists in
two primary oxidation states: Fe?* ions and Fe®* ions. The daily intake of iron
for a human of average height is 10-20 mg, however, less than 10% is absorbed.
Iron is widely distributed throughout the human body in myoglobin, hemoglobin,
bone marrow, tissues, muscles, hemosiderin, ferritin, and through a number of
enzymes which participate in different vital cell processes (e.g. oxidase,
catalase, peroxidase, cytochromes, aconitase, nitric oxide synthases and
ribonucleotide reductase). Iron is also an indispensable element for brain
development; for example, a lack of iron in children results in a lower learning

ability.

Because Fe is one of the most abundant elements in nature and because of its
low-cost processing, Fe-based materials are widely used in engineering
applications. In fact, steel is the most important engineering material in the
world. Fe-based superalloy materials, such as Fe-Ni, were developed to design
materials with higher tensile ductility, lower creep extension, larger resistance
to crack propagation and high-temperature applications [2]. Fe-based shape
memory alloys (SMAs), such as Fe—Mn-Si alloys, are promising candidates to
be employed as prestressing tendons in civil engineering structures [3]. Barium
and strontium ferrite magnets with high coervicity are the main permanent
magnets resource and are widely used in magnetic recording media [4].
Beyond these conventional applications, Fe has started to be exploited in some
novel applications, like in superconductors, biodegradable materials, bulk
amorphous soft magnetic materials or catalysts. It is the aim of this Thesis to

explore novel applications for Fe-based materials.

1.2 Beyond structural applications: biomedical applications

With the increasing expectations of living standards and the recent

development of advanced theoretical and experimental setups, novel
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biomaterials have received widespread attention and have achieved a rapid

development to improve the quality of life and prolong life cycle significantly.

Conventional biomaterials have been used to treat diseases or injuries since
thousands of years ago. For example, coral or wood were used as dental
implants and fabric was used for sutures in early times [5]. Up to date, most of
the materials used to manufacture medical implants are metals, polymers and
ceramics. Moreover, increasing attention is being paid to hybrid materials,
alloys, composites and nanomaterials with improved properties. Among the
multifarious biomaterials, metallic ones have the longest history because
metals show excellent wear resistance, higher toughness and good ductility

compared with other non-metallic materials [6].

The first metallic biomaterials used in clinical practice were permanent implants.
Late on the 18™ century, pure Fe, Ag, Au and Pt were cut and machined as
wires and pins to treat bone fractures [6]. Nowadays, stainless steel, Ti alloys
and Co-Cr alloys with improved corrosion resistance are widely used materials
for orthopedic load-bearing implant and fixation devices such as dental
implants, bone plates and screws, orthopedic wires, hip or knee prosthesis,

and coronary stents [6, 7].

Corrosion is a well-known failure issue in metallurgy. Hence, resistance to
corrosion must be taken into account when designing new permanent metallic
implants as corrosion products are considered to have detrimental
consequences for the surrounding tissue. While corrosion shortens the lifecycle
of permanent implants, it has been observed that corrosion, in a controlled
manner, is desirable for the degradation of biodegradable implants (e.g. Mg-
based or Fe-based alloys) [6]. Temporary, biodegradable materials have
revolutionized the field of biomedical implants by combining engineering and
medical requirements for implants [6]. Hence, the definition of biomaterials has
changed from merely mechanical engineering replacement devices towards
new biological solutions, allowing biodegradable materials to become
promising candidates for regenerative medicine [8]. In 1878, Edward C. Huse
already used Mg wires as ligatures for bleeding vessels and a lower corrosion

rate of Mg in vivo was observed [9]. Degradable biomaterials should actively
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interact with the tissue and promote healing, instead of passively replacing the
missing tissue (permanent bone substitutes) or support the vessel (permanent
coronary stents). The essence of the biodegradable medical implant concept
lies in the fact that in many cases (e.g. stents), the implant needs to stay in the
body only during the healing process, to provide, for instance, mechanical
strength and to support the life of the surrounding tissue. Once the healing
process is over, the implant should gradually disappear without leaving harmful
elements behind [10]. Besides vascular stents and orthopedic implants,

biodegradable materials are also exploited as drug reservoirs.

Zheng et al. [11] provided a most accurate definition of biodegradable metals
(BMs): "Metals are expected to corrode gradually in vivo, with an appropriate
host response elicited by released corrosion products, then dissolve completely
upon fulfilling the mission to assist with tissue healing with no implant residues”.
Therefore, the major component that constitutes the whole metallic material
(alloying elements or composite elements) must be free of harmful effects on
the living tissue during the degradation process, allowing their metabolization

within the body, and demonstrating suitable degradation rates [11, 12].

Until now, Mg-based BMs [13-17] (pure Mg, Mg-Zn, Mg-Ca, Mg-Sr, Mg-Mn,
Mg—-RE (rare earth) alloys, etc.) and Fe-based BMs [18-47] (pure Fe, Fe—Mn,
Fe-W, Fe-P alloys, etc.) are recognized as the two main families of BMs. Pure
metals, alloys, and composites based on Fe and Mg are investigated from
different aspects in order to make them suitable for clinical applications as
degradable implants. As previously mentioned, an important requirement for
BMs is to achieve controlled corrosion rates and, thus, provide a predictable
and controlled way of degradation. During the last decade, many investigations
have focused on testing the basic properties (i.e., structure, morphology,
biocompatibility, mechanical properties, magnetic behavior) and also the
fabrication technologies for both, the material and the implant itself, paying

attention to corrosion related aspects in order to find optimally suited BMs [10].

