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ARTICLE INFO ABSTRACT

Handling editor:P.Y. Chen Fe-Mn alloys were produced for bioresorbable applications using the laser powder bed fusion (LPBF) process with

varying process parameters. The feedstock alloy powder for LPBF was derived from conventional cast/forged

Keywords: bars using plasma ultrasonic atomization. Additionally, a conventionally produced Fe-Mn alloy with the same
Fe-Mn alloy ) composition was investigated to compare material properties. The influence of the processing route and LPBF
la_ser powder bed fusion process parameters on microstructure evolution, particularly the formation of X boundaries, was examined and
bioresorbable . . . . . . s .

microstructure correlated with the observed corrosion rate obtained from potentiodynamic curves in Hank’s solution. The

concentration of released Fe and Mn ions after immersion tests in lactic acid was also evaluated. The initial
corrosion mechanism of the LPBF alloy was elucidated through X-ray photoelectron spectroscopy (XPS).
Furthermore, in vitro tests were conducted using MG-63 human osteoblast-like osteosarcoma cells to assess the
biocompatibility response. The present study established a correlation between microstructure and corrosion
rate, while the biocompatibility tests affirmed the suitability of additively manufactured Fe-Mn alloys for bio-

corrosion behaviour
biocompatibility

resorbable applications.

1. Introduction

Bioresorbable metals and their alloys represent a step forward in
medical implant applications due to their ability to degrade inside the
body. As such, they can serve as temporary cardiovascular, orthopaedic
or bone substitutes with no need for revision surgery and removing the
permanent implants [1,2]. Magnesium, zinc, iron and molybdenum, as
well as their alloys, are among the most studied bioresorbable metallic
materials. All of them have some advantages (Mg-based alloys have
healing effect and similar mechanical properties to bone, Fe-based alloys
have extreme mechanical properties) and disadvantages (degradation of
Mg-based alloys causes excess of gas, Fe-based alloys degrade too
slowly); therefore, they are used for various medical application studies
[3].

The research of Fe-based alloys as bioresorbable materials has made
considerable progress in recent years. However, preparing material with
all the desirable requirements regarding mechanical properties, non-
magnetic microstructure (suitable for magnetic resonance imaging

(MRYI)), biocompatibility, degradation rate, and production suitability is
still challenging. The main disadvantage of Fe-based bioresorbable al-
loys still remains their slow degradation, which is the focus of numerous
research studies [2,4,5]. In order to achieve non-magnetic phase
(y-austenite) enabling MRI compatibility, it is crucial to establish the
appropriate Mn-C ratio. Manganese demonstrates weak passivity char-
acteristics and forms an unstable MnO film, leading to increased
corrosion current (icorr) and reduced corrosion potential (Ecor) values
[6]. When added as an alloying element, carbon can stabilise austenite
and strengthen the matrix through solid solution strengthening. Spe-
cifically, for alloys containing less than 25 wt.% manganese to maintain
stable austenite at room temperature, the creation of &’- and
o’-martensite needs to be suppressed. Introducing approximately 0.6 wt.
% of carbon facilitates the development of carbide-free austenitic
structures, effectively preventing the formation of a-martensite. None-
theless, incorporating carbon in higher quantities leads to the formation
of carbides (M3C) [7]. Hermawan et al. [8-10] reported on the various
Fe-Mn alloys with 20-35 wt.% Mn with suitable corrosion and
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non-magnetic behaviour. Lee et al. [11] reported that the nonmagnetic y
phase is reached around 28 wt.% Mn and C content above 0.02 wt.%.
The use of nonmagnetic carbonless Fe-Mn alloy requires a larger per-
centage of Mn. However, this creates challenges for the LPBF process
because the high amount of Mn results in increased evaporation [12].
The studies in the literature are therefore mostly focused on alloying
with Mn and C [4,13-17] as well as the addition of other alloying ele-
ments: Pd, Ag, S, Cu and B to promote the corrosion rate [5,18,19], Ca
and Mg for enhanced biocompatibility and lower cytotoxicity [20].
Mandal et al. [19] reported that adding Cu also acts as an antimicrobial
agent, stabilises austenite, and causes better osteogenesis and new bone
formation. The addition of Ag increases the corrosion rate [21,22] and
antimicrobial properties of the alloy, although its antimicrobial role
remains controversial. Some studies confirmed antibacterial activity
[21] and improved resistance to infections [23], while Liu et al. [24]
observed no effect on antimicrobial properties with the addition of Ag.
Fe-Mn alloys are further known for their relatively good degradation in
vitro, while in vivo, they show a low degradation rate due to differences
in testing conditions and actual implant environment [25].

