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Abstract: Recently, Fe-Mn-based alloys have been increasingly catching the attention of the
scientific community, because of their tunable and outstanding mechanical properties, and suitable
degradation behavior for biomedical applications. In spite of these assets, their corrosion rate (CR)
is, in general, too low to satisfy the requirements that need to be met for cardiovascular device
applications, such as stents. In fact, the CR is not always the same for all of the degradation stages
of the material, and in addition, a finely tuned release rate, especially during the first steps of the
corrosion pattern, is often demanded. In this work, a resorbable bimodal multi-phase alloy Fe-3Mn-
1Ag was designed by mechanical alloying and spark plasma sintering (SPS) to accelerate the
corrosion rate. The presence of several phases, for example a-Fe, a-Mn, y-FeMn and Ag, provided
the material with excellent mechanical properties (tensile strength UTS = 722 MPa, tensile strain A
= 38%) and a higher corrosion rate (CR = 3.2 + 0.2 mm/year). However, higher corrosion rates,
associated with an increased release of degradation elements, could also raise toxicity concerns,
especially at the beginning of the corrosion pattern. In this study, The focus of the present work was
the control of the CR by surface modification, with nitrogen plasma immersion ion implantation
(N-PIII) treatment that was applied to mechanically polished (MP) samples. This plasma treatment
(PT) improved the corrosion resistance of the material, assessed by static degradation immersion
tests (SDITs), especially during the first degradation stages. Twenty-eight days later, the
degradation rate reached the same value of the MP condition. Nitrogen compounds on the surface
of the substrate played an important role in the corrosion mechanism and corrosion product
formation. The degradation analysis was carried out also by potentiodynamic tests in modified
Hanks’ balanced salt solution (MHBSS), and Dulbecco’s phosphate buffered saline solution
(DPBSS). The corrosion rate was higher in MHBSS for both conditions. However, there was no
significant difference between the corrosion rate of the PT in DPBSS (CR = 1.9 + 0.6 mm/year) and
in MHBSS (CR =2 + 1.4 mm/year). The cell viability was assessed with human vein endothelial cells
(HUVECsS) via an indirect metabolic activity test (MTT assay). Due to the lower ion release of the
PT condition, the cell viability increased significantly. Thus, nitrogen implantation can control the
in vitro corrosion rate starting from the very first stage of the implantation, improving cell viability.
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1. Introduction

A revolution in biomedical implants started with the introduction of absorbable
metallic alloys. This group of alloys needs to satisfy specific requisites, as they are
supposed to support the damaged tissue, and to show a pro-active interaction with the
surrounding biological environment. For this reason, appropriate mechanical properties,
and simultaneously, a CR guaranteeing any local or systemic toxicity are required. In any
case, they are supposed to maintain their mechanical integrity and degrade until the
healing procedure is complete. Different absorbable alloys, such as Fe-[1-3], Mg-[4-6], and
Zn-based [7-9] ones have been reported. Their properties depend on their chemical
composition, microstructure, thermomechanical history, and surface state [10-13].

Pure Fe is known for its excellent mechanical properties, which are similar to those
of 316 L stainless steels, namely yield strength (~150 MPa), tensile strength (~200 MPa),
and maximum elongation at rupture (~40%); furthermore, pure Fe shows excellent
biocompatibility features [14]. The degradation properties in in vitro and in vivo
environments were assessed, showing, in general, an average CR in the range of 0.1 to
0.56 mm/year [15,16]. A targeted CR should be in the range of 0.5 to 0.8 mm/year [16]; in
addition, the corrosion process should allow a gradual and uniform degradation, to
maintain the mechanical resistance during the healing process; finally, the scaffold should
be completely resorbed and disappear after the tissue remodeling. To increase the
electrochemical performances of pure Fe (CR =0.1 mm/year [17]), different strategies have
been proposed, including alloying with elements, such as Mn [12-16], to decrease the alloy
overall corrosion potential. The incorporation of other elements (Pd, Au, Ag) and
compounds/nanostructures (Mg25i, CarMgSisO1s, CNT, etc.) was also explored, to
introduce corrosion-enhancing micro-galvanic effects [17-22]. A different approach
consisted in accelerating the corrosion rate of Fe-C alloy by adding MnO: as a catalyst
promoting electron transfer [18], while forming a passive oxide layer after an immersion
test, susceptible to decrease the degradation rate.