Although other systems are arising as promising candidates to be used as BMs,
such as Zn-based BMs [48, 49], Ca-based bulk metallic glasses (BMGs) [17,
50] and Sr-based BMGs [51, 52], Fe- and Mg-based systems still remain the
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most widely explored BMs. Mg-based BMs are currently at vanguard’s research
and a few patented coronary stent solutions have been put forward. Mg and its
alloys are free from toxic elements, exhibit fast biodegradability, and a Young’s
modulus close to that of the human bone. However, the exceedingly high
degradation rates of Mg alloys may limit their use in certain applications where
the implant needs to stay in the body for at least a specific period of time.
Furthermore, the accompanying considerable amounts of released hydrogen
can impede a good connectivity between osteocytes and the alloy. Also, for
some applications, the strength and ductility of Mg-alloys are not good enough
to hold the body’s weight. To overcome these issues, Fe-based BMs arose as
promising alternative candidates. As mentioned in section 1.1, recognized
advantages of Fe-based materials are: low cost, wide range of available
alloying elements and the widest possible presence of production plants for
iron processing throughout the world. Up to date, the main disadvantage of Fe-
based alloys to be used as biodegradable metallic materials is their exceedingly
low degradation rate, which hinders their applicability in real clinical trials. The
requirements of Fe-based biodegradable materials can be summarized as

follows:

Good biocompatibility and non-cytotoxicity
Appropriate degradation rate
Low Young’s modulus

Good ductility

Non-magnetic behavior (to allow for magnetic imaging technologies)

Nowadays, many research activities are devoted to the development of Fe-
based degradable implants that fulfill these requirements (i.e. new fabrication

methods, novel structure design, addition of alloying elements, etc.).

1.2.1 Novel iron-based biodegradable metallic materials

The first pure iron stent was produced in 2001 and implanted into aorta of New
Zealand white rabbits. It was not cytotoxic and it did not cause any inflammatory
response or other side effects [53]. However, preliminary animal tests revealed

that pure iron suffered from too low biodegradation rates in vivo, which were

10
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even considered similar to that of permanent steel stents [54]. A more serious
limitation was that pure Fe is ferromagnetic, thus precluding their use in specific
applications where magnetic resonance imaging (MRI) analysis or nuclear
magnetic resonance (NMR) is required to monitor the patient’s recovery after
surgery. Hence, new non-magnetic Fe-based alloy compositions with improved
degradation rates to be used as biodegradable stents were designed via the
addition of alloying elements [22, 27, 30, 31, 33, 36, 40-42, 55-58]. In fact, many
research studies [22, 27, 30, 31, 33, 36, 40-42, 55-58] are currently focused on
the study of the effects of alloying elements on the corrosion rate, mechanical

properties, biocompatibility and ferromagnetism.
Some of the most commonly used alloying elements are listed below:

A: Manganese

Hermawan et al. [47] first reported a new class of Fe-35Mn alloy produced by
powder metallurgy (PM) to be used as degradable metallic stent. It shows
paramagnetic behavior and thus, provides an excellent MRI compatibility. It
also has low inhibition to fibroblast cells, indicating that the alloy is
biocompatible [47, 59]. In addition, Mn is a trace essential element in many
enzymatic reactions [47]. Liu et al. [25] also pointed out that the addition of Mn
can increase the strength of pure Fe. Furthermore, the addition of Mn within
the solubility limit of Fe reduces the standard electrode potential of Fe and thus

make it more susceptible to corrosion [22].

B: Palladium

Schinhammer et al. [22] proposed the Fe—Mn—Pd system as a good candidate
for stent applications [31]. It is believed that the addition of noble alloying
elements, such as Pd, can generate homogenously distributed small (< 10 nm
in size) Pd-rich precipitates that can act as cathodic sites to induce
microgalvanic corrosion. Furthermore, the small noble intermetallic (Fe,Mn)Pd
precipitates exhibit a very low diffusion coefficient, thus improving the

mechanical properties of the system [31, 33].
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C: Silicon
Alternatively, Liu et al. [25] pointed out that the addition of 6 wt.% of Si to Fe-
30Mn alloy rendered a material with shape memory effect. Furthermore, they

found out that the Fe-Mn-Si system exhibits better corrosion performance than

the Si-free Fe-Mn analogue. No harmful effects on cells were detected [25].

D: Carbon

Xu et al. [60] produced a novel as-forged Fe—30Mn-1C alloy by vacuum
melting, which showed improved mechanical properties and enhanced
degradation rate compared with Fe-30Mn alloy. C addition also lowers the
magnetic susceptibility of the alloy making it more suitable for MRI [60].
Wegener et al. [29] also observed slightly larger corrosion rates with carbon
addition. However, some authors reported opposite results; Mazou et al. [57]
showed that the Fe-20Mn-1.2C alloy exhibited lower corrosion rate than pure
iron because of the formation of an adhesive degradation layer which

prevented the contact between the electrolyte and the alloy.

E: Phosphorous

Low phosphorous content in iron is beneficial for rapid densification and can
increase the sintering density, which, in turn improves the mechanical
properties, as shown by Wegener et al. [29]. The authors also showed that low
phosphorous contents did not decrease the corrosion rate or cell proliferation
compared with pure iron [29]. Further addition of phosphorus above the
solubility limit is, however, not recommended as this would cause material

embirittlement.