Another important issue addressing the material’s degradation
behaviour is the processing route. The majority of studies have been
performed on conventionally produced Fe-Mn alloys [18,19,23,26,27],
and only recently have some studies been performed on LPBF-processed
alloys [12,28-32]. LPBF enables the fabrication of patient-specific im-
plants as well as structures with large surface-to-bulk and porous
structures, which increase the degradation rate [28-31]. The
LPBF-processed Fe-Mn alloys can be produced from pure elemental
powders [12,30] prepared by mechanical mixing and alloy powders
[28-33]. Using pure elemental powders causes high evaporation of Mn
and the difficulties of obtaining a homogeneous structure with only
y-austenite phase [12,30]. Studies of the corrosion rate have shown that
with an increased amount of Mn, the corrosion rate increases due to a
change in the oxide layer behaviour [34]. Carluccio et al. [29] studied
corrosion products on LPBF Fe-Mn scaffold and reported different
products depending on the scaffold position. They found areas rich in P
and Ca and also areas with higher Fe-oxide and Mn-oxide concentra-
tions. Gambaro et al. [26] investigated corrosion products by XPS and
reported the formation of a barrier layer ((Fe,Mn)COs) for corrosion.

Results of biocompatibility tests on LPBF Fe-Mn material using
MC3T3-E1 mouse preosteoblast cells [29,31,35] and human vascular
muscle cells [28] have also been reported, with promising results. The
biocompatibility of new biomaterials in the material research phase is
first tested in vitro with different cell lines, as implantable biomaterials
should be non-cytotoxic and should allow good cell adhesion, which is
crucial for the proliferation and spreading of cells on the surface of the
implant [36]. Biomaterials being developed for various biomedical ap-
plications can be tested with respect to osteoblast adhesion and viability
[37,38].

Although the literature studies include many Fe-Mn-C systems with
different element additions, the compositions of around 30 wt.% Mn and
1 wt.% C are among the most studied [28,39,40] due to their LPBF
suitability and ability to obtain the desired properties. Therefore, the
present work is focused on the basic Fe-Mn-C to provide a comprehen-
sive understanding of biodegradation differences between
LPBF-processed Fe-Mn alloys and conventionally manufactured ones.
The influence of the LPBF process parameters (laser power and laser
scan speed) on the microstructure formation was investigated.
Furthermore, the correlation of the microstructural features, particu-
larly ¥ grain boundaries, on the corrosion rate of LPBF- and
conventionally-processed alloys was examined. Based on the XPS ana-
lyses, the initial corrosion mechanism observed after short-term expo-
sure was proposed. Based on the corrosion results, the main detrimental
impact on the degradation was suggested. The material is developing for
orthopaedic implants and maxillofacial applications for bone recon-
struction. Therefore, the investigation was supported by in vitro
biocompatibility tests and cell analysis, using Hank’s solution and lactic
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acid and MG-63 cells.

2. Materials and Methods
2.1. Materials preparation

The investigated samples were prepared from two LPBF-processed
Fe-Mn alloys. The feedstock alloy powder for LPBF was self-produced
from conventional (cast/forged) bars. Samples from conventional
(cast/forged) material were investigated as well and used as a compa-
rable (control) material.

A conventional, custom-made Fe-Mn alloy was created by adding Mn
and C to pure Fe, melting it in an induction furnace under an air at-
mosphere at around 1700 °C, and then gravity die-cast into 60 mm x 60
mm x 300 mm ingots. The ingots were hot forged from 1100 °C into 25
mm and 10 mm diameter bars. After forging, bars were annealed at 1050
°C for 20 min and quenched in water.

The Fe-Mn pre-alloy for powder preparation was prepared in the
same way as final bars with a diameter of 10 mm as input material for
atomisation. The powder for the LPBF process was prepared by plasma
ultrasonic atomization with the rePowder (AMAZEMET, Poland) ma-
chine. The size of the gas-atomized powders used in this study was
measured by a laser diffraction particle size analyser (Beckman Coulter
LSTM 13 320). The average particle diameter for the Fe-Mn powders was
53.5 pm, with D10, D50 and D90 values of 17.5 pm, 49.2 pm and 95.1
pm, respectively. The average particle size for the Fe-Mn was 52.8 pm,
with D10, D50 and D90 values of 14.5 pm, 48.0 pm and 94.7 pm,
respectively.

Due to high Mn evaporation, the chemical composition of cast and
forged bars was tailored with higher Mn content to reach the final
composition of LPBF alloy around 33 wt.% Mn. The Mn concentration in
the conventionally produced control samples was targeted to the same
value.

An AconityMINI (Aconity3D, Germany) LPBF system, with the single
mode infrared fibre laser (400 W), was employed to produce two
different types of cylindrical samples with a dimension of ¢ 15 mm and
height 20 mm. Laser power of 200 W and 350 W with a scan speed of 400
mm/s and 700 mm/s were used to manufacture two LPBF Fe-Mn alloys
(LPBF 200/400 and LPBF 350/700). The process parameters were
selected so that absorbed energy was exactly the same for both sets of
samples. Samples slice thickness of 30 ym and hatch spacing of 80 ym
were performed. A stripe pattern with a width of 10 mm and a shift
between layers was applied, and the rotation between adjacent layers
was 33°.

The chemical compositions of Fe-Mn cast and forged bars, as well as
powders and LPBF processed samples, were measured by the Optical
emission spectrometer with inductively coupled plasma (ICP-OES) with
the Agilent 720 (Agilent Technologies, USA) and are presented in
Table 1.

2.2. Microstructural Characterisation

A range of standardized analytical techniques were employed to gain
a clear and detailed understanding of the microstructure of metallo-
graphic samples. These included mounting the samples in conductive
Bakelite resin and carefully grinding and polishing them.