Even if Fe-Mn-based alloys show a range of suitable microstructural, mechanical, and
biological properties, their average low degradation rate is still a reason of concern. For
example, Fe-Mn-C-Pd [3] shows a CR = 0.21 mm/year. Other studies showed that Fe-Mn-
Pd pins did not significantly degrade, even after 52 weeks of implantation [11]. The
formation of passivating corrosion layers, composed by phosphates, carbonates, oxides
and/or hydroxides [19], inhibits further degradation. To obtain a material composed by
structural elements with different corrosion patterns, multi-phase bimodal-structured
alloys (with a combination of nano- and micro-structured grains) were proposed; it was
shown by Sotoudeh Bagha and colleagues [20] that such a microstructure did not reach a
steady-state in an open circuit potential test and the electrochemical corrosion rate
reached a value of a CR =0.88 mm/year. However, the non-uniform corrosion behavior of
Fe-based bimodal alloys needs to be controlled. Other authors showed that SPS Fe-based
alloys for biomedical applications, that is Fe-Pt and Fe-Pd, had an increased corrosion rate,
compared to that of pure Fe [21]: potentiodynamic tests evidenced that the introduction
of other elements in these kinds of alloys, created new phases and galvanic couples, were
responsible for a corrosion increase in the range of ~1.8 times (Fe-Pd) to ~7.7 times (Fe-Pt)
the value corresponding to pure Fe. For Fe-Mn-Cu obtained with a traditional powder
metallurgy route [22], potentiodynamic tests showed that the corrosion rate increased six
times for the alloy containing 10 wt% Cu, compared to the base alloy, which showed a CR
= ~0.045 mm/y. Surface modification is a well-known treatment to control the corrosion
behavior and to improve the biocompatibility of the biomedical alloys [23,24]. For
instance, nitrogen and oxygen PIII (N-PIII and O-PIII, respectively) treatments improved
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the corrosion resistance and the biocompatibility of Ti- [25] and Co-based alloys [26],
respectively. Furthermore, the formation of iron nitrides (Fe2N and FesN, with a thickness
in the range of 40-140 nm [27]) after N-PIII, significantly improves the electrochemical
corrosion resistance of pure Fe in 0.9% NaCl solution [28]. In addition to the
electrochemical behavior in absorbable implants, it is necessary to understand the long-
term corrosion behavior with a SDIT. For instance, the formation of different species of
degradation products on the surface can influence the degradation rate of Fe-Mn-based
alloys [29], so it is necessary to understand the effect of the modified nitride layer on the
alloy corrosion pattern. Furthermore, O-PIII on Fe improved the adhesion and
proliferation of endothelial cells [30]. Furthermore, N-PIII on Ti enhanced the
preosteoblast and fibroblast responses to the surface and improved the biocompatibility
[31]. However, at the moment of the redaction of this paper, no studies reported the
interaction of cells with N-PIII-modified SPS-fabricated bimodal multiphase Fe-Mn-based
alloys.

Hence, the objective of applying the surface treatment was to control the degradation
rate of the bimodal alloy during the early stages of implantation. In particular, in the
present study, a bimodal Fe-Mn-Ag alloy was prepared, with the aim of studying the
behavior of the alloy through a SDIT. Different pseudo-physiological solutions were
considered: (1) MHBSS and (2) DPBSS. The material was investigated after mechanical
polishing (MP) and after N-PIII. Complementary characterization techniques were
implemented to evaluate the surface features, before and after SDIT and electrochemical
tests. Finally, to evaluate the cytotoxicity of the studied conditions, cell viability tests were
performed by an MTT assay using human umbilical vein endothelial cells (HUVECs).

2. Materials and Methods
2.1. Alloy Fabrication and Surface Preparation

Fe (particle size average diameter ~10 pm, 99.5% pure), and Mn powders (particle
size average diameter <100 pum, 290%, 99.0% pure) were purchased from Merck Millipore
(Burlington, MA, USA), while pure Ag (particle size average diameter ~2-3.5 um, 99.9%
pure) was purchased from Sigma-Aldrich (St. Louis, MO, USA). A planetary ball mill
(NARYA MPM-2 * 250 H mode, Amin Asia Fanavar Pars, Tehran, Iran) was used to mill
the powders with a nominal chemical composition of Fe-30Mn-1Ag in weight percent
(ball-to-powder weight ratio of 30:1, duration of 10 h, rotation speed of 250 rpm). Then,
an equal portion of unmilled powders, whose composition was approx. 70 wt.% Fe and
30 wt.% Mn, was mixed with the milled powder. The bimodal powder mixture (50%
milled powder + 50% unmilled powder) was consolidated by SPS equipment (EF-20T-10,
Easyfashion, Changsha, China) at 1000 °C in a graphite mold. The heating rate, holding
time and pressure of the SPS were 50 °C/min and 5 min and 40 MPa, respectively. The
material density of the samples was measured by a helium pycnometer, based on a gas
displacement method (AccuPycII 1340 Pycnometer, USA). For this purpose, samples with
a thickness of 1.8 mm were cut into 4 disks with the final thickness of 0.45 mm, and they
were analyzed. The pycnometer measurement volume was filled with helium gas and the
sample volume was measured. Then, the density was calculated from the measured
volume and the sample mass [32].

