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Figure S1. SEM image of the fracture cross section of the dealloyed ribbon at low 

magnification. A fully porous morphology can be appreciated. 
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Figure S2. Experimental and deconvoluted (a) Fe 2p and (b) O 1s high resolution XPS 

spectra of as-spun Fe43.5Cu56.5 ribbon at surface level. 
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Figure S3. Experimental and deconvoluted Cu 2p high resolution XPS spectra taken on (a) 

the as-spun ribbon at surface level, and the dealloyed ribbon at (b) surface level and (c) after 

1 min Ar ions sputtering.  
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Figure S4. Hysteresis loops of as-spun and dealloyed ribbons after Fenton reaction. The inset 

shows magnified view at low fields. 
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Figure S5. Experimental and deconvoluted high resolution XPS spectra for as-spun ribbon 

after Fenton reaction: (a) Fe 2p and (b) O 1s at surface level, and (c) Fe 2p and (d) O 1s after 

1 min Ar ions sputtering. 
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Figure S6. Experimental and deconvoluted Cu 2p high resolution XPS spectra of (a) surface 

and (b) after 1 min sputtering of as-spun ribbon after Fenton reaction, as well as of (c) surface 

and (d) after 1 min sputtering of dealloyed ribbon after Fenton reaction. 
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3.4 Sub-micron magnetic patterns and local variations of 
adhesion force induced in non-ferromagnetic amorphous Steel 
by femtosecond pulsed laser irradiation  

In this article, we provide the first experimental demonstration that femtosecond 

pulsed laser irradiation (FSPLI) can be used as a direct, fast and inexpensive 

method to create periodic magnetic patterns at the surface of a non-

ferromagnetic alloy. Besides the formation of ferromagnetic low-spatial-

frequency ripples, much smaller nanoripples (of a few tens of nm in lateral size) 

are also generated during the FSPLI process, which is consistent with the 

coupling of the incident electromagnetic radiation with plasmon charge 

oscillations, as reported by several theoretical works in the literature. Such 

nanoripples are clearly observed by high-resolution SEM and AFM and give 

rise to local variations of the adhesion force during AFM scanning. 

Traditionally, sophisticated lithographic procedures for magnetic patterning, 

that are usually rather time-consuming (i.e., consisting of multiple steps) and 

costly (i.e., requiring clean room facilities), are utilized to fabricate arrays of 

ferromagnetic dots. In the last few years, some non-conventional approaches 

for the direct magnetic patterning of initially non-magnetic materials have been 

developed; for example, ion irradiation or nanoindentation. Nevertheless, ion 

irradiation requires the use of a pre-lithographed shadow mask, while 

nanoindentation is a time-consuming technique (it takes about 1-2 min to 

perform a single indentation impression). Conversely, inducing magnetic 

patterning by FSPLI in a 1 cm2 region of material requires only about 10 

seconds. This is orders of magnitude less in time compared to nanoindentation 

(indeed, about 2-3 hours are needed to fabricate an array of magnetic dots 

covering the same area by nanoindentation). 

The origin of the observed ferromagnetism is the FSPLI-induced surface 

devitrification of non-magnetic Fe-based amorphous steel. Among the various 

generated crystalline phases are: ferromagnetic -Fe and Fe3C, and 

ferrimagnetic (Fe,Mn)3O4 and Fe2CrO4. The generation of magnetic structures 

by FSPLI turns out to be one of the fastest ways to induce magnetic patterning 

without the need of any shadow mask. Furthermore, the observed variations in 
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adhesion force can be particularly important for certain applications like traps 

for magnetic nanoparticles, where an exceedingly hydrophobic surface would 

not be desirable.  

The hardness decreases from HB = 14 GPa to HB = 9.5 GPa after FSPLI. 

Similarly, Er decreases from 193 to 83 GPa. Such variations of surface 

mechanical properties can be ascribed to the increase of surface roughness 

caused by the laser irradiation. The occurrence of roughness and surface 

corrugation is known to also play a crucial role in the hydrophobicity properties 

of surfaces. Here an increase of contact angle, from 64° to 75° is observed 

after FSPLI. This increase is quite modest compared to the results obtained 

from other rougher surfaces prepared by different methods. Namely, certain 

FSPLI conditions can render superhydrophobic surfaces by adjusting both the 

topological damage as well as the composition of the alloy at surface level. 

These effects are of interest for applications (e.g., biological, magnetic 

recording, etc.) where both ferromagnetism and tribological/adhesion 

properties act synergistically to optimize material performance. 
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Chapter 4: Further insights 
into coating formation on iron-
based alloys and development 
of highly porous Fe-Mn-O 
foams 

In the previous chapter, Fe-based metallic alloys with the conventional fully 

dense architecture or consisting of a 3D interconnected porous framework are 

prepared to be used in biomedical and environmental applications. In section 

3.1, we showed results on two novel Fe-Mn-Si-Pd biodegradable alloys and on 

how to adjust their ferromagnetic (including non-ferromagnetic) response by 

tuning the Mn content. In section 3.2, the Fe-30Mn6Si1Pd alloy was produced 

by powder metallurgy using a space holder material to obtain an open-cell 

porous framework with better degradation performance than its bulk 

counterpart. In section 3.3, porous FeCu alloy prepared by dealloying was 

found to be an effective Fenton catalyst for water remediation. In Section 3.4, 

pulsed laser irradiation was used for surface modification of a Fe-based alloy 

to obtain superhydrophobic surfaces by adjusting both the topological damage 

as well as the composition of the alloy at surface level. 

In this Chapter 4, supplementary works also dealing with Fe-based 

multifunctional materials and thematically connected with Chapter 3 are 

presented. 

Calcium phosphate (CaP) coatings deposited on Fe-10Mn6Si1Pd alloys by 

pulsed current electrodeposition are presented in section 4.1. The final goal of 

this work was to improve the adhesion between the bone and the surrounding 

tissue, hence enhancing its biocompatibility. Our study reveals that the 

morphologies of CaP range from needle- to plate-like structures depending on 

the electrodeposition parameters and the resulting phases. The Young’s 

modulus and hardness values of the electrodeposited coatings are lower than 
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those reported for fully-dense HAp, independently of the deposition conditions, 

because of the porous morphology of the coatings. However, a good adhesion 

of the CaP coatings to the substrate is revealed by scratch testing. 

Apart from Fe-based 3D interconnected metal porous frameworks (reported in 

section 3.2 and 3.3), porous inorganic Fe-Mn-O oxide foams are described in 

section 4.2. Different open cell foams (Fe and Fe-Mn oxides) with low density 

and homogeneous open-cell structure are prepared from metallic Fe and Mn 

powder precursors by the replication method using porous polyurethane 

templates. This study reveals that the magnetic response of the foams, from 

practically non-magnetic to soft ferrimagnetic, can be tailored by adjusting the 

Mn content as well as the N2 flow rate.  

For consistency with Chapter 3, sub-chapters 4.1 and 4.2 are structured in the 

form of articles. The references are thus given at the end of each article. 
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4.1 Mechanical behaviour of brushite and hydroxyapatite 
coatings electrodeposited on newly developed FeMnSiPd 
alloys  

Calcium phosphate coatings (CaP) (i.e., brushite and hydroxyapatite) were 

grown by pulsed current electrodeposition on FeMnSiPd alloys, a newly 

developed material proposed for biomedical implants. The electrolytic baths 

contained Ca(NO3)2·4H2O and NH4H2PO4 as precursors. Bath additives, such 

as H2O2 and NaOH, were used to promote hydroxyapatite (HAp) coating 

formation directly from the bath. The effect of the electrodeposition parameters 

on the structure, morphology and mechanical performance of the coatings was 

investigated. Increasing the electrodeposition time from 900 s to 3600 s 

resulted in an increase of HAp over the dominant brushite structure. Addition 

of 0.1 g of NaOH or 3000 ppm of H2O2 also promoted an increase of HAp 

fraction when compared to the coatings obtained from the additive-free bath. 

Nonetheless, pure HAp was only achieved with the addition of 0.2 g of NaOH 

to the electrolyte. The morphologies of the CaP particles in the coatings ranged 

from needle- to plate-like structures depending on the electrodeposition 

parameters and the resulting phases. The mechanical behaviour of the 

coatings was studied by scratch testing and nanoindentation. As a general 

trend, the Young’s modulus and hardness values of the electrodeposited 

coatings were lower than those reported for fully-dense HAp, independently of 

the deposition conditions, because of the porous morphology of the coatings. 