Table 1

Content of C and Mn in wt.% (Fe balance).
Material C Mn
cast/forged bars for powder production 1.22 + 0.05 36.2+ 0.3
powder 1.19 + 0.05 33.6 £ 0.3
LPBF alloy (200/400) 1.20 + 0.05 32.8 £0.3
LPBF alloy (350/700) 1.21 £ 0.05 32.7 £0.3
control cast/forged bars 1.18 £ 0.05 325+0.3
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For even greater precision and detailed analyses, a Zeiss CrossBeam
550 FIBSEM field-emission scanning electron microscope (Carl Zeiss,
Jena, Germany), equipped with an EDAX Hikari Super electron-
backscatter diffraction (EBSD) camera and EDAX Octane Elite energy-
dispersive spectroscopy (EDS) detector with APEX software, was used.
This allowed for various analyses, including secondary-electron imag-
ing, EDS and EBSD. In order to achieve the most suitable results, a range
of parameters were employed, including a 15-kV accelerating voltage
and 2.0-5.0 nA probe current for SE images and EDS analyses. For EBSD
analyses, we utilized 70°-tilted samples and a 7.0-nA probe current.

To determine the phase composition, a Panalyitical X’PERT Pro PW
3040/60 goniometer (Netherlands) with Bragg-Brentano geometry was
used to perform X-ray Diffraction (XRD). To achieve the best possible
results, a Cu anode with (K, = 0.154 nm) at 40 mA and 45 kV, with a
scan step time of 100 s at each step, and a 20 goniometer ranging from
15° to 90° with a step size of 0.002° was used.

Finally, the Versa Probe 3 AD (Phi, USA) with a monochromatic Al K,
X-ray source was used to perform photoelectron spectroscopy (XPS). A
charge neutralizer and acquired spectra on a 200 pm analysis spot size
for thick, unconducive oxides on the surface after immersion were used.
Survey spectra were measured at a pass energy of 224 eV and a step of
0.5 eV and high-resolution (HR) XPS spectra at a pass energy of 69 eV
and a step of 0.1 eV using vacuum 3.5 x10”mbar. Three cycles for survey
spectra and at least 15 cycles for all HR spectra measurements were
performed. The carbon C 1s peak with the binding energy (BE) of 284.7
eV was used to correct possible charging effects. The acquired spectra
were processed with MultiPak 9.9.2 ULVAC-PHI software with Shirley
background subtraction. The BE scale accuracy was estimated to be 0.2
eV. High-resolution spectra for C 1s, O 1s, Mn 2p3,, and Fe 2p3,» were
analysed. An Ar" ion sputtering was used to remove the sample’s top
layer. This involved sputtering the sample with 500 V over a1l x 1 mm
area in the middle of the sample with a measured sputtering rate of
approximately 2.6 nm/min of SiO; on the Si wafer. To ensure even
sputtering and prevent ripening, a Zalar rotation was carried out.
Immediately after sputtering, the HR spectra for C 1s, O 1s, Mn 2p and Fe
2p on a spot area in the middle of the sample were obtained.

2.3. Electrochemical and static immersion testing

The additively manufactured samples were evaluated in terms of
corrosion by using potentiodynamic measurements and static immer-
sion tests. All the samples were mechanically prepared with SiC paper up
to 4000 grit and polished to a mirror finish. Before the measurements,
the samples were washed with acetone and deionised water and finished
by air drying. Potentiodynamic curves were recorded in standard Hank’s
solution (8 g/L NacCl, 0.40 g/L KCl, 0.35 g/L NaHCOs3, 0.25 g/L NaH,.
PO4x2H30, 0.06 g/L NazHPO4x2H,0, 0.19 g/L CaCl;x2H;0, 0.41 g/L
MgCly,x6H20, 0.06 g/L MgS0O4x7H50, 1 g/L glucose, pH = 7.8, Sigma-
Aldrich chemicals) by using Potentiostat/Galvanostat BioLogic SP 300
(France) with EC-Lab V11.27 software. A three-electrode system was
used with the examined sample as a working electrode (exposed area of
1 cmZ), a saturated calomel electrode (SCE, 0.242 V vs. SHE) as a
reference electrode and a Pt mesh as a counter electrode. Potentiody-
namic measurements were performed at the scan rate of 1 mV/s by
sweeping the potential from —250 mV vs. OCP until the current density
reached 1 mA/cm? The samples were stabilised at the open-circuit
potential for 1 h prior to the experiment, the measurements were
repeated three times to obtain statistically relevant results, and a scan
rate of 1 mV/s was applied. Static immersion tests were performed by
mounting the specimens in the 0.1 M lactic acid at 37 °C for 7 days
according to ISO standard ISO 10271:2020 [41] (cross-referenced in ISO
22674:2022 [42]). The use of Hank’s solution for corrosion tests is
common for corrosion study of biocompatible metallic materials, while
lactic acid is used in standardised immersion test. The bone implants in
vivo are in contact with both media (Hank’s solution is simulated
physiological solution, lactic acid is present in muscles). The samples
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were gravimetrically assessed by Radwag AS 220.3Y analytical balance
before and after the immersion test. The concentration of dissolved
species was measured after immersion using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Agilent 5800 VDV).