1.2.2 Fabrication methods for iron-based biodegradable metallic
materials

There are several production technologies that can be efficiently used to
fabricate iron-based materials. The main goal in the production of Fe-based
implants is to increase the corrosion rate while providing sufficient mechanical
strength and biocompatibility. Among the most widely used techniques, one can

list the following:

12



Chapter 1: Introduction _

A: Powder metallurgy

PM is a powerful technique that allows tailoring the corrosion properties while
maintaining other necessary material properties. It can deliver fully dense or
porous materials almost without impurities, except those predefined by
material’s design. For instance, Hermawan, et al. [36, 42, 47] produced a series
of iron-based alloys containing 20-35 wt.% of manganese; they found out that
the alloys with 20 and 25 wt.% of Mn showed the highest degradation rates.
This technique has also been used to fabricate porous structural metals or
alloys for bone implants by the addition of a porogen (e.g. NH4HCO3) to the raw
powders [61], which, in turn, sublimates during a thermal treatment or dissolves,

leaving numerous pores beneath.

B: Electroforming

Electroforming is a suitable technique to produce free-standing Fe-based thick
films. It renders polycrystalline metals with grain sizes much smaller than those
of bulk counterparts produced by other available production techniques. For
instance, Moravej et al. [6, 20, 21] prepared pure Fe films by electroforming
technology. These films exhibited a faster corrosion rate than pure Fe produced
by casting and thermomechanical treatment in both, static immersion and
dynamic degradation tests. This was attributed to a more uniform degradation
mechanism. High yield strength (360 MPa) and tensile strength (423 MPa)
were also reported [20]; these values are higher than those of pure iron

produced by casting method.

C: 3D printing

3D printing is a cost-efficient and widely available technology to prepare
complex porous structural materials. Chou et al [18] prepared Fe-30Mn
biodegradable metallic scaffolds by inkjet 3D printing with similar mechanical
properties to those of natural bone. In addition, enhanced biodegradation rates
and good in vitro cytocompatibility make 3D printed Fe—Mn scaffolds good
candidates for craniofacial applications. Figure 1.3 shows typical morphologies
of 3D printed Fe-Mn and Fe-Mn-1Ca alloys.

13



Figure 1.3: Scanning electron microscopy images of 3D printed (a) Fe-Mn and
(b) Fe-Mn-1Ca samples [35].

1.2.3 Novel structure design for iron-based biodegradable metallic

materials

Novel structural iron-based BMs with enhanced properties have attracted
increasing interest to be used in a wide range of medical device applications.
Some of the new paths that researchers are following to obtain improved
properties are: the design of a composite structure, the design of porous

materials, and to coat Fe-based implants with biocompatible materials:

A. Composite structures

In order to increase the degradation rate of pure Fe, extensive research has
been devoted to the development of various Fe-based composites, such as
Fe—Pd and Fe—Pt composites [26], Fe—W, Fe—CNT (carbon nanotubes) [24],
and Fe—Fe203 [23].

Huang et al. [26] used spark plasma sintering to produce Fe-5wt.%Pd and Fe-
5wt.%Pt composites and achieved smaller grain sizes and better mechanical
characteristics compared to as-cast pure iron. Both Pd and Pt elements
increased the corrosion rate by approximately 2.73 times in comparison with
pure iron. Hemolysis was lower than the tolerated level of 5% for both
composites. Cheng et al. [23] prepared a series of Fe—Fe203 composites with
different weight percentages of Fe203 (2, 5, 10 and 50 wt.%) by spark plasma
sintering and obtained larger corrosion rates in comparison with pure iron. The

final composite structure consisted of a-Fe and FeO instead of Fe203. Fe—
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5wt.%Fe203 is considered as the best option as biodegradable material

because of its good combination of mechanical and biocompatible performance.

B. Porous structures

The introduction of porosity is an effective way to lower the Young’s modulus
of the implant to values closer to that of the human bone (3-25 GPa) [62], as
Young’s modulus (and the yield stress) are both proportional to the relative
density of the material [63]. Namely, both hardness and Young’s modulus
progressively decrease with the increase of porosity. Moreover, porosity
increases the overall available surface area of the material to the corrosive
environment, which might enhance the degradation process. For bone tissue
engineered scaffolds, porosity is a key factor that enables the possibility of
surrounding cells to proliferate through the pores by allowing tissue ingrowth
and the transportation of body fluids. Porous metallic materials are also
promising platforms for drug delivery applications [64]. For instance, Wegener
et al. [29] used PM to prepare porous Fe-based alloys, which showed
enhanced degradation rate and better biocompatibility properties while

maintaining the mechanical properties.

C. Coatings

Another means to increase the corrosion rate of Fe is to cover bulk iron with
suitable coatings [46, 65-67]. For example, the corrosion rate of a composite
consisting of micro-patterned gold disk arrays deposited by sputtering on Fe
was 4 times higher than the corrosion rate of pure iron [66] because the
corrosion mechanism turned into macroscopically uniform. Recently, a new
poly(lactic-co-glycolic acid) (PLGA)-coated porous iron alloy was prepared with
the aim to accelerate the degradation process of iron while maintaining its good

biocompatibility, even during the most active degradation period [28].