No signs of cracking or delamination were observed during nanoindentation or 

scratch tests except for the coating prepared form the electrolyte containing 

3000 ppm of H2O2.  

 

4.1.1 Introduction 

In recent years, there has been an increasing interest for new biodegradable 

metallic alloys that fulfil the requirements to be used as temporary medical 

implants. Within this scenario, Fe-based alloys have gained increasing 

attention because of the good preliminary results obtained in in-vitro and in-
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vivo experiments [1,2]. For instance, recent studies showed that FeMn [3-9], 

FeMnPd [3,4], and FeMnSi [7] systems exhibit viable degradation rates and 

mechanical properties similar to those of 316L stainless steel. In particular, in 

our previous study on Fe-10Mn-6Si-1Pd alloy, a hardness value around 5.6 

GPa and a reduced Young’s modulus of 125 GPa were reported [8]. 

Concerning biocompatibility, the alloy showed good initial cell adhesion. 

However, the pronounced ion release due to the formation of a cracked, loosely 

attached superficial oxide layer, hampered the cell proliferation on the surface 

of this alloy [8].  

The development of ceramic coatings such as hydroxyapatite (HAp) or other 

various forms of calcium phosphates (CaP) on titanium and its alloys [9-12], 

stainless steel [13,14] and Mg-based alloys [15-17] has been documented to 

increase their biocompatibiliby [18,19]. This is possible since the bone can form 

direct chemical bonding to the bioactive CaP, without the occurrence of fibrous 

interface layers after implantation, which render poor mechanical stability 

between the implant and the bone. Moreover, in Mg-based alloys, where the 

main problem for their use as temporary implants are their exceedingly fast 

degradation rates and the occurrence of high amounts of degradation products 

(such as Mg2+, H2 and OH-), the growth of CaP coatings has proven to be an 

effective way to increase their corrosion resistance, hence retarding their 

degradability [15].  

The methods used so far to deposit HAp onto metallic alloys include: plasma 

spraying [20], sputtering [21], pulsed laser-deposition [22], sol-gel [23], and 

electrochemical deposition [9-14]. Among them, electrodeposition turns out to 

be a suitable technique to grow uniform coatings with tuneable thickness and 

chemical composition on complex shaped structures at low temperature and 

relatively low processing costs. By adjusting the pH, the calcium to phosphorus 

ratio, the deposition temperature and additives content, the resulting degree of 

crystallinity, crystalline phases and the preferred orientation (texture), can be 

tailored. However, it has been reported that direct current electrodeposition 

usually results in loosely attached deposits to the substrate. To overcome this 

issue, pulsed electrodeposition has been established as a suitable alternative 

to grow well-adhered, high-quality HAp coatings [13-15]. 
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While many studies focus on the synthetic strategies to obtain reliable CaP 

coatings by various methods, fewer efforts have been made to study the 

mechanical and adhesion properties of these coatings to the substrate. 

Nanoindentation is the most suitable technique to assess the mechanical 

properties and the adhesion of thin films. This technique has been recently 

applied to study the mechanical properties of CaP on stainless steel [24,25], 

magnesium alloys [26] and titanium [27-29]. However, to the best of our 

knowledge, there is no data available in the literature on the mechanical 

properties of CaP coatings grown by electrodeposition onto Fe-based alloys. 

The substrate type as well as the roughness of the coating may have an 

influence on the resulting mechanical performance of the studied material. 

Hence, a detailed mechanical characterization is essential to understand and 

optimize the properties of Fe-based alloys coated with suitable bioactive 

materials. The aim of this work is thus to establish an efficient synthetic protocol 

to produce CaP coatings with good mechanical and adhesion properties on a 

newly developed Fe-10Mn-6Si-1Pd alloy. 

 

4.1.2 Methods  

Cylindrical rods of 3 mm in diameter and 3-4 cm in length with a nominal 

composition Fe-10Mn-6Si-1Pd (wt.%) were produced following the procedure 

described elsewhere [8]. Disks of 0.5 mm thickness were cut from the as-cat 

rod and used as substrates for the CaP deposition. In order to conveniently 

hold the substrates whilst providing electrical connection, metallic contacts 

were welded to the backside of the disks, which were subsequently embedded 

in cold resin. A polishing procedure with abrasive paper up to 4000 grit was 

then applied until a smooth metallic surface was exposed to view. The surface 

was ultrasonically cleaned for 5 min in ethanol prior to deposition. The CaP 

deposition was carried out in a single compartment, double-walled cell with a 

typical three-electrode configuration (connected to an Autolab 302N 

potentiostat/ galvanostat). A double junction Ag/AgCl with 3 M KCl inner 

solution and 1 M NaCl outer solution was used as reference electrode, while a 

Pt wire was used as counter-electrode. The electrolyte solution was prepared 
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by mixing 0.042 mol/L of Ca(NO3)2·4H2O and 0.025 mol/L of NH4H2PO4 in Milli-

Q water (pH = 4.05). In some cases, 3000 and 4000 ppm of H2O2 and 0.1 and 

0.2 g of NaOH were added to the electrolyte to favour HAp formation. The 

deposition was carried out at 65ºC under stirring. Pulsed current 

electrodeposition with a peak pulse current density of 0.75 mA/cm2 and tON = 

1s and tOFF = 2s was implemented. The overall deposition time ranged from 

900 s to 3600s. For comparison purposes, direct current (DC) electrodeposition 

was carried out at 0.75 mA/cm2 for 1200s. To promote the brushite to HAp 

transformation, some specimens were rinsed in 0.1M NaOH solution for 72 h 

at room temperature.   

Scanning electron microscopy (SEM) using a Zeiss Merlin microscope 

equipped with an energy dispersive X-ray (EDX) detector was used for 

morphological and compositional analyses. X-ray diffraction (XRD) was carried 

out using a Philips X’Pert diffractometer with Cu Kα radiation. The 

measurements were performed in the angular range 2  = 10–60º with a step 

size of 0.026º.  

The thickness of the coatings deposited on the Fe-10Mn-6Si-1Pd substrates 

was evaluated with a 3D Optical Surface Metrology System (DCM 3D) from 

Leica which combines confocal and interferometry technology. 

Nanoindentation and scratch experiments were performed using a 

Nanoindenter XP from MTS equipped with a Berkovich tip. The 

nanoindentation function consisted of a loading segment of 30 s, followed by a 

load holding segment of 10 s and an unloading segment of 30 s. The maximum 

applied load was set to 5 mN and 100 mN (two sets of experiments). The 

thermal drift was kept below ± 0.1 nm/s. From the load-displacement curves, 

the hardness and reduced Young’s modulus values were derived using the 

method of Oliver and Pharr [30]. Scratch tests were carried out applying an 

increasing normal load with the option for lateral force measurements. The 

normal load was linearly swept from 0 to 100 mN along the length of the scratch 

(500 µm) at a scratch velocity of 10 μm/s. The tests were repeated three times 

for each electrodeposition condition. Prior to scratch, an initial profile at 10 μN 

at the location where the scratch will be performed was carried out to assess 
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the surface morphology. The actual penetration depth of the indenter under the 

sample surface was estimated by comparing the indenter displacement normal 

to the surface during scratching with the topography of the original surface at 

each position along the scratch length. For the scratch segment, the roughness 

and the slope of the surface were considered in the calculation of the indenter 

penetration. After the scratch, in a similar manner, a final profile was recorded 

to establish the residual scratch depth. 

 

4.1.3 Results and Discussion 

4.1.3.1 Morphological and Structural characterization 

Figure 4.1.1a shows the XRD patterns of the as-deposited coatings on Fe-

10Mn-6Si-1Pd alloy at a pulsed current density of 0.75 mA/cm2 for 900, 1800 

and 3600 s from the electrolytic bath without additives. The XRD patterns 

reveal that the main phase of the as-deposited coatings, independently of the 

deposition time, is the dicalcium phosphate dihydratate (Brushite, 

CaHPO4·2H2O) with minor content of hydroxyapatite (HAp, Ca10(PO4)6(OH)2). 

However, the peaks belonging to HAp gain intensity as the deposition time 

increases. The intensity ratio between the (020) peak belonging to brushite (at 

2 = 11.70º) and the (002) peak belonging to HAp (at 2 = 25.9º) is listed in 

Table 4.1.1, as an indicative parameter for the predominant phase formation. 