2.4. Biocompatibility testing

The biocompatibility of different Fe-Mn samples was evaluated in
vitro using MG-63 human bone osteosarcoma cells (ATCC® CRL
-1427™) grown on the sample surface. Use of bone osteosarcoma cells is
suitable for orthopaedical and maxillofacial implants study due to get
information of osteointegration of bone tissue during metal degradation.
The surface finishing of all three studied samples was polished with 1p
diamond suspension. Differential staining and fluorescence microscopy
were used to evaluate the adhesion and viability of MG-63 cells. The
morphology of the cells adhered to the samples was examined using a
scanning electron microscope (SEM). Prior to the experiments, the
MycoAlert™ kit (Lonza, Basel, Switzerland) was used to confirm that the
cells were mycoplasma negative. Cells were cultured under controlled
conditions (37 °C, 5 % CO2, 95 % humidity) in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 4 mM L-glutamine, 10 %
(v/v) fetal bovine serum (FBS), and 1 % Penicillin-Streptomycin solution
(Sigma-Aldrich, Steinheim, Germany). Fe-Mn samples were UV-C steri-
lised for 30 minutes and aseptically placed in 12-well plates. Glass
coverslips (Paul Marienfeld, Germany) were used as a control group.
MG-63 cells (2x 10* cells/cmz) were seeded into each well and incu-
bated for 24 hours. After incubation, samples with adhered cells were
rinsed in Dulbecco’s Phosphate-Buffered Saline and stained with 2 pg/
mL Hoechst 33342 (Sigma-Aldrich, Steinheim, Germany) and 2 pg/mL
Propidium iodide (Sigma-Aldrich, Steinheim, Germany) for 20 min. The
stained cells were observed with a fluorescence microscope (Axio
Imager.Z1; Carl Zeiss, Jena, Germany). At least 10 images per sample
were taken randomly at 100x magnification, and each sample was
examined in triplicate. The density and viability of attached cells were
quantitatively analysed using ImageJ software. All results were nor-
malised to the sample surface area. The cell adhesion assay data were
expressed as arithmetic mean + standard deviations (SD) and statisti-
cally analysed using GraphPad Prism software (GraphPad Software, San
Diego, CA) by the ANOVA with multiple comparison post hoc tests. The
p-values less than 0.05 were considered statistically significant.

After fluorescence microscopy, the samples with attached cells were
further prepared for SEM examination, as described in Hocevar et al.
[38]. Briefly, samples with attached cells were fixated with 2.5 %
glutaraldehyde and 0.4 % paraformaldehyde in 1 M Na-phosphate
buffer. After 3 h fixation, the samples were post-fixated by 1 %
Os-tetroxide and dehydrated with ethanol and hexamethyldisiloxane
(HMDS). Dry samples were sputter coated with Au/Pd thin film in Gatan
PECS system. Zeiss CrossBeam 550 FIB-SEM field-emission scanning
electron microscope was used to visualize the attachment pattern and
morphology of adhered MG-63 cells on glass coverslips and different
Fe-Mn samples.

3. Results
3.1. Materials Characterisation

The plasma-ultrasound method was utilized to produce the feedstock
powder for the LPBF process. This resulted in the production of practi-
cally ideal spherical powder particles that were used for the process,
with a size range of 40-70 pm (as shown in Fig. 1(a)). However,
obtaining the desired chemical composition of the final powder particles
was challenging due to the low vapour pressure of Mn, which caused its
evaporation during the atomisation. The SEM/EDS analysis of a large
number of particles showed a high variation in the amount of Mn and Fe
present, which did not depend on the particles’ size or area of analyses.
The amount of Mn in the powder particles varied between 14 and 40 wt.
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Fig. 1. The Fe-Mn powder manufactured by the plasma-ultrasound method: (a) SEM/SE image of powders on graphite tape, (b) cross-section of powders with EDS

chemical analysis, (c-e) elemental distribution of Fe, Mn and O, respectively.

% (as presented in Fig. 1(b)). The distribution of Fe, Mn, and O in the
powder particles was observed through SEM/EDS analysis, and it was
found that Fe and Mn were quite equally distributed in the cross-sections
of the particles. Additionally, a majority of the particles had a thin Mn
oxide noncontinuous layer (as seen in Fig. 1(c)-(e)).

For both permanent and bioresorbable implants, the metallic mate-
rials utilized must be completely compatible with medical diagnostics
such as magnetic resonance imaging (MRI). It is, therefore, absolutely
crucial that these materials are nonmagnetic. Lee et al. [11] reported
that the nonmagnetic y phase is reached around 28 wt.% Mn and C
content above 0.02 wt.%. The use of nonmagnetic carbonless Fe-Mn
alloy requires a larger percentage of Mn. However, this creates chal-
lenges for the LPBF process because the high amount of Mn results in
increased evaporation [12].