In turn, the development of ceramic coatings such as hydroxyapatite (HAp) or
other various forms of calcium phosphates (CaP) on metallic implants has been
documented to increase their biocompatibility as the bioactive coating can form
a direct chemical bond with the bone [68, 69].

15



_ Chapter 1: Introduction

1.3 Beyond structural applications: environmental applications

On the Earth’s surface, water seems to be one of the most widespread natural
resources, but unfortunately only 2.53% of the total is freshwater and only
about one third of this freshwater is available for human consumption [70-72].
According to the report from World Health Organization, over 1.8 billion people
use contaminated drinking-water sources. With the enormous growth in
industrial and agricultural activities, continuous contamination of freshwater
resources by a variety of organic and inorganic pollutants has become one of
the major environmental threats to human health and ecosystems in general
[73, 74]. Over the last few decades, abundant sorts of physical, chemical, and
biological treatments of wastewater and drinking water have been introduced
to remove non-degradable organic compounds from industrial wastewater.
However, these existing technologies of wastewater treatment are not efficient
enough to completely remove the emerging contaminants and meet the
increasing strictest water quality standards [75]. For instance, physical
processes such as liquid-liquid extraction or ion-exchange can remove the
contaminant by converting the pollutants to other compounds while producing
a highly concentrated sludge [76, 77], which are ineffective for pollutants that
are not easily absorbable or volatile. Membrane filtration, which can remove
abundant contaminants, enables the possibility of using seawater, brackish
water and wastewater; however, it requires very high water pressure, which in
turn causes large energy power consumption [75]. Activated carbon adsorption
processes are also very costly [78]. Ozone and hypochlorite oxidation
processes are efficient, but the costly equipment and secondary pollution
produced by residual chlorine make them undesirable [79]. In fact, many of
these methods simply convert the pollutants to other compounds, rather than
actually eliminating them [80]. Remarkably, some efficient and powerful
methods comprising advanced nanotechnology concepts have been proved as
promising wastewater remediation approaches since they can induce almost
complete mineralization of a wide range of organic pollutants [81]. Among the
various nanotechnologies available, they can be divided into three main
categories considering the nature of the nanomaterials involved: nano-

adsorption technology, nano-catalysis, and nano-membranes.
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Iron or ferric oxides, which are commonly used in the field of nano-adsorption
and nano-catalysis, are extensively utilized for hazardous pollutants removal
from wastewater owing to their low cost, minimum environmental fingerprint

and absence of secondary pollutants.

1.3.1 Iron based nanoparticles (FesO4) as nano-adsorbents

Ferric oxides (Fe3Oa4) [82], as well as manganese oxides [83], magnesium
oxides [84], zinc oxides [85] and titanium oxides [86] have specific affinity to
absorb impurities. They are considered eco-friendly materials for the
adsorption of noxious metals with less chance of secondary contamination [87,
88]. The adsorption rate and factors affecting the removal efficiency of metal
ions on Fe30O4 magnetic nanoparticles (NPs) can be found in the literature [82,
89, 90]. The adsorption efficiency of Ni*, Cu?* and Cr®* ions by Fe3Os NPs is
influenced by temperature, pH, surface functionality, adsorbent dose and
incubation time. These parameters determine the efficiency of FesO4 NPs to
adsorb poisonous metal ions selectively [91]. For instance, approximately 100%
adsorption rate of Ni?*, Cu?*, Cr3*, Co?", Cd?* and Pb?" metal ions from
wastewater was monitored in a solution with pH>8 containing surface-
functionalized (carboxyl-, amine- and thiol-) FesO4 NPs. Compared with bare
FesOs4 magnetic NPs, surface-functionalized Fe3zOs4 NPs [82, 92-97] show
significantly improved adsorption efficiency. Moreover, CNTs modified with iron
oxide [98, 99] also show significantly improved performance for heavy metals

removal from wastewater.

1.3.2 Iron based nano-catalysts

Nano-catalysts like iron-based Fenton catalysts [100], photocatalysts [101] and
electrocatalysts [101] can be used for water remediation because they can
promote chemical oxidation of antimicrobial actions [102] and organic
pollutants [103].

Superparamagnetic y-Fe203 NPs are considered as one of the most desirable

materials as reusable catalysts due to their distinct catalytic (large surface area

results in high catalyst loading capacity), magnetic properties, low-cost

preparation and environmental-friendly character [101]. Another major

advantage of the use of y-Fe203 catalysts is that they can be recovered at the
17



_ Chapter 1: Introduction

end of the reaction by simple magnetic decantation [104], which is much more
convenient than the traditional methods like cross-flow filtration and
centrifugation. Furthermore, the magnetic properties of the y-Fe203 catalysts
particles are stable enough to maintain their properties even in extremely acidic

or corrosive chemical environments.