The growth of HAp (and its predominance over brushite) can be explained by 

the chemical and electrochemical reactions that occur during the deposition 

process. The main reactions are listed below: 

2H2O + 2e− =  H2 + 2OH−               (1) 

O2 + 2H2O + 4e− =  4OH−    (2) 

2H2PO4
− + 2e− =  HPO4

2− + H2   (3) 

Ca2+ + HPO4
2− + 2H2O → CaHPO4 · 2H2O  (4) 

It has been widely accepted that OH−anions and H2 gas bubbles are produced 

around the working electrode as a result of the reduction of oxygen and/or 

water (Eqs. 1 and 2), hence causing an increase of pH around the 
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metal/solution interface [13]. However, at the beginning of the deposition 

process, the increase of pH is not enough to facilitate the formation of HAp, 

which is stable in the 9.5 to 12 pH range. On the contrary, brushite deposition 

is favored over HAp as HPO4
2−, which is reduced from H2PO4

− (Eq. 3), combines 

with Ca2+and H2O to form CaHPO4 · 2H2O (Eq. 4), the kinetically stable CaP in 

acidic conditions. HPO4
2−  also reduces to yield PO4

3−  (Eq. 5); however, at the 

beginning of the electrodeposition process, the concentration of OH−  is not 

large enough to enable the formation of HAp [13]. 

2HPO4
2− + 2e− =  2PO4

3− + H2   (5) 

10Ca2+ + 6PO4
3− + 2OH− → Ca10(PO4)6(OH)2  (6) 

Nonetheless, as deposition time increases, a decrease in the deposition 

potential is experimentally observed (from -0.68 V to -1.1 V) because of the 

formation and growth of the insulating CaP layer. This lower potential will result 

in the electrogeneration of a larger amount of OH− ions, which will induce a 

local increase of the pH at the electrode interface, hence, favouring the growth 

of HAp (eq. 6). In fact, the increase of pH due to the formation of OH- ions in 

the vicinity of the cathode induced by high cathode current densities (i.e. 2, 3, 

10 mA/cm2) has been extensively reported [13,15]. 

Additives time IBrushite (020) peak/IHAp (002) peak 

- 900 141 

- 1800 36.6 

- 3600 23 

3000 ppm 
H2O2 3600 1.11 

4000 ppm 
H2O2 3600 3.86 

0.1 g NaOH 3600 15 

Table 4.1.1: Ratio between the experimental intensities of the (020) peak from 

brushite and the (002) peak from HAp. 
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Figure 4.1.1: X-ray diffraction patterns of pulse-plated coatings on Fe-10Mn-

6Si-1Pd alloys produced from: (a) the additive-free bath (no additives, NA curve) 

for 900 s, 1800 s and 3600 s, (b) the bath containing 3000 ppm of H2O2 (H2O2 

curve) for 3600 s, the bath containing 0.2 g of NaOH (NaOH curve) for 3600 s, 

and the additive-free bath for 3600 s followed by solution treatment (ST curve) 

with 0.1 M NaOH for 72 h. 
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In order to accelerate the direct formation of HAp on Ti-, Mg-, and Fe-based 

alloys (i.e., with no need of additional thermal treatments) various approaches 

have been followed. For instance, some works reported that the addition of 

H2O2 into the electrolyte acts as an alternative electrochemical source of OH− 

ions which can then promote the formation of HAp over other CaP species 

[13,31,32]. With this purpose, 3000 and 4000 ppm of H2O2 were added to the 

electrolyte. The addition of 3000 ppm of H2O2 results in an increase of the XRD 

peaks belonging to HAp although brushite is still present in the coating (Figure 

4.1.1b). Increasing the amount of H2O2 to 4000 ppm does not further rise the 

HAp content (Table 4.1.1); furthermore, the surface of the alloy becomes 

partially covered by an orange layer attributed to oxides. The second approach 

to obtain pure HAp was to increase the pH of the electrolyte by the addition of 

NaOH. The addition of 0.1 g of NaOH (pH = 5.05) results in a mixture of brushite 

and HAp phases, similar to the results obtained with 3000 ppm or 4000 ppm of 

H2O2 (Table 4.1.1). The addition of 0.2 g of NaOH increases the pH of the 

electrolyte to 8.5. In this case, as it can be observed in the XRD pattern (Figure 

4.1.1b), the coating only consists of HAp. Pure HAp is also obtained from an 

as-deposited mixture of brushite and HAp by solution treatment in 0.1 M NaOH 

for 72 h at room temperature (Figure 4.1.1b). 

At first glance, the coatings produced by pulsed-current deposition are well 

adhered to the Fe-10Mn-6Si-1Pd substrate and the whole surface is 

homogeneously covered by HAp and/or brushite. However, the adhesion of the 

coatings grown by direct current deposition for 1200 s was not satisfactory and 

some parts peeled-off during handling, so no further characterization was 

carried out in this case. 

It is worth noticing that different morphologies can be observed depending on 

the resulting phases and deposition conditions. When the coating is formed by 

a mixture of brushite and HAp (i.e., the coatings produced without additives, 

with 3000 ppm of H2O2 or with 0.1 g of NaOH), a morphology mainly consisting 

of thin rods or needles oriented perpendicular or tilted with respect to the 

sample’s surface can be observed (Figures 4.1.2a and 4.1.2b). Some zones 

are covered with thicker disordered rods, particularly for shorter deposition 

times (i.e. 900 and 1800 s) (Figure 4.1.2a). The EDX analysis corresponding 
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to short deposition times (Figure 4.1.2e), reveals that the ratio between Ca and 

P is approximately 1.05. This ratio is very close to the 1.0 ratio typically 

observed for stoichiometric brushite, thus indicating that the zones covered 

with thicker disordered threads mainly consist of brushite. Conversely, a larger 

Ca/P ratio of 1.25 (Figure 4.1.2f) is detected in the zones consisting of thin 

threads (i.e., longer electrodeposition times). The increase of the Ca/P ratio can 

be indicative of HAp formation, probably on top of brushite. These observations 

are thus in agreement with the XRD results (Figure 4.1.1a). 

In turn, SEM imaging reveals that the coating produced from the electrolyte 

containing 0.2 g of NaOH exhibits a plate-shaped morphology (Figure 4.1.2c) 

characteristic of HAp formation. The plates are hexagonal-shaped with 

preferred a (b)-axis orientation with an average size of ~2 m. The Ca/P ratio, 

equal to 1.31 (Figure 4.1.2g), is lower than the 1.67 value characteristic for the 

stoichiometric HAp, thus suggesting the formation of calcium-deficient HAp 

(CDHAp). Ca/P ratios between 1.31 and 1.67 were also observed by other 

authors and related these values to the chemical reactions occurring during the 

growth of the coatings [33,34]. The TEM image of this coating, shown in Figure 

4.1.3a, confirms the plate-like morphology typical of HAp. In agreement with 

the theoretical diffraction pattern of HAp (Ref. Code 00-011-0293), several 

interplanar distances can be calculated from the SAED pattern of Figure 4.1.3b. 

For the sake of clarity, only the most intense diffraction spots/rings have been 

indexed in the figure. 

Finally, the morphology observed in the coating after being immersed in 0.1M 

NaOH solution for 72 h (Figure 4.1.2d) is similar to the morphology observed 

for as-deposited coatings for 900 and 1800 s. However, in this case the Ca/P 

ratio is closer to the theoretical value of 1.67, typical of stoichiometric HAp. 
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Figure 4.1.2: SEM images of coatings produced from: (a) the additive-free bath 

for 1800 s, (b) the additive-free bath for 3600 s, (c) the bath containing 0.2 g of 

NaOH for 3600 s and (d) the additive-free bath for 3600 s and solution treated 

with 0.1 M NaOH for 72 h. The insets are higher magnifications SEM images. 

(e), (f), (g) and (h) are the EDX spectra corresponding to the areas depicted in 

(a), (b), (c) and (d), respectively. 
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Figure 4.1.3: (a) TEM image of the coating produced from the bath containing 

0.2 g of NaOH for 3600 s, (b) corresponding SAED pattern. 