We utilized carbon-containing alloy powder in the LPBF process to
produce samples. The resulting microstructure was austenitic and con-
sisted of a single nonmagnetic phase (y-phase) with a uniform Mn dis-
tribution, as shown in the inset of Fig. 2 (EDS Mn distribution). At the
nano level, it has been observed that Mn segregates along cellular
boundaries [43]. Based on a multicomponent phase field method
coupled with thermodynamic calculations [44] and experiments [45] it
was shown that Mn and C segregate at the same positions. However, due
to the high concentration of C (1.2 wt. %) the Mn and C depletion does
not reach a level where the ferrite or e-martensite phase is formed. Fig. 2
shows the XRD spectra of Fe-Mn alloys produced by different processing
routes. XRD spectrum of Fe-Mn alloy produced by LPBF using
alloy-powder (spectrum A) shows only peaks of ygenn. The XRD spec-
trum from the previous investigation [28] of Fe-Mn alloy produced by
LPBF using pure elemental powders (spectrum B) is shown as a com-
parison. It is evident that the use of pure elemental powders leads to the
formation of ypemn and epemn phases and a small amount of MnO. MnO is
formed from the trace amount of oxygen found in manganese powder
particles. The spectrum of the cast and forged samples (spectrum C) of
the material with the same chemical composition is similar to the
spectrum of Fe-Mn alloy produced by LPBF using alloy powder (spec-
trum A). One of the noticeable differences is also the orientational ef-
fects, which result from grain texturing during the conventional cooling
of the cast-and-forge process. This difference is reflected in the relative
heights of the main two peaks. During conventional production
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Fig. 2. XRD spectra of differently processed Fe-Mn alloys: (a) LPBF processed
from alloy powders, (b) LPBF processed from pure elemental powders, and (c)
cast and forged alloy. The inset represents the EDS elemental distribution
of Mn.

processes like casting and forging, even in the austenite phase, there
may be some small amount of MnO due to manganese’s high affinity for
oxygen. In the literature, several studies [2,46,47] were also performed
on Fe-based alloys with lower Mn content, resulting in martensite
magnetic phases. The presence of a multiphase structure may result in a
higher corrosion rate and better mechanical properties [10]. However,
such an alloy is less proper for applications in human bodies.

In Fig. 3, the microstructure of additive and conventionally manu-
factured Fe-Mn alloys is shown. The AM samples have columnar grain
shapes and areas with similar grain orientations formed from nano to
micro dendrites (Fig. 3(a) and (c)), while conventionally produced Fe-
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200 Lm

Fig. 3. Microstructures of Fe-Mn alloys prepared in different ways with the corresponding GROD images: (a) EBSD IPF-Z of LPBF processed Fe-Mn using 200/400
parameters, (b) GROD image, (c) EBSD IPF-Z of LPBF processed Fe-Mn using 350/700 parameters, (d) GROD image, (e) EBSD IPF-Z of the cast and forged Fe-Mn, (f)

GROD image.

Mn exhibit equiaxed crystal grains (Fig. 3(e)). Two different LPBF pro-
cessing parameters were used, which manifest with different GROD
(Grain Reference Orientation Deviation) maps. Both selected parameters
were chosen in such a way that the input energy was exactly the same.
The average orientation for the grain was also calculated. Each point is
shaded according to the misorientation, which reflects how a given point
in a grain is bent or rotated in reference to the mean orientation of the
entire grain. The GROD analysis shows different misorientation in-
tensities of two LPBF samples and conventionally produced samples.
The sample produced with higher laser power and higher laser scan
speed (350/700) has twice higher GROD intensity than those produced
with lower laser power and lower scan speed (200/400). On the other
hand, the GROD intensity of conventionally produced samples is similar
to sample LPBF 200/400. It has been observed that in a conventionally
produced sample (Fig. 3(e) IPF-Z EBSD), the recrystallisation took place
during the normalisation process, but it was not completed, indicated by
misorientation within each grain.

To assess the electrochemical stability and degradation behaviour of
Fe-Mn processed using LPBF potentiodynamic measurements and short-
term static immersion tests were performed. The potentiodynamic
behaviour of the investigated samples in Hank’s solution with the cor-
responding corrosion rates (Veorr), as well as the concentration of the
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released Fe and Mn ions after the short-term immersion tests in 0.1 M
lactic acid, are presented in Fig. 4. The calculations of the v were
made according to ASTM G102 — 89 (2015) [48]. The results showed
that the conventionally produced Fe-Mn alloy had the highest corrosion
potential as well as the lowest corrosion rate in contrast to the Fe-Mn
samples produced through LPBF production route. LPBF processed
samples displayed lower corrosion potentials and several times higher
corrosion rates, despite the use of an equal input energy. The sample
processed at 350/700 laser power and speed exhibited significantly
lower corrosion resistance. This is in correlation to the results obtained
in short-term immersion tests, where the concentrations of the released
Fe- and Mn- species in lactic acid were higher for LPBF samples, espe-
cially for 350/700 (Fig. 4b).

Potentiodynamic polarization measurements enable us to under-
stand the reactions, rate determining processes, and the stability of the
passive film under the controlled laboratory conditions. They may differ
significantly from long-term exposures in real-life conditions; however,
they allow us to estimate and to compare the corrosion behaviour of the
samples exposed to different parameters and conditions. The corrosion
rates determined by using the Tafel extrapolation method are accurate if
at least one part of the polarization curve is under activation control, the
corrosion is uniform, a Tafel region is well-defined and electrode-
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Fig. 4. (a) Potentiodynamic curves, (b) corrosion rate and Fe-Mn behaviour in lactic acid dependent on production route.

potential changes do not affect additional electrode reactions [49].