2.2. Mechanical Testing

Hardness and micro-hardness tests were carried out on the polished samples, using
a Rockwell B tester (RT120, Leco, St. Joseph, MI, USA) with a load of 100 kgf, and a 1/16
inch-diameter steel sphere. A Vickers micro-hardness tester (MMT-X7A, Matsuzawa,
Akita, Japan) with a load of 50 g for 13 s was used to assess the phases’ microhardness.
Each test was repeated five times on three different samples. A shear punch test was used
to measure the shear strength of the samples by using a 20 kN universal testing machine
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(STM20, Santam, Tehran, Iran). A detailed description of the shear punch test can be found
elsewhere [28]. The test was repeated on three different samples.

Specimens in the shape of disks (diameter &J = 15 mm, thickness = 1.8 mm) were
ground with a series of abrasive papers, from grit No. 240 to 7000, and rinsed in 96 vol.%
ethanol (commercially pure) to avoid surface oxidation. Then, they were polished with a
suspension of 1 pum-diameter diamond paste on a cloth Leco, St. Joseph, MI, USA). This
surface preparation method was used to produce the MP samples. Following the polish-
ing, the specimens were rinsed with 96% ethanol, dried with warm air (Struers Drybox-2,
Copenhagen, Denmark) and then stored in a desiccator until later use.

2.3. Plasma Surface Modification

N-PIII was performed with a radio frequency (f = 13.56 MHz) inductively coupled
plasma reactor system (PBII-300 Plasmionique, Varennes, QC, Canada) with a nitrogen
pressure P =10 mTorr (gas purity 99.9%). The residual pressure was Po = ~3.4-10~* mTorr;
the nominal applied pulsed bias was Ubis : = -10.0 kV, corresponding to a real applied
power Usiss, r = —9.90 kV. Pure nitrogen (99.995%, Linde Gas, Mississauga, ON, Canada)
with a flow rate of @ =10 sccm and an applied power PW =300 W was used. The substrate
bias was applied using short pulses with a duration tpuse = 10 us with a repetition rate r =
1000 Hz, for a total duration ¢ = 60 min. Both circular faces were ground implanted. The
condition was addressed as plasma treated PT, as previously specified.

2.4. Surface Characterizations

A surface chemical analysis was carried out by XPS (PHI 5600-ci spectrometer, Phys-
ical Electronics, Chanhassen, MN, USA). The incident angle and residual pressure were
respectively ¢ =45° and p = 3 x 10 Torr. A survey spectrum covering the range of 0-1400
eV was recorded using an Al K« X-ray source (1488.6 eV) at 200 W. High-resolution spectra
of Ols, Cls, N1s, Fe2p and Mn2p regions were recorded with a Mg Ka X-ray source (1253.6
eV) at 150 W. Three samples were investigated by survey and high resolution for each
condition. The curve fitting was calculated through the least square method (Gauss 80—
90%-Lorentz 20-10% functions after the Shirley background correction) with PHI Mul-
tiPakMT software version 9.3.0.3 (2011-12-06; copyright © Ulvac-phi, Inc., 1994-2011)..

A scanning electron microscope (SEM, Quanta 250, FEI Company, Eindhoven, The
Netherlands) was used for the microstructural analysis of the MP samples, after 1% nital
etching. The system was equipped with a tungsten filament, with an acceleration voltage
in the range 15.0-20.0 kV. The Fe, Mn and Ag distributions of the sample was assessed by
electron probe microanalysis (EPMA). An electron probe (SX-10, Cameca, Gennevilliers
Cedex, France) was used as the acquisition system. The probe current, and the acceleration
voltage were i =20 nA, V=15 kV, respectively.

The static drop contact angle tests were performed to compare the relative hydro-
phobicity of the samples. Three different samples were measured by a drop shape analysis
system (VCA Optima XE, AST Products, Billerica, MA, USA) with 5.0 uL of deionized
water.