 

4.1.3.2 Mechanical Characterization 

It is well-known that one of the drawbacks of CaP coatings prepared by 

DCelectrodeposition is that their adherence to the underlying substrate is not 

sufficiently strong [13,15,35]. As a result, pulsed current electrodeposition has 

emerged as a more suitable technique to obtain well-adhered coatings. So far, 

the mechanical properties of CaP coatings (including HAp) produced by 

electrodeposition have not been studied in detail. Nanoindentation is a versatile 

technique that can be used to measure film adhesion; either from transverse 

scratching or by direct indentation [36]. Both approaches are used in this work 

to assess the mechanical properties of the coatings. Direct indentation is 

employed to evaluate the hardness, Young’s modulus and plastic energy 

values of the CaP coatings and Fe-10Mn-6Si-1Pd substrate, while scratch tests 

are utilized to assess the adhesion of the layers to the substrate. Note that in 

this work a few CaP coatings were prepared by DC electrodeposition but their 

poor adhesion to the substrates resulted in peeling-off of some parts of the films 

during handling; henceforth, no further characterization was carried out. Only 

the coatings prepared by pulsed electrodeposition were investigated in detail 

by mechanical means. 
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4.1.3.2.1 Indentation tests 

Indentation measurements (Figure 4.1.4) were carried out for the coatings 

deposited for 3600 s from the additive-free bath (NA), from the bath containing 

3000 ppm of H2O2 (curve denoted as H2O2), from the bath containing 0.2 g of 

NaOH (curve labelled as NaOH) and from the as-deposited coating produced 

from the additive-free electrolyte but subsequently solution treated with 0.1 M 

NaOH for 72 h (curve labelled as ST) to study the influence of the different 

phases and the synthetic parameters on the resulting mechanical properties. A 

summary of the mechanical properties is presented in Table 4.1.2. 

Nanoindentation is a suitable technique to measure the mechanical properties 

of thin films; however, to avoid unintentional influence from the properties of the 

substrate, it is commonly accepted that the maximum penetration depth should 

be lower than 1/10th of the overall film thickness [36]. The indentation curves 

presented in Figures 4.1.4a and 4.1.4b were carried out using a maximum 

applied load of 5 mN and 100 mN, respectively. Notice that the maximum 

penetration depth exceeds the 10 % of the film thickness, even for PMax = 5 mN 

(see Table 4.1.2). Thus, the Young’s modulus and hardness values are 

influenced to some extent by the mechanical response of the substrate. 

Nonetheless, as can be observed in Table 4.1.2, the Young’s modulus and 

hardness values of the substrate are much larger than those of the coatings, 

suggesting a limited contribution from the substrate. Therefore, the obtained 

values are still a good indicator of the dissimilar mechanical behaviour of the 

various coatings. Among the four different coatings tested in this work, the H2O2 

one, which mainly consists of brushite and HAp, is the softest one, followed by 

the NA coating, which has a similar microstructure than the H2O2 one but has 

a lower HAp content. Several discontinuities can be observed from the load-

displacement curve of the NaOH coating recorded up to a maximum applied 

load of 5 mN. These discontinuities are typically attributed to dislocation activity 

but, in this particular situation, they are likely due to cracking or bending of the 

HAp plates, as can be verified by imaging the nanoindentation imprint by SEM 

(Figure 4.1.5a). The NaOH sample exhibits the largest hardness and Young’s 

modulus values, which can be ascribed to the less porous nature of the coating 

as a result of the plated-shape morphology. In fact, the low Young’s modulus 
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and hardness values reported in this work (compared to the bulk values, i.e., H 

= 8.5 GPa and Er = 130 GPa for bulk fully-dense HAp) [37] are mainly attributed 

to the particular morphology (i.e. plate-/needle-like) of the samples, which can 

be regarded as surface roughness or porosity [38]. 

 

Figure 4.1.4: Load-displacement curves of the coated-Fe-10Mn-6Si-1Pd alloys 

applying a maximum load of (a) 5 mN and (b) 100 mN. NA stands for the coating 

obtained from the additive-free bath, H2O2 stands for the coating obtained from 

H2O2 containing electrolyte, NaOH applies to the coating produced from NaOH 

containing electrolyte and ST refers to the coating obtained from the additive-

free bath further treated with NaOH at RT for 72 h.  
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Sample Thickness 
(µm) 

Pmax 
(mN) 

H (GPa) Er (GPa) Upl/Ut*100 
 

Fe-30Mn-6Si-
1Pd 

substrate 

2000-3000 5 8.6 ± 0.6 226 ± 
15.0 

76.0 ± 2.5 

100 5.6 ± 0.4 193 ± 5 82 ± 4 
NA 13.4 ± 0.9 5  0.021 ±

 0.015 
4.5 ± 1.4 95 ± 3 

100  0.050 ± 0.011 21 ± 5 96.5 ± 0.5 
H2O2 14.4 ± 1.4 

 
5  0.014 ± 0.004 3.1 ± 1.0 97.1 ± 0.9 

100  0.047 ±
 0.016 

20 ± 6 97.9 ± 0.4 

0.2 g NaOH 12.8 ± 0.5 5  0.031 ± 0.009 15 ± 4 97.3 ± 0.3 
100  0.31 ± 0.12 67 ± 9 89.2 ± 1.9 

ST 
 

3.3 ± 0.8 
 

5 0.024 ± 0.009 4.7 ± 1.2 95.8 ± 0.7 
100  0.15 ± 0.04 45 ± 7 96.1 ± 1.8 

Table 4.1.2: Thickness and mechanical properties of the coatings and the Fe-

10Mn-6Si-1Pd substrate measured by nanoindentation applying maximum 

forces (PMax) of 5mN and 100 mN. H, Er, Upl and Ut denote the hardness, 

reduced Young’s modulus, plastic indentation energy and total indentation 

energy, respectively. 

In general, the mechanical properties of HAp coatings largely depend on the 

production technique. For instance, HAp films fabricated by plasma spraying 

using coarse powders exhibit a Young’s modulus of 53-58 GPa [39], while those 

produced from a solution precursor exhibit a Young’s modulus of 5-22 GPa [40]. 

In addition, He et al. [37] reported that the elastic modulus of fully-dense HAp 

produced by powder compaction and sintering process is ~130 GPa but it 

decreases to 20 GPa for a porosity level of 54%. Hence, differences in the 

elasticity of HAp coatings depend on the dissimilar microstructures that can be 

obtained using different synthetic pathways. In this work, when the applied load 

is 5 mN, the Young’s modulus ranges from 4.5 to 15 GPa (depending on the 

microstructure and thickness of the coating). Larger Young’s modulus values, 

from 19.5 to 67 GPa, are observed when the applied load is 100 mN. The same 

trend is observed for hardness; it increases with the maximum applied load. 

These trends can be attributed to a larger contribution from the substrate at 

larger applied loads but also to the densification of the coatings as the indenter 

penetrates into the material. SEM images of the imprints left behind on the 

NaOH coating after applying a maximum load of 5 mN and 100 mN are 

presented in Figure 4.1.5. No cracks or delamination can be observed at any 
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condition, but a much higher compaction is evident when the applied maximum 

load is 100 mN.   

 

Figure 4.1.5: SEM images of the indentation imprints left on the coating 

produced from the bath containing 0.2 g of NaOH at a maximum applied load 

of (a) 5 mN (b) 100 mN. 

Nanoindentation can also be used to assess the absorbed/dissipated energy 

by the specimens during the compressive tests, by comparing the values of the 

elastic and plastic indentation energies and their ratio. The area enclosed by 

the loading curve and the displacement axis corresponds to the total 

indentation energy (Ut). The area below the unloading part of the load-

displacement curve and the displacement axis provides the elastic energy (Ue) 

recovered from the system during unloading. The area enclosed by the loading 

and unloading curves represents the unrecoverable inelastic or plastic energy 

(Upl = Ut− Ue), related to the work spent during plastic deformation or other 
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irreversible processes (e.g. cracking, crushing or compaction) and the energy 

stored in the form of residual stresses caused by the resultant impression [37]. 

The normalized inelastic energy (Upl/Ut)*100 is commonly used as an indirect 

estimation of the energy absorbed by the material. From the nanoindentation 

curves presented in Figure 4.1.4 and from the (Upl/Ut)*100 ratio in Table 4.1.2, 

it can be seen that the plastic energy is much higher than the elastic energy in 

all cases, which indicates the essentially plastic behaviour of the coatings. 

Namely, almost all the deformation caused by the applied load in the coatings 

is irreversible. This is obviously related to the compaction process that takes 

places in these materials, as can be observed in Figure 4.1.5.  