The intergranular corrosion properties are related to coincidence
lattice site (CLS) grain boundaries. Better corrosion resistance is ob-
tained by a higher proportion of the sum of CLS boundaries vs. all
boundaries, and typically, lower sigma values, like £3, are more effec-
tive in resisting corrosion compared to higher sigma values, such as 227
[50,51]. After a week of exposure to Hank’s solution, the Fe-Mn alloy
shows corrosion along grain boundaries, while the CLS boundaries
remain mostly unattacked (Fig. 5). The pitting corrosion is also observed
inside the grains but is much less intensive compared to that on regular
grain boundaries.

In order to adequately evaluate the corrosion rates of the investi-
gated samples, it is necessary to identify any correlations with specific &
grain boundaries. The corrosion properties of materials can be influ-
enced in various ways by the sigma values of grain boundaries, such as
¥3, 29, and X27 [50]. Nevertheless, the correlation between these sigma
values and corrosion properties is not simple and can depend on mul-
tiple factors. Therefore, the higher degree of coincidence between
adjacent grains in lower sigma boundaries provides a better barrier to
the movement of corrosive species. On the contrary, higher sigma
boundaries are less stable and have more structural defects, which
makes them more susceptible to corrosion attack. The impact of sigma
values on corrosion properties can vary based on the material’s envi-
ronment. It is known from the literature data [50] that higher sigma
boundaries can be less vulnerable to stress corrosion cracking due to
their intricate structure and lower dislocation mobility. On the other

hand, lower sigma boundaries may be more prone to pitting corrosion
because of their instability and the presence of grain boundary sites
susceptible to corrosion.

Austenitic Fe-Mn-Al-Cr-C twinning-induced plasticity alloy that
has undergone conventional processing is known for its high corrosion
resistance due to its numerous £3 boundaries [51]. However, materials
processed via LPBF exhibit fewer £3 boundaries, potentially leading to
inferior corrosion properties and reduced resistance. A comparison of
the sum of £3/(X9 + X27) boundaries [50], can also indicate their
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Fig. 6. The frequency of occurrence of certain types of £ grain boundaries.

Fig. 5. (a) EBSD IPF Z overlapped with band contrast image, (b) band contrast image with red marked CLS grain boundaries.
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corrosion properties. Fig. 6 shows the proportions of £3, £3/(X9 + £27)
and the sum of all £ (CLS) boundaries for the LPBF samples (350/700
and 200/400) and conventionally produced sample. The X3 boundaries
correlate well with the corrosion rate (Fig. 4), where more £3 bound-
aries result in a lower corrosion rate. Ratio £3/(X9 + X27) boundaries
and the sum of all CLS boundaries are in good correlation with the
corrosion rate of LPBF samples and conventionally produced ones.
However, the main driving force for the corrosion seems to be =3
boundaries. The LPBF samples have significantly fewer 3 boundaries
than conventionally produced samples, which have around six times
higher numbers and correlate well with the corrosion rate.

Further, to establish a possible correlation between grain boundaries
and corrosion behaviour the EBSD measurements of high-angle grain
boundaries (HAGBs) and low-angle grain boundaries (LAGBs) were
performed (Fig. 7).

Fig. 7 shows typical EBSD measurements of the LAGBs (1°-5° and
5°-15°) and HAGBs (15°-180°) boundaries on three different samples.
The results of the boundaries’ length were calculated from six fields of
view. The length of the boundaries is expressed relative to the shortest
boundary being 100 %. The length of the HAGBs is very similar for all
three samples and differs not more than 20 % in length. Therefore, it can
be assumed that the HAGBs are not the key factor influencing the
corrosion resistance of those samples. The shortest length of LAGBs
(5°-15°) is calculated for cast and forged samples, while LPBF processed
samples 200/400 and 350/700 have 51 % and 135 % longer boundaries,
respectively. The LPBF samples have nearly the same length of LAGBs
(1°-5°), while on the other hand, cast and forged samples have almost
500 % more of this type of grain boundaries. The reason for the abun-
dance of LAGBs is due to incomplete recrystallization of the material.
Because the degradation rate is much higher for LPBF materials, we can
conclude that LAGBs have no impact on the corrosion rate. On the other
hand, LAGBs can enhance intergranular corrosion in the case of stainless
steels where depletion of Cr presents weak points [52]. On the other
hand, it is well known that additive manufacturing is susceptible to the
formation of porosities during building while conventionally produced
material [53] has no porosity. The porosity is, therefore, one of the
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parameters which also plays an important role in the corrosion behav-
iour as the pores in the material represent a weak point enabling the
initial intergranular corrosion. The LPBF process parameters influence
the formation of porosity so that the same material manufactured by
different process parameters can exhibit different amounts of porosity,
leading to significant differences in corrosion rates.