Fenton reactions (i.e., iron-catalyzed hydrogen peroxide) can either oxidize the
contaminants to smaller organic molecules or transform them into water,
carbon dioxide, or salts [105-110]. Besides water remediation, Fenton reactions
are also of interest in biological applications because they involve the creation
of free radicals by chemicals that are present in bodily fluids. Some additional
advantages of Fenton reactions are their high efficiency, simplicity to destroy
the contaminants, and the non-requirement of sophisticated equipment [111].
Moreover, the reaction takes place under ambient conditions [112]. For these
reasons, homogeneous Fenton catalysts (in which Fe cations are directly
dissolved in liquid media) have been widely investigated and are now being
considered to be used in wastewater treatment [113]. As an alternative to
homogeneous Fenton, some attempts have been made to develop
“‘heterogeneous” Fenton catalysts, that is, solid materials that are immersed,
but not dissolved, in the media while providing a high catalytic activity. In
principle, some of the limitations encountered by a homogeneous process
might be overcome by heterogeneous Fenton oxidation processes [114, 115].
Namely, it has been reported that heterogeneous Fenton oxidation exhibits
lower activation free energy than homogeneous Fenton reactions [116].
Furthermore, during heterogeneous Fenton reactions, high amounts of surface
active sites for H202 decomposition and formation of hydroxyl radicals take
place, sometimes inducing higher removal efficiency compared to
homogeneous Fenton processes [117]. Heterogeneous Fenton catalysts can
be prepared by incorporating Fe ions, zero-valence iron (ZVI), or Fe oxide
phases (e.g., in the form of NPs) into porous scaffolds that act as support
materials (e.g., zeolites, nafion, clay, or activated carbon) [118-120]. Figure 1.4
shows a schematic drawing of a heterogeneous Fenton process. In Fenton-like
heterogeneous reactions, catalysis originates at the surface of the catalyst.

Hence, the adsorption of H202 and other reactants at the catalyst surface plays
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an important role. In the presence of H202, Fe® oxidizes to Fe?* by the transfer

of two electrons, as shown in eq 1:
Fe® + H202 + 2H* —Fe?* + 2H20 (1)

In the classical Fenton reaction, the production cycle of hydroxyl radicals can
be represented as follows:

Fe2* + Ho02 — Fe3 + OH' + OH- 2)
Fe3* + H202 — Fe?* + OOH" + H* (3)

An example of the use of nanoporous Fe ribbons (produced by dealloying) as
heterogeneous Fenton catalysts for the decolorization of a dye solution is
shown in Figure 1.4. The sorption rate of the organic contaminant can be one

of the main controlling factors during the whole catalytic oxidation reaction.

FeCu
as-spun ribbon

Fenton
reaction
_ H,O,

dealloying l

Fe-rich
porous ribbon

Figure 1.4: Schematic drawing of the dealloying process to produce Fe-rich
nanoporous ribbons from FeCu alloy ribbons and the degradation of methyl
orange (MO) by taking advantage of the Fenton reaction over the nanoporous
Fe ribbons [74].
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1.4 Approaches to create porous structural metals (cellular

metallic materials)

Porous structural metals are solid forms of metals or alloys distributed by
different kinds of interconnected or non-interconnected pores (holes):
apertures, channels or cavities. Depending on their pore size, they can be
classified into two groups: macrocellular porous metals and nanoporous metal
materials. The morphology of the macrocellular metal foams consists of micro-
scale holes embedded in a dense metal matrix; they exhibit relatively low
density and high surface area. Even though the terms porous (structural) metal
or cellular metals are idiomatic expressions referring to metals containing any

kinds of pores, it is useful to classify them as follows:

1. Porous (Structural) Metal: The most general expression, which means
that a metal has a large volume of pores. A sintered porous bronze metal

is presented in Figure 1.5 (a).

2. Cellular Metal: Similar term to “porous metal” but in this case individual
cells or voids are all separated from each other. This means that cellular
metals are formed by individual cells or voids with solid metal cell
boundaries. Figure 1.5 (b) shows a typical cellular metal with solid
metallic boundaries to separate the pores. On the contrary, the porous
material presented in Figure 1.5 (a) cannot be considered a cellular

metal because it has no pore walls.

3. Metal(lic) Foam: Foams are homogenous dispersions of gaseous cells
or voids which are closed, round and separated by thin metal boundaries
in either a liquid or a solid state [121]. Figure 1.5 (c) shows an aluminum
foam with high porosity. Originally, a metallic foam is referred to a liquid
metal foam; however, solid metal foam with the same morphology forms

after liquid solidification.

4. Metal Sponge: Highly porous materials with interconnected voids.

Figure 1.5 (d) shows a typical nickel sponge with interconnected pores.
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@ 7

Figure 1.5: Examples of various types of porous metals: (a) porous metal, (b)

cellular metal, (c) metallic foam and (d) metal sponge.

All these definitions are not mutually exclusive. In this work, we will use the
terms porous (structural) metals or cellular metals to refer to all metals

containing any kinds of pores.

Cellular metallic materials combine properties of metals, such as good thermal
and electric conductivity, excellent mechanical properties and good catalytic
activity, with specific features of the porous structural architecture, like high
specific surface area, low density, controllable pore size and relatively narrow
pore size distribution. These characteristics of cellular metallic materials have
been gaining rapid attention in structural applications like aerospace industry,
biomedical industry, machine construction and in functional applications like

catalysis, water purification, filtration, battery electrodes, etc.
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There are many methods available to produce cellular metallic materials. These
methods can be divided into two groups: solid metals in powder form or liquid

metals.

1.4.1 Cellular metallic materials produced from solid metals in powder
form

A porous metal or metal foam can be produced if the metal is pressed and
sintered using conventional powder metallurgical technology. It was the first
method used to prepare low porosity metals under pressureless sintering. The
raw metallic powders remain solid throughout the whole sintering process. The
sintered porous metal or metal foam exhibits the typical isolated open

morphology because the spherical particles are connected by sinter necks.

In order to obtain materials with higher porosity, more advanced technologies
can be used (i.e. using a space holder or hollow spheres, entrapping gas in a

powder compact or by slurry coating of polyurethane foams).

