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Chapter 3: Results: 
compilation of articles 

In this Chapter, the results derived from the Thesis are presented as a 

compilation of articles. An extended abstract is included before each 

publication. A thorough discussion of the results is provided in the articles 

themselves. 
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3.1 Novel Fe-Mn-Si-Pd alloys: insights on mechanical, 
magnetic, corrosion and biocompatibility performance  

In this article, we report on the design, fabrication and characterization of two 

new Fe-Mn-Si-Pd alloys. Based on recent in-vitro and in-vivo experiments, Fe-

Mn based alloys have established as promising materials for biomedical 

applications. Depending on the Mn content, these alloys can be either 

ferromagnetic or non-ferromagnetic. Addition of Pd and Si can improve the 

biodegradability rates and enhance the resulting mechanical properties. In 

spite of previous works on this topic, the evolution of the structure and 

physical/chemical properties (mechanical, magnetic, wettability, corrosion 

performance, etc.) in the presence of simulated body fluids (i.e., during the 

course of biodegradation) have been rather overlooked. The cytotoxic effects 

of ion release during immersion tests and the consequences of surface 

oxidation and biodegradation on cell adhesion and proliferation are additional 

aspects that need to be investigated in detail for the subsequent use of this 

type of materials. 

The present study focuses on the synthesis and characterization of 

ferromagnetic Fe-10Mn6Si1Pd and shape memory, paramagnetic Fe-

30Mn6Si1Pd alloys (weight composition). The mechanical, magnetic, corrosion 

resistance, wettability and biocompatibility properties of these new materials, 

before and during the course of immersion tests in Hanks’s solution, are 

investigated. From the biological point of view, both cytotoxicity and cell 

proliferation are analyzed in detail. Our results reveal that while the Fe-

10Mn6Si1Pd alloy is ferromagnetic, Fe-30Mn6Si1Pd remains non-

ferromagnetic both in the as-cast state and after short- and long-term 

immersion tests in Hank’s solution. Both alloys exhibit outstanding mechanical 

properties compared to other Fe-based materials (e.g., larger hardness and 

lower Young’s modulus than austenitic steels). From a biological viewpoint, 

both Fe-10Mn6Si1Pd and Fe-30Mn6Si1Pd are initially biocompatible. The 

more hydrophilic character of the Fe-10Mn6Si1Pd alloy (as assessed by 

wettability tests) favors the initial cell adhesion. However, the formation of a 

cracked, loosely attached, oxide layer in this case, facilitates a pronounced ion 
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release, hence hampering cell proliferation on the surface of this alloy to some 

extent, as compared to Fe-30Mn6Si1Pd. 

From the obtained results, both alloys emerge as potential candidate materials 

to be utilized in the biomedical field. While the Fe-10Mn6Si1Pd alloy could be 

used for magnetically (wirelessly)-actuated microrobots (e.g., for drug delivery), 

the Fe-30Mn6Si1Pd alloy could find his spot in the orthopedic field because its 

non-magnetic character would make it compatible with NMR and MRI analyses. 
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Fig. 1S: EDX elemental mapping of the Fe-30Mn6Si1Pd alloy. Mainly 3 regions 

are distinguished: light grey dendrites (enriched in Fe), darker regions slightly 

enriched in Si and Mn and small Pd-rich precipitates randomly distributed within 

the darker grey areas.  
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Fig. 2S: DSC curves of the Fe-30Mn6Si1Pd alloy. The austenite finish and start 

temperatures, and the martensite start and finish temperatures are 

Af ≈ 250 °C, As ≈ 150 °C, Ms ≈ 58 °C and Mf ≈ −30 °C, respectively. 
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Fig. 3S: Cross section SEM images after 4 months immersion in Hank’s 

solution of (a) Fe10Mn6SiPd and (b) Fe30Mn6SiPd alloys. 
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Fe-10Mn6Si1Pd after 1 month in Hank’s solution 

 

Fe-10Mn6Si1Pd after 4 months in Hank’s solution 

 

Fe-30Mn6Si1Pd after 1 month in Hank’s solution 

 

 

Fig. 4S: Cross section SEM images of Fe-10Mn6Si1Pd (after immersion in 

Hank’s solution for 1 and 4 months) and Fe-30Mn6Si1Pd alloy (after immersion 

in Hank’s solution for 1 month) together with the element distributions of O, Si, 

Fe, Ca, P, Mn and Pd. 
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Fig. 5S: XRD analyses of the two quaternary alloys in the as-cast states and 

after 1, 2 and 4 months of immersion in Hank’s solution.   
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Fig. 6S: Load-unload nanoindentation curves of the Fe-10Mn6SiPd and Fe-