Another issue influencing the corrosion behaviour of the LPBF-
produced material that should be taken into account is the oxide
nanoparticles. Each powder particle is overlayed with a very thin oxide
layer (nano to micro size). Some powder particles used in this study
contain a micro-oxide layer (Fig. 1(e)). Most of the materials processed
by LPBF therefore contain nano-size oxide particles [12], originating
from powder particles, which can also increase the corrosion rate. To
evaluate the contribution of the oxide nanoparticles in the microstruc-
ture to the corrosion rate, we measured nanooxide particles in the matrix
(Fig. 8). The measurements were performed on electron channelling
contrast images (ECCI) on 20 fields of view with a surface of 0.9 um? per
field. LPBF 350/700 process parameters generate slightly larger
numbers and diameters of oxide particles, which might additionally
contribute to the corrosion process.

Based on the results of materials characterisation, it is clear that
multiple factors need to be considered when addressing corrosion
behaviour. Among previously described ones, there are also some
others. One is the grain size; generally, smaller grains mean lower
corrosion resistance. The investigated samples contain grains of similar
sizes; therefore, this can be excluded as a reason for different corrosion
rates. The literature does not report that the presence of dendrite sub-
structure in LPBF samples affects the corrosion rate. It is well known that
some steels can be produced without non-metallic inclusions (MnS) [54]
and, therefore, exhibit better corrosion resistance than conventionally
produced ones. One of the specifics of the LPBF processes is stress
accumulation due to rapid solidification, also depending on process
parameters (Fig. 3(b) and (d)), which can have an impact on corrosion.
The conventionally produced sample in the present work has also
accumulated stress (Fig. 3(f)), most probably due to an incomplete
normalisation process. While the corrosion rate in this sample is very
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Fig. 7. EBSD IPF-Z grain boundary maps showing HAGBs (15°~180°) in blue and LAGBs (1°-5° and 5°-15°) in black and red, respectively in (a) LPBF processed Fe-
Mn using 200/400 parameters, (b) LPBF processed Fe-Mn using 350/700 parameters and (c) cast and forged Fe-Mn, (d) histogram of grain boundary fraction.
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low, internal stress is likely not a key factor for corrosion behaviour. The
correlation between X boundaries and corrosion rate indicates a strong
relationship. In general, it can be concluded that the corrosion rate can
be driven by the presence of nano oxides and the amount and relation of
% boundaries.

XPS measurements were used to observe the initial oxidation process
of the Fe-Mn alloy to evaluate the oxide film of Fe and Mn oxides. Un-
derstanding the initial oxidation process of Fe-Mn alloy is crucial as it
creates a surface for biofilm-forming cells and organisms to attach to
[55].

Detailed high-resolution XPS spectra in Fig. 9 show scans of metallic
and oxide components of both Fe 2p3/,» and Mn 2ps,» transitions. Four
peaks were utilised to fit the Fe 2p3,, (Fig. 9(a)), including metallic and
three oxide peaks: Fe3O3, Fe3s04, and FeO. The component binding en-
ergy differences were fixed at values from the literature [56], and the
full with at half maximum (FWHM) for the three oxide peaks were fixed
to be the same, while the metallic peak was narrower. To analyse the Mn
2ps3/2, four peaks were fitted similarly and corresponded directly as
described in [57]. The Mn 2p3/; transitions for the sample were shown
in Fig. 9(b) after different sputtering times. As discussed previously, only
a 2ps3,; peak for Fe and Mn was fitted at each depth. The Ar* ion sput-
tering can change the oxidation state due to ion-sputtering-induced ef-
fects of metallic species, and the results may not be entirely accurate
[58], but comparing oxidation levels is possible. The areas of the three
oxide peak components were added to approximate the total Fe and Mn
oxides. The oxide components decreased in intensity with sputtering
until only the metallic components of Fe and Mn were left.

The XPS depth profiles (Fig. 9(c) and (d)) illustrate the formation of
an oxide film consisting of Fe and Mn oxides at the surface and in the
initial inner region, and predominantly Mn oxide in the inner region,
along with pure metals. At the same time, there are negligible amounts
of unoxidized Mn or Fe in the top oxide layer. The proportion of
unoxidized metals in the upper layer of the oxide coating is significantly
lower than that of the oxidized metals. This composition of the initial
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oxide film with metallic Fe and Mn components is divided in the scheme
in Fig. 9(c). To estimate the actual depth in XPS depth profiles, we uti-
lized a correlation based on the SiO; sputter rate of our equipment with
the correction from the as proposed Baer et al. [59] the sputtering rates
of other oxide films relative to the sputtering rate of SiOs.

These results indicate that the electrochemical stability of the alloy
decreased significantly after LPBF processing. It should be noted that the
standard reduction potential of pure Mn is lower than that of Fe, at
—1.18 V compared to — 0.44 V, respectively [2]. Consequently, when Fe
is alloyed with Mn, the corrosion resistance decreases, and unstable Mn
oxides form on the surface in combination with Fe oxide, which pos-
sesses a lower passivity coefficient than pure Fe oxide (Fig. 9(c) and (d)).
As a result, the surface passivity significantly decreased, leading to
accelerated electrochemical corrosion when pitting corrosion occurred.
This observation may explain the enhanced corrosion current observed
during the electrochemical tests of LPBF-produced Fe-Mn alloy.