A. Conventional powder metallurgy sintering of metal powder

In this case the inner porosity of the resulting compacts results from the “voids”
left behind after the powder sintering process of the low-pressure compacted
pellets, and the porosity is attributed to the spherical morphology of the
powders. Even though the porosity achieved by this method is relatively low
compared with others techniques, the simplicity and low cost of the equipment

make it a suitable technique to produce different kinds of metals.

B. Space holder additive based on conventional powder metallurgy

In this case, a space holder (porogen) is added to the powder mixture to obtain
materials with higher porosity and homogenous pore size. The porous metals
or metal foams are produced by mixing the raw powders with the space holder
additive which, in turn, sublimates during a thermal treatment process or
dissolves leaving numerous pores beneath. Sometimes, in order to further
densify the porous metal to obtain higher strength, a second sintering process
can be applied. An schematic diagram of the process is shown in Figure 1.6
[122]. The morphology, as well as pore size, depend on the space holder
particle size and morphology. The porosity percentage can be tailored by
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varying the amount of space holder. Water-soluble salts, polymer granules,
ceramic or polymer hollow spheres, or even metal powders, can be used as
space holders. To eliminate the space holder from the compact, two different
strategies can be pursued. In the first one, the space holder (e.g. carbamide
granules, Mg grains, etc.) can either thermally decompose, evaporate or
sublimate during the sintering process [123]. In this case, the space holder
material needs to have good mechanical strength to maintain its structure after
compaction. In the second one, the space holder can be dissolved in a solvent
(normally water) which does not chemically react with the metal matrix. This
approach is used when the melting temperature of the space holder is higher
than the sintering temperature of the metal matrix. For instance, Kelhar et al.
used NaAIOz2, which has a melting temperature of 1800 °C, as space holder to

successfully prepare Ni-Mn-Ga metal foams [124].

C. Slurry foaming techniques

This technique involves a slurry produced by mixing metal powders, a polymer
and a solvent (water or alcohol). Several approaches can be followed to obtain
the slurry. For instance, the slurry can be mechanically agitated until it becomes
viscous and starts to expand as a result of the gas bubbles originated because
of the foaming agent or chemical reaction. After a while, the fragile and porous
structure is sintered under inert or reducing atmospheres to gain structural
stability and strength. Angel et al. [125] used Slip-Reaction-Foam-Sintering
method to prepare metal-phosphates foams which can withstand a
compression strength up to 600 °C. The resulting foams can be used in cooling
structures or substrates for catalytic reactions at high temperature. However,
this method has also some limitations, such as the unstability of the slurry or

the relatively low mechanical strength.

Another approach to produce foams from slurries of metal powders is to
prepare highly porous open cell foams using reticulated polyurethane foams.
In the last few years, this method has been a subject of intense research. Firstly,
the reticulated polyurethane sponge is coated by slurry infiltration. To prevent
the pores blockage, the excess of slurry can be removed by squeezing the

foam. Secondly, the reticulated polyurethane sponge is removed by thermal
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decomposition and then the debinded metal is sintered to achieve mechanical
strength. Steels foams [126-129] and Cu-based and Ti-based foams have been
produced following this approach for permanent biomedical implant
applications [130]. In turn, Fe-based foams are also under study because they

are considered as promising degradable implants [131, 132].

Space holder Metal powder

spherical angular / ®

Mixing with solvent binder
coating of space holder

Pressing
(axial, isostatic)

Removal of space holder

Sintering

Figure 1.6: Sketch of the process steps followed to produce porous metallic

metals using space holder [122].
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D. Gas entrapment

Porous metals can be manufactured by a gas expansion process. Firstly,
following the same procedure than in conventional PM, the raw metal powders
are mixed and compressed in a mold to obtain a compact precursor material.
During the compression process, the mold is first evacuated by a vaccum pump;
then, argon is entrapped inside the mold. Subsequently, the precursor is heated
at high temperature allowing the entrapped argon to form small pores inside
the metal. This process is considered to be a solid creep process. Figure 1.7

shows the technological implementation of gas entrapment.
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Powder Filling Can Evacuation
Backfill & Crimp
Hot Isostatic
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Final Forming
Heat
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Diffusion Anneal
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Figure 1.7: Technological implementation of gas entrapment [119].

1.4.2 Cellular metallic materials produced from liquid metal

Molten metals with adjusted viscosities can be foamed by introducing gas
bubbles (acting as pore spacers) to the liquid metals. Normally, fine ceramic
powders will be added to increase the viscosity of the molten metals, which, in

turn, can decrease the buoyancy forces in the high-density melts. Gas injection
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into the liquid phase or addition of gas-releasing blowing agents are the most

common ways to produce foams directly form the liquid.

A. Foaming by gas injection or blowing agent

The porosity produced by direct foaming of the liquid metal comes from the gas
bubbles created in the metallic melt. At present, there exist two ways for
foaming melts, either by gas injection (air, nitrogen, argon) directly into the
liquid metals, or by the in-situ gas formation in the liquid produced by the
addition of gas-releasing blowing agents to the molten metal. Figure 1.8 shows
the process of foaming melts by gas injection. Large volumes of foam and
relatively low densities are the main advantages of this direct foaming method.
However, the brittleness of the foam is still a big challenge that needs to be
overcome, especially, if further cutting is required. Figure 1.9 shows the
process to obtain a foam directly from the melt by the addition of a blowing
agent. In this case [134], 1.6% of TiH2 was added into the powder mixtures

(made of Ca and Al) to produce the gas bubbles in the melts at 680 °C.
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Figure 1.8: Direct foaming of melts by gas injection [133].
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Figure 1.9: Direct foaming of melts by adding blowing agents [134].