4.1.3.2.2 Scratch tests 

Figure 4.1.6a shows the dependence of the penetration depth as a function of 

the scratch distance for the different investigated samples. A pronounced 

decrease of the penetration depth at the beginning of the scratch test is 

observed in all cases, followed by a less abrupt decrease at higher loads; this 

exponential decay can be attributed to the soft mechanical behaviour 

associated with the highly porous morphology and material densification at 

larger loads. However, some differences can be pointed out among the four 

samples. The H2O2 coating exhibits a larger penetration depth along the entire 

path. This is due to the larger porosity level associated with the needle-like 

morphology of this alloy and its consequently lower hardness (Table 4.1.2). In 

addition, the more abrupt penetration depth drops observed in this sample are 

also probably associated to the larger number of cracks stemming from the 

brittle morphology of the coating. Delamination or failure of the coating was not 

detected by post-scratch SEM imaging; however, a penetration of 15 m and 

the sudden drops identified at 300 and 500 m suggest a possible local failure. 

The SEM images of the last few microns of the scratches carried out in the 

H2O2 and NaOH coatings (see Figure 4.1.7) reveal the local failure of the H2O2 

coating. Conversely, only a densification phenomenon can be observed in the 

SEM image of the scratch performed in the NaOH coating. A maximum depth 

of   ̴ 9 m is achieved in the NA coating, which is slightly larger than the  ̴ 5.5 

m maximum penetration depth for the ST and NaOH samples. At a scratch 

distance of  1̴50 m the penetration does not further increase with the normal 



                                                                                   Chapter 5: General discussion 

167 
 

force as the densification process has finished and the penetration of the tip is 

much lower in the fully dense state. The dependence of friction force on the 

scratch distance is shown in Figure 4.1.6b. The friction force increases linearly 

with the scratch distance. Larger frictional forces are observed for the NA, ST 

and H2O2 samples but much lower frictional forces, which will result in a lower 

friction coefficient, are detected for the NaOH coating.  

 

Figure 4.1.6: Scratch tests carried out on the coated-Fe-10Mn-6Si-1Pd alloys 

showing (a) penetration depth versus scratch distance, (b) friction force versus 

scratch distance. The same nomenclature as in Figure 4.1.4 is used. 
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Figure 4.1.7: SEM images of the last few microns of the scratch tests 

performed on the coatings produced from (a) NaOH containing electrolyte and 

(b) H2O2 containing electrolyte coating. 

 

4.1.4 Conclusions 

Well-adhered CaP coatings on FeMnSiPd substrates have been successfully 

prepared by pulsed current electrodeposition. By tuning the deposition time and 

the composition of the bath, coatings with different amounts of brushite and 

HAp phases can be obtained. Electrodeposition of CaP results in needle-, rod- 

or plate-like morphologies leading to porous coatings. As a result, the 

measured Young’s modulus and hardness are lower than those of fully-dense 

coatings with analogous compositions, hence approaching the values of both 

parameters in cortical bone. If the applied loads are high enough, the porous 
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layers tend to be compacted, leading to an increase in both hardness and 

Young’s modulus. Finally, delamination or failure of the coatings were not 

detected during scratch tests, thus corroborating the good adherence of the 

coatings to the Fe-based alloy.   
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4.2 Synthesis of -Fe2O3 and Fe-Mn oxide foams with highly 

tunable magnetic properties produced by replication from 
polyurethane templates  

Open cell foams consisting of Fe and Fe-Mn oxides were prepared from 

metallic Fe and Mn powder precursors by the replication method using porous 

polyurethane templates. First, reticulated polyurethane templates were coated 

by slurry impregnation. The templates were thermally removed at 260 ºC and 

the debinded powders were sintered at 1000 ºC under N2 atmosphere. The 

structure, morphology and magnetic properties were studied by scanning 

electron microscopy, X-ray diffraction and vibrating sample magnetometry, 

respectively. The obtained Fe and Fe-Mn oxide foams possess both high 

surface area and homogeneous open-cell structure. Hematite (α-Fe2O3) foams 

were obtained from the metallic iron slurry independently of the N2 flow. On the 

contrary, the microstructure of the FeMn-based foams could be tailored by 

adjusting the N2 flow. While the main phase for a N2 flow rate of 180 L/h was α-

Fe2O3, the predominant phase for high N2 flow rates (e.g., 650 L/h) was 

Fe2MnO4. Accordingly, a linear magnetization versus field behavior was 

observed for the hematite foams, while clear hysteresis loops were obtained 

for the Fe2MnO4 foams. Actually, the saturation magnetization of the foams 

containing Mn increases from 5 emu/g to 52 emu/g when increasing the N2 flow 

rate (i.e., the amount of Fe2MnO4). The obtained foams are appealing for a 

wide range of applications, such as electromagnetic absorbers, catalysts 

supports, thermal and acoustic insulation systems or wirelessly magnetically-

guided porous objects in fluids.  

 

4.2.1 Introduction  

Reticulated sponges made of Polyurethane (PU) have been commercially 

available since 1950s [1]. The first attempts to transfer porous templates into 

ceramic (i.e., oxide) foams by the powder slurry replication method date from 

early 60’s [2]. At present, the method has become widely available for many 

applications involving porous oxide materials: electromagnetic wave absorption, 
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gas sensors, catalysts, oil-water separation and lithium-ion batteries [3-8]. As 

a consequence, the polymeric sponge replication process has consolidated as 

a promising technique to create cellular oxide structures with 3D 

interconnected pores with high strength and acid and alkali resistance [9-11]. 

In the 70s, metallic foams started to be also prepared by this method and they 

found applications as battery electrodes, catalysts or filters [12-14]. Over the 

past ten years the replication method has been extended to manufacture 

porous steels [15-18], Cu-based [19] and titanium alloys [20, 21].  

While many studies have focused on metallic foams [15-21], fewer efforts have 

been devoted recently to synthesize inorganic oxide foams through the polymer 

sponge replication process [22]. So far, the possibility to use this technique to 

produce oxide foams with magnetic properties has not been explored.  

Manganese ferrite (MnFe2O4) is a well-known ceramic compound with 

electrically insulating and soft ferrimagnetic properties at room temperature. It 

has been widely used in the electronics industry to fabricate magnetic cores for 

read/write heads for high-speed tape or hard disk recording [23, 24]. More 

recently, MnFe2O4 has emerged as a promising material to be used as a 

catalyst [25, 26], in hydrogen production technologies [24] or for oil-water 

separation [7]. Diverse preparation techniques, such as high energy ball milling 

[24, 27], co-precipitation method [28, 29] or sol-gel routes [30], have been used 

to obtain MnFe2O4 powders and nanoparticles. However, the preparation of 

porous MnFe2O4 remains challenging and rather elusive.  

Meanwhile, magnetic foams made of Fe2O3, Fe3O4, Co or Ni are appealing 

since they combine the intrinsic properties of magnetic materials with the 

aforementioned advantages of the porous structures, constituting magnetic 

materials with high surface area, low density and high strength-to-weight ratio. 

For instance, ultralight Fe2O3/C foams produced using polyelectrolyte-grafted 

PU sponges [7] exhibit one of the highest oil-absorption capacities among the 

reported counterparts. Magnetic nano-particles Fe3O4/polyurethane 

composites produced by in-situ blending methods have also been reported as 

good candidates for wastewater treatments, acting as carriers for immobilized 

microorganisms [31]. 
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 Therefore, the aim of the present work is to use the replication method to 

produce Fe and Fe-Mn oxides open-cell porous structures. The magnetic 

behavior of the foams is tuned, first, by the addition of Mn and, secondly, by 

adjusting the N2 flow. The influence of the N2 flow and the Mn content, as well 

as the synergic effect of porosity and magnetism are investigated. 

 

4.2.2 Experimental  

Commercial Fe (97%) and Mn (99%) powders were used to coat a reticulated 

polyurethane sponge by the impregnation method. First, the powders were 

mixed and mechanically milled in a planetary mill device (Fritsch Pulverisette 

5) to reduce the powder size and to obtain the targeted composition, Fe or Fe-

30Mn (nominal wt.%). The raw powders were milled under Ar atmosphere with 

a ball-to-powder weight ratio of 10:1 at 300 rpm for 15 h. To prepare the slurry, 

the milled powders were mixed with poly(ethylene glycol) and distilled water. 

The poly(ethylene glycol) acted as a binder and was used to control the slurry 

viscosity and to favor the adhesion of the powder particles to the sponge before 

sintering. The composition of the slurry is listed in Table 4.2.1. 