30Mn6SiPd alloys measured to a maximum load of 500 mN. 
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Fig. 7S: Stress-strain compression curves performed on the Fe-10Mn6Si1Pd 

and Fe-30Mn6Si1Pd alloys, at a strain rate of 2 x 10-4 s-1. 
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Fig. 8S: Saos-2 cells cultured on the vicinity of Fe-10MnSiPd alloys (indirect 

study). Cell viability on (a-c) Fe-10MnSiPd and (b-d) control at: (a,b) 1 day, (c,d) 

3 days. Live cells stained in green and dead cells stained in red. 
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3.2 Mechanical properties, corrosion performance and cell 
viability studies on newly developed porous Fe-Mn-Si-Pd 
alloys  

In this article, 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, as space holding material, rendering different 

porosity degrees. The obtained open-cell porous Fe-30MnSiPd materials are 

compared with the bulk fully-compact one synthesized by arc-melting and 

subsequent copper-mold suction-casting (described in Section 3.1). Based on 

recent in-vitro and in-vivo experiments, non-magnetic Fe-30Mn based alloys 

have established as promising materials for biomedical applications (i.e., in the 

orthopedics field). However, the mismatch between the mechanical properties 

of the implant and those of bone, together with their slow degradation into the 

human body, are some aspects that must be further improved. It is therefore 

the aim of this work to increase the degradation rate and to lower the Young’s 

modulus of a fully-compact Fe-30Mn6Si1Pd alloy by introducing different 

degrees of porosity. 

The evolution of the microstructure, the mechanical and the magnetic 

properties during the course of immersion experiments has been investigated. 

The eventual cytotoxicity of all these alloys has also been assessed in terms of 

cell viability and cell proliferation.  

Our results reveal that by increasing the amount of NaCl from 10 to 40 wt.%, 

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

Young’s modulus of human bone. While the porous Fe-30Mn6Si1Pd alloys 

only consist of γ-austenite, their fully-compact counterpart comprises ε-

martensite and γ-austenite phases. In all cases, the low magnetic susceptibility 

response assures good compatibility with nuclear magnetic resonance and 

magnetic resonance imaging techniques. 

The biodegradation performance was evaluated by static immersion and 

electrochemical corrosion tests in Hank’s solution. The order of the corrosion 
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rate is Fe-30Mn6Si1Pd-40%NaCl > Fe-30Mn6Si1Pd-20%NaCl > Fe-

30Mn6Si1Pd-10%NaCl > Fe-30Mn6Si1Pd. 

Concerning cytotoxicity, the bulk fully-compact and the alloys produced from 

10 and 20 % of NaCl are not cytotoxic. However, the alloy obtained from 

40%NaCl becomes cytotoxic. From this work, it can be concluded that the 

faster and higher corrosion and ion release from exceedingly porous 

specimens compromise their biocompatibility. Hence, low porosities are 

recommended. 
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Fig. S1: XRD of the Fe-Mn-Si-Pd powders after 1, 3 and 15 hours of milling. 



   Chapter 3: Results: compilation of articles  

110 

 

 

 

Fig. S2: SEM image of the ball milled powders for a) 1 hour and b) 15 hours. 

C) Lorentzian fit of the size histogram of the ball milled powders for 1, 3 and 15 

hours. 
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Fig. S3: Dependence of the magnetization as a function of applied magnetic 

field for fully-compact, as-cast Fe-30Mn6Si1Pd and porous Fe-30Mn6Si1Pd-

10%NaCl, Fe-30Mn6Si1Pd-20%NaCl and Fe-30Mn6Si1Pd-40%NaCl alloys 

after immersion in Hank’s solution for 30 days. 
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Fig. S4: Reduced Young’s modulus (Er) and hardness (H) for as-prepared Fe-

30Mn6Si1Pd, Fe-30Mn6Si1Pd-10%NaCl, Fe-30Mn6Si1Pd-20%NaCl and Fe-

30Mn6Si1Pd-40%NaCl before and after immersion in Hank’s solution for 30 

days. 
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Fig. S5: Alloy surface degradation 24 h after cell seeding: (a) macroscopic view 

of Fe-30Mn6Si1Pd-40%NaCl alloy degradation (b) debris released from Fe-

30Mn6Si1Pd-10%NaCl alloy under an inverted microscope. Scale bar: 100 µm. 

The inset in (a) shows the formation of an heterogeneous corrosion layer on 

the alloy surface. 
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Fig. S6: Living (green) and dead (red) cells after 24 h of cell culture with 

conditioned medium. A confluent cell monolayer can be seen in control culture 

whereas cultures incubated with conditioned medium formed subconfluent 

monolayers. Images were obtained under a flourescence microscope. Scale 

bar: 100 µm.  

 

  