B. Solid-gas eutectic solidification (Gasar)

The Gasar method can be used to prepare porous metals based on the fact
that some liquid metals can form a eutectic system with H2 gas. Normally,
melting these metals in a H2 atmosphere under high pressure (up to 50 atm)
will result in a homogenous melt with Hz. With a decrease of temperature,
heterogeneous two-phase systems (solid + gas) will be formed after the
eutectic transition. A segregation reaction between gas and metal will happen
at a certain temperature if the composition of the system is close to the eutectic
composition range. This can be owed to directional solidification during the
process of removal of heat from the melt. Then, the gaseous pores will
precipitate and be entrapped in the metal during the process of solidification.
The amount of hydrogen, the pressure, and the directional solidification will

dictate the pore morphologies [121].

C. Powder compact melting technique

This method basically uses the conventional PM technique to mix the
elementary metal powders with a blowing agent in the liquid state to get a
homogenous mixture. Dense precursor materials are prepared by compacting
the mixture. Then, at the melting temperature of the matrix material, the blowing
agent decomposes and the released gas forces the compacted precursor
material to expand to achieve the final porous structure. Figure 1.10 shows a

sketch of the powder compact melting process.

27



_ Chapter 1: Introduction

1] Starting materials: - !i

metal powder .
I foaming agent @

( B
@ mixing
of powders
\ - J
[ p
2 compaction
of mixture
N J
Precursor Material: foamable metal

SO foaming

V

Final Product:

metal foam

Figure 1.10: Powder compact melting process [133].

1.4.3 Methods to prepare nanoporous metals

As stated in the previous chapters, numerous approaches have been followed
to prepare macrocellular foams; however, a lower number of fabrication
procedures have been explored to fabricate nanoporous metal materials.
Nonetheless, it is worth to notice that nanoporous materials with pore sizes
ranging from 1 nm to 100 nm are widely used in different applications because
their excellent thermal and electrical conductivity, catalytic activity, and so on.
According to the IUPAC definition [135], nanoporous materials can be classified

into three groups depending on the pore size (D): microporous (D < 2 nm),
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mesoporous (D = 2-50 nm) and macroporous materials (D > 50 nm). There
exist more and more well-established techniques to produce nanoporous
materials, no matter whether nanoporous thin films or 3D structured
nanoporous metals are considered: dealloying, template-assisted, laser
treatment of dense thin films or bulk materials, sol-gel, combustion synthesis,

etc.
Some of these methods are explained below:

A. Dealloying

Dealloying is a corrosion process in which the active component of an alloy is
selectively dissolved in the appropriate acid/base media. Erlebacher et. al. [136]
firstly proposed a continuum model to study the evolution of the porosity and to
predict the potential to apply in order to dealloy nanoporous metals (see Figure
1.11). Since then, dealloying is considered as one of most promising methods
to manufacture high porosity nanoporous metallic alloys with pore sizes below
100 nm and with bi-continuous pore-ligament structures. During the last few
years, many works were focused on developing new methodologies to obtain
dealloyed metals and to study their nanoporosity evolution [137]. The working
principle of dealloying is to selectively etch away (chemically or
electrochemically) the active component of an originally binary or
multicomponent system made of components with different equilibrium
potentials. During the dissolution process, the less noble elements are
removed while the remaining more stable corrosion-resistant material may
rearrange to form a 3D interconnected porous framework with open porosity.
Parameters like chemical etching conditions, crystal grains scattering, the
quantity of the forming phases, and the ratio of metal grains to boundary
volume determine the morphology of the materials and the pore structure.
Dealloying process is a fast cost-effective method. This is one of the main
reasons for the rapidly growing popularity of different dealloyed nanoporous
metallic alloys. To date, a growing number of nanoporous metals have been
dealloyed to produce nanoporous metals, including nickel [138-140], gold [141-
148], copper [149, 150], silver [151], iron [74, 152], platinum [153], or palladium
[154].
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Until now, two strategies are considered as particularly innovative. The first one
consists in using a dealloyed film as template for further deposition. The idea
is to deposit a coating on the dealloyed template and then dissolve it away to
produce a 3D interconnected metal porous framework (replica). The obtained
nanoporous materials are generally thermally stable and show stronger and
stiffer mechanical properties than the ones produced by traditional aerogels,
mainly due to the narrower pore size distributions. Nanotubular mesoporous Pt
[155] or Ti [156] and advanced nanoporous graphene [157, 158] were prepared
recently following this method. In addition, not only metals but also organic
compounds and oxides can take advantage of this method to yield nanoporous
structures. The second method is based on the traditional electrochemical
dealloying process which manufactures nanoporous noble—e.g., Au, Pt, and
Cu materials by selectively removing metal oxides or metals from
multicomponent alloys. Kato et al. proposed an innovative dealloying method
called liquid metal dealloying (LMD), which uses molten metals as the
dissolution medium to selectively remove one of the alloying components to
fabricate nanoporous materials. LMD method can be employed to dealloy
precious metals or any kind of metal mixtures, including Cr [159], Fe [74, 159],
Si [160], and refractory elements like Nb and Ta [161, 162].