Components Fe or Fe30Mn Binder distilled water 

Mass percent (%) 50 17 33 

Table 4.2.1: Components and mass percentages of the slurry 

Hence, 1 cm3 of a commercial reticulated polyurethane sponge, acting as 

organic template, was immersed into the slurry for 5 min to allow complete 

impregnation. The sponge was removed from the suspension and was 

subsequently squeezed to ensure that only a thin layer of slurry covered the 

skeleton of the polyurethane template without blocking the pores. Then, the 

impregnated template was dried at room temperature for at least 12 hours 

before sintering. Finally, the template was thermally removed at 260 ºC and the 

debinded powders were sintered in a tubular furnace (Carbolite MTF 9/15) at 

1000 ºC for 2 h under N2 flow.  
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Scanning electron microscopy (SEM) observations were done on a Zeiss 

Merlin microscope equipped with an energy dispersive X-ray (EDX) 

spectroscopy detector for compositional analyses. X-ray diffraction (XRD) was 

carried out on a Philips X’Pert diffractometer using Cu Kα radiation. The 

measurements were performed in the angular range 2 = 30–100° with a step 

size of 0.026°. Furthermore, Rietveld refinement of the XRD patterns using the 

X’Pert HighScore Plus software was carried out to determine the cell 

parameters and the percentage of the constituent phases. 

Hysteresis loops were recorded at room temperature using a vibrating sample 

magnetometer (VSM) from MicroSense (LOT-QuantumDesign), with a 

maximum applied magnetic field of 20 kOe. 

 

4.2.3. Results and discussion 

4.2.3.1. Microstructure and compositional analyses 

Figure 4.2.1 shows SEM images of the sintered open cell foams obtained by 

the replication process from Fe- (Figure 4.2.1a) and FeMn- (Figure 4.2.1 b-d) 

containing slurries. At first glance, a rather homogeneous pore distribution can 

be observed, with pore sizes in the order of 400 m. Fully-compact pore walls 

were observed in the foams produced from the Fe- and FeMn- containing 

slurries at the lowest N2 flow (Figure 4.2.1a and 4.2.1b); however, at larger N2 

flows, pore walls exhibit a nano-porous structure although the distribution and 

the size of the pores was not compromised. The composition of the foams 

obtained at different nitrogen flow rates, measured by energy-dispersive X-ray 

(EDX) analyses, is listed in Table 4.2.2. An O/Fe ratio of 1.56 is calculated for 

the foam produced from the Fe-containing slurry suggesting the formation of 

Fe2O3. It is worth mentioning that no changes were observed in the foams 

produced under larger N2 flow (such as 350 L/h and 650 L/h) from the Fe-

containing slurry in terms of pore morphology, integrity of the foam or chemical 

composition (not shown in the manuscript). However, the foams produced at 

open atmosphere were powdery and brittle. On the contrary, compositional 

changes were observed in the foams produced from the FeMn-containing 
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slurry when changing the N2 flow. For the foam produced at 180 L/h, the 

O/Fe(Mn) ratio is 1.5 suggesting the formation of Fe2O3 or FeMnO3. 

Nonetheless, the O/Fe(Mn) ratio decreases to 1.38 and 1.27 suggesting the 

formation of Fe3-x(Mn)xO4 as the N2 flow is increased to 350 L/h and 650 L/h, 

respectively.  

 

Figure 4.2.1: (a) SEM image of a Fe-O foam prepared at a nitrogen flow rate 

of 180 L/min. SEM image of Fe-Mn-O foams prepared under a nitrogen flow 

rate of (b) 180 L/h (c) 350 L/h and (d) 650 L/h. 

Sample Mn (at.%) Fe (at.%) O (at.%) 

Fe-O (180 L/h) 0 39 61 

Fe-Mn-O (180 L/h) 12 28 60 

Fe-Mn-O (350 L/h) 16 26 58 

Fe-Mn-O (650 L/h) 18 24 56 

Table 4.2.2: EDX composition of the foams produced from the Fe-containing 

slurry at a N2 flow of 180 L/h and from the FeMn-containing slurry at a N2 flow 

of 180, 350 and 650 L/h. 
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To shed light on the microstructure of the open-cell foams X-ray diffraction was 

carried out (Figure 4.2.2). As suggested by EDX analyses, the foams produced 

from the Fe-containing slurry are composed of α-Fe2O3. On the contrary, the 

XRD of the foams produced from the FeMn-containing slurry are a mixture of 

α-Fe2O3, FeMnO3 and Fe2MnO4 phases. Phase contributions and cell 

parameters estimated by Rietveld refinement are listed in Table 4.2.3. Sintering 

the FeMn-containing foams at higher N2 flow results in larger amounts of 

Fe2MnO4. As can be observed in Table 4.2.3, the amount of Fe2MnO4 increases 

from 8.5 to 74 % when increasing the N2 flow from 180 to 650 L/h. Accordingly, 

the Fe2O3 phase percentage decreases from 60 to 26 %. FeMnO3 only forms 

under a N2 flow of 180 L/h.  

 

 

Figure 4.2.2: XRD patterns of the Fe-O foam produced at N2 flow of 180 L/h 

and Fe-Mn-O foams produced at a N2 flow of 180, 350 and 650 L/h. 
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Alloy Phase Cell parameters (Å) % 

Fe-O (180 L/h) hematite Fe2O3 a = 5.036; c = 13.748 100 

Fe-Mn-O (180 L/h) 

hematite Fe2O3 a = 5.038; c = 13.741 60 

bixbyite FeMnO3 a = 9.417 31.5 

jacobsite Fe2MnO4 a = 8.489 8.5 

Fe-Mn-O (350 L/h) 
hematite Fe2O3 a = 5.036; c = 13.741 51 

jacobsite Fe2MnO4 a = 8.483 49 

Fe-Mn-O (650 L/h) 
Hematite Fe2O3 a = 5.036; c = 13.745 26 

jacobsite Fe2MnO4 a = 8.5028 74 

Table 4.2.3: Phase percentage and cell parameters of the obtained foams 

 

4.2.3.2. Magnetic properties 

Figure 4.2.3 shows the hysteresis loops of the open-cell porous foams 

produced from the Fe- and FeMn-containing slurries at different nitrogen flow 

rates. A linear magnetization versus field behavior (reaching 0.6 emu/g for an 

applied field of 20 kOe) was observed in the Fe-O foams, in agreement with 

the reported behavior for antiferromagnetic α-Fe2O3. Clear hysteresis loops are 

observed in the FeMn-containing foams as a result of the ferrimagnetic 

character of the Fe2MnO4 phase, which exhibits a theoretical saturation 

magnetization, Ms, of 77 emu/g [32]. The FeMnO3 phase, present in the foam 

produced at a N2 flow of 180 L/min, exhibits a weakly ferrimagnetic response 

with Ms ~ 0.23 emu/g [33]. Accordingly, the saturation magnetization of the 

FeMn-containing foams ranges from 5 emu/g to 52 emu/g depending on the 

amount of Fe2MnO4. For instance, an Ms value of 37.7 emu/g would be 

expected for a foam produced under a N2 flow of 350 L/h as it contains 49 % 

of Fe2MnO4. The observed Ms in this case (40 emu/g) is in quite good 

agreement with the expected value. The foam produced under a N2 flow of 650 

L/h has Ms = 52 emu/g which is also in good agreement with the theoretically 

calculated value (57 emu/g).  
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Figure 4.2.3: Hysteresis loops of four kinds of open-cell porous foams 

produced from the Fe- and FeMn-containing slurries at different nitrogen flow 

rate.  

 

4.2.4 Conclusions 

Highly porous foams with high surface area and homogeneous open-cell 

structure have been obtained by the replication process using polyurethane 

templates. The foams produced from the Fe-containing slurry consist of α-

Fe2O3, independently of the N2 flow. On the contrary, the phase composition of 

the foams produced from the FeMn-containing slurry can be tuned by adjusting 

the N2 flow. The main phases of the Fe-Mn-O foams sintered under a N2 flow 

of 180 L/h are α-Fe2O3 and FeMnO3 with minor content of Fe2MnO4. Increasing 

the N2 flow to 350 L/h results in a mixture of α-Fe2O3 and Fe2MnO4. The amount 

of manganese ferrite is further increased at a flow rate of 650 L/h. Hence, 

addition of Mn as well as the adjustment of the N2 flow allows tailoring the 

magnetic response of the foams from practically non-magnetic to ferrimagnetic. 
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Chapter 5: General discussion  

Given the exceedingly fast degradation rates of Mg-based biodegradable alloys 

and the relatively low strength of biodegradable polymers, this Thesis aimed at 

developing Fe-based alloys that could be at the same time biodegradable and 

exhibit outstanding mechanical properties and biomechanical compatibility. 