3.2. Biocompatibility

In vitro tests were conducted using MG-63 human osteoblast-like
osteosarcoma cells to examine the biocompatibility of the studied Fe-
Mn alloys.

Using differential staining and fluorescence microscopy, the cell
adhesion density and viability of cells grown on control glass surface,
cast and forged sample, LPBF (200/400) sample and LPBF (350/700)
sample were quantified (Fig. 10). Density of attached viable cells was
125 =+ 27 cells/mm? for control glass surface, 112 + 26 cells/mm? for
cast/forged sample, 107 + 40 cells/mm? for LPBF (200/400) sample,
and 90 + 30 cells/mm? for LPBF (350/700) sample. In all analysed
samples, the percentage of dead cells was lower than 10 %. The lowest
viability of adhered MG-63 cells was on LPBF 200/400 samples (9.1 % of
dead cells), and the highest was on control glass coverslips (3.8 % of
dead cells).

Differences in the morphology of the MG-63 cells attached to
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Fig. 11. SEM images of MG-63 cells on a: (a) control glass surface, (b) cast and forged, (c) LPBF (200/400) and (d) LPBF (350/700) sample.

different materials were examined using SEM. From the tested samples,
the representative images of cell morphology were selected, as shown in
Fig. 11. In the control glass sample (Fig. 11(a)), the majority of cells
were spread through the surface, with visible lamellipodia and filopodia.
Similar cell morphology was also observed in the cast and forged sam-
ples (Fig. 11(b)) and on the LPBF (350/700) samples (Fig. 11(d)).
However, the cells were slightly less flattened here, whereas, in the LPBF
(200/400) samples (Fig. 11 (c)), the cells had similar morphology as on
glass samples. Still, in some areas, cells were smaller in diameter,
thicker, and had less visible lamellipodia and filopodia (inset of Fig. 11
(c)).

The interactions between cells and materials depend largely on the
surface properties of the material, which determine the adsorption
pattern of the adsorbed molecules and, thus, the behaviour of the cells
upon contact [37]. The results showed no significant difference in the
density of attached cells (viable and dead) between the different Fe-Mn
materials compared to a nontoxic control glass coverslip, indicating that
all tested materials allow good cell adhesion and are not cytotoxic, at
least in the short term. SEM examination of the cells on the different
samples showed that the cells on the LPBF (350/700) samples had a
similar flattened morphology with visible lamellipodia and filopodia as
the cells on the control coverslips. In contrast, cells on LPBF (200/400)
samples were smaller in diameter, thicker, and had less visible lamelli-
podia and filopodia. It is known that adherent cells require a suitable
surface to which they can adhere and proliferate. The cells actively
probe the physicochemical properties of their environment and form
protrusions called lamellipodia - structures important for cell spreading
and polarisation - as well as hair-like structures called filopodia, which
gather spatial, topographical and chemical information from their sur-
roundings [60,61]. It might be speculated that the changed morphology
of the cells on LPBF (200/400) may indicate that the cells, although they
adhered to a similar extent as the cells on the coverslips, would not
spread and proliferate to the same extent as the control cells in the
longer duration experiments. The tested materials did not significantly
differ in biocompatibility; however, LPBF (200/400) material appears to
be slightly less favourable for cell spreading and proliferation as tested
in a 24-hour setting.
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4. Conclusions

The present study investigated the Fe-Mn alloys produced by the
LPBF process using alloy powder to evaluate their bioresorbable prop-
erties and their relation to the microstructure. The investigation was also
carried out on conventionally produced (cast/forged) Fe-Mn alloy for
comparison. The following conclusions can be drawn:

e Specific chemical composition (1.2 wt.% C and 32 wt.% Mn),
regardless of processing routes (LPBF or conventionally produced),
leads to the formation of austenitic microstructure, which is known
for its antiferromagnetic behaviour required for MRI compatibility.
By changing laser power and scan speed, although keeping the input
energy the same, different microstructure, grain boundaries, and
misorientation intensities were observed.

The lowest corrosion rate was observed in conventionally produced
alloy, followed by LPBF 200/400 and LPBF 350/700. One of the
main reasons for differences in corrosion rate can be attributed to
grain boundary types. A higher proportion of CLS boundaries makes
the material more corrosion-resistant. The grain boundary type af-
fects the corrosion rate, whereas the X3 boundaries contribute
significantly to the lower corrosion rate.

The initial oxidation process observed by XPS reveals Fe- and Mn-
oxides on the surface in the proportion of 2/3 to 1/3, respectively.
The amount of Fe-oxides decreases faster by depth compared to Mn-
oxides and, therefore, affects the creation of a surface for biofilm-
forming cells and organisms to attach to.

Biocompatibility tests have shown that various Fe-Mn materials are
not cytotoxic and allow good cell adhesion. The results suggest that
cell spreading and proliferation may be slightly less favourable on
the LPBF (200/400) material.

A comprehensive microstructure investigation supported by in vitro
biocompatibility tests and cell analysis showed that Fe-Mn produced by
the LPBF process can be suitable for different implant applications.
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