Figure 1.11: SEM image of a dealloyed Au2sAgr4 thin film a) Cross-section and

b) magnified top view [136].
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B. Templating method

Templating is considered as the most successful way to produce all sorts of
nanoporous materials with a good control over the pore size and pore structure.
Various templates including hard templates such as porous anodic aluminum
oxide, porous silicon substrate, mesoporous carbon, polymer microspheres,
and soft templates such as high density polymers and biopolymers can be used
to prepare a series of nanostructured materials such as nanorods, nanowires,
nanotubes, and nanobelts. Another advantage of the templating method is that
it is sensitive-free to the preparation conditions. The structure, morphology and
pore properties are easily tuned by choosing different template materials.
Standard processing of nanoporous materials synthesized by employing the
templating method can be divided into three steps. First, the template with
nano-sized pores is prepared. Secondly, some general synthetic technique
such as (electro)chemical deposition method, precipitation, or sol-gel method
is used to synthesize the targeted material inside the template channels. Finally,
the template is removed by physical or chemical methods like dissolution,

sintering, or etching [163].

C. Laser treatment

Direct metal manufacturing additive technologies such as selective laser
melting (SLM) have been used to fabricate a wide range of materials, but it was
not until few years ago that these methods have been used to produce
degradable iron materials. In SLM, metallic powders are mixed with an alloying
element and then locally melted, within very small physical zones, by using a

laser beam. This procedure usually leads to a rather uniform bulk structure.

Niendorf et al. [164] investigated the selective laser melting technique to
fabricate Fe-22Mn-0.6C alloys with silver (Ag) as additional alloying element in
different weight percentages. The Fe-22Mn-0.6C alloy exhibits improved
biodegradability rate because the well-distributed silver precipitates act as
cathodic sites to induce microgalvanic corrosion. The mechanical properties do
not show signs of deterioration compared with pure iron. Bandyopadhyay et al.
[165] used Laser Engineered Net Shaping to successfully manufacture a series

of nanoporous metallic materials or alloys with different degrees of porosity
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such as Co-Cr-Co, Ti6Al4V and NiTi with promising mechanical and biological
properties. Nath et al. [166] used a novel method combining laser etching and
phase selective electrolysis to produce nanoporous Ni-based superalloy
membranes. This method allows tailoring the pore size and the amount of
porosity by tuning the process parameters. In this case, permeable and non-
permeable domains were obtained, thus improving the catalytic effectiveness

significantly.

1.5 Objectives

In this Thesis, several synthetic procedures such as arc-melting, powder
metallurgy, replication method or advanced surface modification techniques
have been exploited to produce Fe-based multifunctional materials. Several
characterization techniques have been used to shed light onto their physical
and physico-chemical properties. In short, the fabrication of novel Fe-based
materials to be used in biomedical or environmental applications constitutes
the core of this Thesis. In each study, non-conventional material architectures
like porous foams or 3D interconnected metal porous frameworks are devised

and manufactured to achieve the targeted properties.
The goals of this Thesis can be summarized as follows:

1. To design and fabricate ferromagnetic Fe-10Mn6Si1Pd (wt.%) and shape
memory, paramagnetic Fe-30Mn6Si1Pd (wt.%) compact alloys by arc-
melting followed by copper mold suction casting. The main purpose is to
find suitable quaternary Fe-based bulk alloys with optimized properties to
be used in temporary implants. The evolution of microstructure, mechanical
and magnetic properties, as well as the assessment of degradation,
cytotoxicity and cell proliferation in Hank’s solution as a function of the

immersion time are systematically studied.

2. To prepare porous Fe-30Mn6Si1Pd (wt.%) alloys by a simple press and
sinter process from ball-milled Fe, Mn, Si and Pd powders blended with 10
wt.%, 20 wt.% and 40 wt.% NaCl. The main purpose is to investigate

whether the porous structure can enhance the biodegradation performance
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of the material and improve its biomechanical compatibility between an
eventual implant and the neighboring bone tissue by lowering its Young’s

modulus, without compromising the cell viability.

. To grow calcium phosphate coatings (CaP) (i.e., brushite and
hydroxyapatite) at the surface of Fe-10Mn6Si1Pd alloys by pulsed current
electrodeposition. The main purpose is to control the crystallographic
structure of the coatings and their morphology by adjusting the
electrodeposition parameters, aiming at optimizing the adherence of the

coatings to the alloys.

. To prepare open cell foams consisting of Fe and Fe-Mn oxides from metallic
Fe and Mn powder precursors by the replication method using porous
polyurethane templates. The main goal here is to tailor the magnetic
response of the foams from virtually non-magnetic to ferrimagnetic by

controllably adjusting the Mn content as well as the N2 flow rate.

. To synthesize a fully nanoporous Fe-rich alloy by selective dissolution of
melt-spun Fes35Cuse.5 ribbons. The main objective is to obtain wirelessly-
manipulated, magnetic, Fe-based heterogeneous Fenton catalyst with high

catalytic activity.

. To form periodic ripple and nanoripple patterns at the surface of amorphous
steel by femtosecond pulse laser irradiation. The main goal is to adjust both
the topological damage as well as the composition of the alloy at surface
level, resulting in local modifications of some of the physical properties (e.g.,
magnetic response, mechanical strength, etc.) of these materials at the

surface.
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