Previous works from the literature had shown that the Fe-Mn system (with 

eventual addition of Pd) could fulfill both requirements. Moreover, for sufficiently 

high Mn contents, these alloys became non-ferromagnetic, thus being 

appropriate for biomedical implants applications, where diagnosis techniques 

like MRI or NMR (whose results are prone to be influenced by spurious 

magnetic signals) are often required. Taking into consideration this conceptual 

framework, two quaternary Fe-based alloys with presumably improved 

properties were designed and subsequently prepared by arc melting followed 

by copper mold suction casting. These techniques were selected to optimize 

the mixture of all metallic elements (and hence achieve a homogeneous 

composition) while reducing the grain size which typically renders high 

hardness values. The addition of 1wt.% of Pd to the ternary Fe-30Mn-6Si was 

expected to increase its degradation rate because of the formation of small and 

homogeneously dispersed Pd-rich precipitates, which were indeed observed 

by electron microscopy. In turn, the addition of 6 wt.% of Si to the ternary Fe-

10Mn-1Pd, besides increasing the strength of the alloy, it was expected to 

eventually aid the healing process and to help the immunologic system, as 

silicon is an essential mineral in the human body. In previous works, only the 

binary Fe-Mn and ternary Fe-Mn-Si and Fe-Mn-Pd alloys had been 

investigated and, hence, the idea of our work was to produce quaternary alloys 

that could take advantage of all the aforementioned properties in a synergetic 

manner. Since the Fe-30Mn6Si1Pd alloy was found to be non-ferromagnetic 

and exhibit the appropriate transformation temperature and microstructure, it 

might be used as self-expandable stents taking advantage of the 

superelasticity effect, thus minimizing the risk of damaging the vascular tissue 

due to inflammation reactions produced by the balloon expansion in 
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conventional stenting procedures that employ non-superelastic materials. This 

alloy could also find applications as orthopedic implants. However, the 

biodegradation of this material was found to be hampered by the formation of 

surface corrosion products. Thus, at least in static immersion conditions and in 

its fully dense form, the alloy cannot be considered to be truly biodegradable. 

Introduction of porosity and/or using this material in dynamic conditions 

(moving bodily fluids) could be two strategies to enhance the observed 

degradation rates. Remarkably, this alloy, in its bulk, fully-dense form, was not 

cytotoxic. 

Similarly, the Fe-10Mn6Si1Pd alloy was not found to be fully biodegradable and, 

in addition, it exhibited a clear ferromagnetic behavior, which would preclude 

its use for biomedical implant applications. Nonetheless, given its non-cytotoxic 

characteristics, this alloy could be used as a building block in magnetically 

(wirelessly)-actuated microrobots platforms (e.g., for drug delivery or biological 

labeling, if properly functionalized and combined with drugs or 

photoluminescent materials).  

An aspect of interest from our studies is that while indirect studies performed 

in the presence of the Fe-10Mn6Si1Pd alloy showed that this material is not 

cytotoxic by itself, cracking and oxide formation (stemming from surface 

corrosion) hinder cell adhesion and proliferation. Conversely, Fe-30Mn6Si1Pd 

can be considered as cytocompatible because Saos-2 cells can adhere and 

proliferate on its surface and the alloy is non-hemolytic. This further 

demonstrates the potential of the Fe-30Mn6Si1Pd for bioimplant applications.  

In terms of biomechanical compatibility, one of the requirements to avoid stress 

shielding effect and provide good osseointegration is to use materials with a 

Young’s modulus close to that of the human bone (from 3-20 GPa). The 

formation of porous oxide layers at the surface of the investigated alloys results 

in relatively low Young’s modulus, not far from that of bone. As degradation 

takes place slowly (complete degradation of the implant might be expected at 

24 months) the absence of mismatch between the bone and the implant is 

necessary. Interestingly, our results reveal that the progressive degradation of 

the alloys is accompanied with a reduction of Young’s modulus, hence 
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enhancing the mechanical compatibility. Furthermore, porosity could be 

expected to also improve osseointegration, as the bone can grow inside the 

pores, while also accelerating the slow degradation rates.  

To tackle these issues, porous Fe-30Mn6Si1Pd 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. A carefull design of the 

alloy’s composition is required to avoid ferromagnetic properties during the 

whole degradation process which, as aforementioned, would hinder the 

utilization of NMR or MRI techniques, required to monitor the patient's recovery 

after surgery. Our results on this porous alloy reveal that both hardness and 

Young’s modulus tend to increase for immersion periods up to 14 days 

(probably because of the formation of mechanically-hard corrosion products 

like  oxides and hydroxides which progressively tend to fill the pores). However, 

for longer immersion times, the structural coherence reduces, resulting in lower 

Young’s modulus. Remarkably, Er of all the porous alloys reaches 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. 

Furthermore, porosity increases the overall available surface area of the 

material to the corrosive environment and, at the same time, acts as defects, 

thereby enhancing the degradation of the specimens. However, this porous Fe-

based material faces the challenge of allowing for cell viability and proliferation. 

The high corrosion and degradation rates of the porous disks’ surface causes 

thin layers of material to quickly detach from the alloys surface, preventing cell 

adhesion during the first 24 h of culture and precluding the assessment of 

cytotoxicity in cells growing directly onto the alloys. For this reason, indirect 

tests in conditioned medium were used to assess cytotoxicity. While the bulk 

alloy was clearly not cytotoxic, neither in terms of cell viability nor in terms of 

cells proliferation, the Fe-30Mn6Si1Pd-40%NaCl had a cytotoxic effect. This 

toxicity is mainly due to the fast ion release from the porous alloy compared to 

the bulk one.  

In order to improve the biocompatibility of the Fe-Mn-Si-Pd system, we 

deposited brushite and hydroxyapatite coatings on the surface of a Fe-10Mn-
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6Si-1Pd alloy. Preliminary results on the formation of these layers by 

electrodeposition (not previously attempted in the literature onto Fe-based 

alloys) revealed that oriented hydroxyapatite nanoplates could be directly 

grown by electrodeposition with no need of subsequent thermal or solution 

treatments. The obtained results make the coated FeMnSiPd alloys potential 

candidate materials to be utilized in the biomedical field. However, one of the 

drawbacks of the electrodeposited coatings when compared to those obtained 

by other synthesis techniques (e.g., sputtering, plasma spraying, laser 

deposition) is their relatively bad adhesion to the substrate. To overcome this 

drawback, pulsed current electrodeposition was used instead of direct current 

electrodeposition. The adhesion of the coatings, evaluated by scratch tests, 

was significantly better and delamination or failure were not detected. In 

addition, by tuning the deposition time and the composition of the bath, coatings 

with different amounts of brushite and HAp phases could be obtained. 

Electrodeposition of these coatings generally resulted in needle-, rod- or plate-

like morphologies leading to porous structures. As a result, the measured 

Young’s modulus and hardness are lower than those of fully-dense coatings 

with analogous compositions, hence again approaching the values of both 

parameters to those of cortical bone.  

During the process of attempting to increase the porosity of Fe-based alloys, 

we found that pronounced oxidation took place at the surface of these alloys. 

To extend these results, we developed a new procedure to purposely obtain Fe 

and Fe-Mn oxides open cell foams from metallic Fe and Mn powder precursors 

by the replication method using porous polyurethane templates. The obtained 

foams could be appealing for a wide range of applications, such as 

electromagnetic absorbers, catalysts supports, thermal and acoustic insulation 

systems or wirelessly magnetically-guided porous objects in fluids. Fe or Fe-

30Mn oxides were selected as target compositions. Magnetic characterization 

revealed that antiferromagnetic hematite (α-Fe2O3) foams were obtained from 

the metallic iron slurry independently of the N2 flow. However, the saturation 

magnetization of the foams containing Mn increased from 5 emu/g to 52 emu/g 

when increasing the N2 flow rate (i.e., the amount of Fe2MnO4). Hence, addition 
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of Mn as well as the adjustment of the N2 flow allows tailoring the magnetic 

response of the foams from practically non-ferrimagnetic to ferrimagnetic. 

Still dealing with magnetic properties, further experimental work was also 

performed to adjust the surface state of non-magnetic Fe-based metallic 

glasses. We applied the FSPLI method to create periodic magnetic patterns at 

the surface of a non-ferromagnetic amorphous Fe-based alloys. The origin of 

the observed ferromagnetism is the FSPLI-induced surface devitrification of the 

non-magnetic amorphous steel. Among the various generated crystalline 

phases were ferromagnetic -Fe and Fe3C, and ferrimagnetic (Fe,Mn)3O4 and 

Fe2CrO4. The occurrence of periodic arrays of submicron magnetic structures 

was evidenced both by magnetometry measurements and by magnetic force 

microscopy imaging. In addition, much smaller nanoripples (of a few tens of nm 

in lateral size) were also generated during the FSPLI process, which is 

consistent with the coupling of the incident electromagnetic radiation with 

plasmon charge oscillations. Besides magnetic aspects, this topological 

surface modification is also appealing for other practical applications, since it 

has been reported to cause an increase of the corrosion resistance of steel, to 

induce superhydrophobicity in several alloys and to improve the intrinsic 

plasticity in certain types of metallic glasses. Both the generated 

ferromagnetism and the resulting tribological/adhesion properties could make 

it possible to use this material for biological and magnetic recording 

applications. 

Besides all these aforementioned applications, porous Fe-based alloys could 

also be employed in environmental healing technologies. Fully nanoporous Fe-

rich alloy, prepared by selective dissolution of melt-spun Fe43.5Cu56.5 ribbons, 

was prepared to be an excellent heterogeneous Fenton catalyst towards the 

degradation of MO in aqueous solution. This material was also ferromagnetic 

and could thus be wirelessly manipulated towards specific locations within 

polluted wastewater. Remarkably, the effectiveness of this nanoporous material 

surpassed the results obtained from homogeneous Fenton reaction using an 

equivalent concentration of Fe cations released into the media from the 

nanoporous alloy. The different factors that promoted the observed high 

catalytic activity (i.e., the enhanced surface area stemming from the 
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nanoporosity, the ability of this material to generate surface hydroxyl radicals, 

the regeneration of Fe2+ at its surface, and the sustained release of ferrous ions 

into the solution) have been thoroughly discussed in this Thesis. One weak 

point of this kind of material is the recyclability as the leaching of Fe ions during 

the Fenton reaction causes irreversible modifications in the material. 

In summary, from a very general perspective, this Thesis tackles different 

synthetic approaches to obtain Fe-based multifunctional alloys, mainly focusing 

on biomedical and environmental applications (hence going beyond the 

conventional structural applications of Fe-based alloys like steels), and with 

emphasis on the design of composition and morphology to tailor both the 

mechanical and magnetic properties of the resulting materials. Non-

conventional material architectures, like porous foams or 3D interconnected 

metal nanoporous framework, prepared by different approaches, are shown to 

be appealing to achieve specific target properties which cannot be easily 

accomplished with current Fe-based alloys.  
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Chapter 6: Conclusions  

The following conclusions can be drawn from this Thesis: 

 Two new Fe-based alloys, Fe-10Mn6Si1Pd and Fe-30Mn6Si1Pd, have 

been fabricated by arc melting followed by copper mold suction casting. 

Compared with the ferromagnetic Fe-10Mn6Si1Pd alloy, Fe-30Mn6Si1Pd 

remains non-ferromagnetic even after long-term immersion, hence 

allowing its use in the orthopedic field because of the compatibility with 

NMR and MRI techniques. Both Fe-10Mn6Si1Pd and Fe-30Mn6Si1Pd 

alloys exhibit larger hardness and lower Young’s modulus compared to 

other Fe-based materials (e.g. austenitic steels). In terms of 

biocompatibility, the more hydrophilic character of the Fe-10Mn6Si1Pd 

alloy favors the initial cell adhesion. However, the formation of a cracked, 

loosely attached, oxide layer in this case, facilitates a pronounced ion 

release, hence hampering cell proliferation on the surface of this alloy to 

some extent. On the contrary, the Fe-30Mn6Si1Pd alloy shows good cell 

proliferation. 

 By increasing the amount of NaCl from 10 to 40 wt.%, the porosity of the 

Fe-30Mn6Si1Pd alloys increases and the Young’s modulus decreases 

from 55 GPa to 7 GPa, hence matching the Young’s modulus of human 

bone (i.e., enhancing biomechanical compatilibity). Furthermore, Fe-

30Mn6Si1Pd alloys produced from 10 wt.% and 20 wt.% NaCl cannot be 

considered to be cytotoxic. However, alloy produced from 40 wt.% NaCl 

has a strong cytotoxic effect from day 3 of cell culture. Hence, the faster 

and higher corrosion and ion release from highly porous specimens 

compromise the biocompatibility of this highly porous alloy. 

 Porous CaP coatings with different amounts of brushite and HAp phases 

onto Fe-10Mn6Si1Pd substrates have been prepared by pulsed current 

electrodeposition. Because of the porous morphology of the coatings, the 

measured Young’s modulus and hardness are lower than those of fully-

dense coatings with analogous compositions, hence approaching the 
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values of both parameters to those of cortical bone. Delamination or failure 

of the coatings were not detected during scratch tests, thus corroborating 

the good adherence of the coatings to the Fe-based alloy surface. 

 Highly porous Fe and Fe-Mn oxides foams with high surface area have 

been obtained by the replication process using polyurethane templates. 

The results reveal that antiferromagnetic hematite (α-Fe2O3) foams are 

obtained from the Fe-containing slurry independently of the N2 flow. 

However, the saturation magnetization of the foams containing Mn 

increases from 5 emu/g to 52 emu/g when increasing the N2 flow rate from 

180 L/h to 650 L/h. Hence, addition of Mn as well as the adjustment of the 

N2 flow allows tailoring the magnetic response of the foams from practically 

non-magnetic to soft ferrimagnetic. 

 Fully nanoporous Fe-rich ribbons have been obtained by selective 

dissolution of the fcc-Cu phase from phase-separated Fe43.5Cu56.5 ribbons. 

These nanoporous ribbons are very efficient in degrading MO in an 

aqueous solution at pH 3, thus acting as an efficient heterogeneous Fenton 

catalyst. The ferromagnetic properties of these dealloyed ribbons can be 

used to magnetically guide them toward specific locations in polluted water 

tanks to degrade organic matter. 

 FSPLI was used to form periodic ripple and nanoripple patterns of sub-

micrometer-sized magnetic structures at the surface of non-ferromagnetic 

amorphous steel. The occurrence of the ferromagnetic properties is 

associated with the laser-induced devitrification of the glassy structure to 

form ferromagnetic (α-Fe and Fe3C) and ferrimagnetic [(Fe,Mn)3O4 and 

Fe2CrO4] phases. Nanoripples are consistent with the coupling of the 

incident electromagnetic radiation with plasmon charge oscillations. The 

observed variations in adhesion force can be particularly important for 

certain applications like traps for magnetic nanoparticles, where an 

exceedingly hydrophobic surface would not be desirable. 
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Chapter 7: Future perspectives 

New promising future perspectives are envisaged based on the results 

achieved in this Thesis. In the following, issues which deserve more attention 

in the near future are briefly summarized: 

• The preliminary degradation tests carried out in the fully-compact Fe-

based alloys seem to point out that the degradation rate of these alloys 

might still be too slow. To ensure that these materials could be used as real 

biodegradable implants, more detailed studies (i.e. dynamic immersion 

tests, in-vivo experiments, long-term degradation tests) should be carried 

out. Other methodologies could also be considered to further improve the 

degradation rate of these Fe-based alloys, such as addition of a second 

phase, surface modification or the use of other processing methods.  

• It has been proved that the introduction of different degrees of porosity 

enhances the mechanical compatibility between an eventual implant and 

the neighboring bone tissue (section 3.2). The influence of the pore shape 

and size on the resulting mechanical properties, cell adhesion and 

proliferation response could also be explored. Other porogens (different 

than NaCl) could be used for such a purpose. 

• Electrodeposition has been proved to be useful to grow brushite and HAp 

coatings at the surface of Fe-based alloys. The cellular response onto 

these coatings (so far grown on Fe-10Mn6Si1Pd alloy) remains 

unexplored. Cell adhesion and cell proliferation tests could be carried out. 

Potentiodynamic polarization studies and ion release experiments could 

also be performed to determine the corrosion rates of the CaP-coated Fe-

based alloy. 

• Either annealing of the as-sintered Fe-Mn-O foams or sintering in H2-

containing atmosphere could be implemented to obtain single phase 

Fe2MnO4 with larger ferrimagnetic response or even the metallic Fe-Mn 
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phase. Additional experiments could be carried out to test their 

performance as catalysts. 

• The influence of voltage, temperature and time on the composition of 

dealloyed FeCu ribbons can be further studied. Extrapolation to bulk FeCu 

and sputtered FeCu thin films could be explored to obtain bulk nanoporous 

alloys or nanoporous thin films for diverse applications. 
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