2.5. Electrochemical Measurements

The electrochemical behavior of the two conditions was studied by open circuit po-
tential (OCP), electrochemical impedance spectroscopy (EIS) and potentiodynamic polar-
ization (PDP) tests. A potentiostat (VersaSTAT 3, Princeton Applied Research, Princeton,
NJ, USA) was used to carry out the electrochemical tests at a temperature T=37+1 °Cin
the two different pseudo-physiological solutions as above mentioned, that is MHBSS and
DPBSS. Details of the solution preparation and pH adjustment were described elsewhere
[33]. The ion concentration of the solutions and blood plasma are compared in Table 1.
The exposed sample surface to the solution was 0.096 cm?. OCP tests were carried out for
a duration of 4 h, as the potential did not reach the stability in 1 h. The EIS tests were
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followed by OCP tests, with a frequency range from 10,000 to 0.01 Hz and by applying a
sinusoidal potential perturbation of 10 mV rms. EC-Lab® v11.43 (Biologic, France) was
used to analyze the equivalent circuits. PDP tests were performed according to ASTM G59
[34]. The scan rate was set at 0.166 mV/s; the scanning potential window was in the range
of 0.25 V to + 0.6 V, and it was defined on the bases of the OCP. Each test was repeated
on three samples per condition and analyzed with the EC-Lab software (Biologic, France).
The corrosion rate (CR) was calculated based on the ASTM G59 standard [34] using Equa-
tion (1):

icorr - EW

CR=3.27-1073-
D

)

where CR is the corrosion rate, in [mmy/year], icor is the current density [pA/cm?], EW is
the equivalent weight, based on the oxidation of Fe to Fe?* and considered to be 27.92
[g/eq] and D is the material density and considered to be 7.76 [g/cm?] [20]. The constant
Ki=3.27-10- has the measurement units of [mm-g-pA-1-cm-year].

Table 1. Ion concentration of human blood plasma, compared to the test solutions [33].

Ion or Compound (mg/L) Blood Plasma MHBSS DPBSS
Na* 3000-3400 2795 3519
K+ 130-210 172 162
Cl- 3400-3750 3542 4947
HCOs 11002400 1654 -
H2POs/HPO42- 270-450 48 920
Caz 84-110 35 -
Mg 15-30 14 -
SO42- 5-15 78 -
D-Glucose 600-1100 720 -
Albumin 35,000-50,000 - -

2.6. Static Degradation Immersion Tests

Static degradation immersion tests were carried out on the basis of ASTM G31-03
[35]. Samples with a diameter & =15 mm and a thickness t = 1.4 mm were weighed before
the test. The degradation tests were carried out in an incubator at 37 + 1 °C. Three samples
for each condition were prepared, for a total of 12 for all of the studied conditions. Each
specimen was immersed in 110 mL of solution, either MHBSS or DPBSS, filling a beaker
of appropriate volume. Samples were suspended with a nylon line, so that they were ap-
proximately in the middle of the medium liquid volume. The beakers were covered to
avoid occasional external contamination. The tests were carried out for a duration of 14
and 28 days, respectively. Following the end of the test, the samples were removed and
ultrasonically cleaned for 5 min in a 70% ethanol solution; after cleaning, each sample was
weighed with a 5-digit precision balance. Following the first ultrasound cleaning, the sam-
ples were weighed a second time; if the measured weight was the same as after the first
cleaning, then no further steps were performed; otherwise, another cleaning step and an-
other weighing session was carried out. The 70 vol.% ethanol solution used for ultrasonic
rinsing was collected to analyze the degradation products both from the sample surface
and from the medium precipitate. Furthermore, the waste test solution was collected and
centrifuged at v = 3000 min, to separate the supernatant from the precipitated degrada-
tion products. The precipitate-rich particles at the bottom of the bottles were mixed with
a 50% pure ethanol-50% deionized water solution, vortexed and centrifuged again. Then,
the solid particles were collected and desiccated in 37 °C and pressure of 30 Torr, before
further analysis through SEM, EDS and XRD. The degradation rate (DR) of the specimens
was calculated on the basis of Equation (2), according to ASTM G31-03 [35]:
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DR = 8.76 - 10*

A-t-D @

where t is the time of immersion (h), A is the area of the sample (cm?), M is the mass loss
(g) and D is the material density (g/cm?). K2 = 8.76-10* has the measurement units of
[mm-h-cm-year]; the surface characterization of the degraded specimens was con-
ducted by SEM/EDS. To investigate the phase evolution on the surfaces of the samples
after the 14-day SDIT test, a grazing incidence X-ray diffraction (GIXRD) analysis, using
a PHILIPS PW1730) system, was carried out. The incidence angle, step size and time per
step were 1°,0.05 and 1 s, respectively. The machine was equipped with a Cu tube (Axacu
=1.5418 A).

2.7. Cytotoxicity Tests

The indirect cytotoxicity assays were carried out using human umbilical vein endo-
thelial cells (HUVECs). The alloy extract for the indirect test was prepared by incubating
the alloy sample in PBS with a surface area/extraction medium ratio of 1.25 cm?/mL [36]
in an incubator at 37 + 1 °C and humidified atmosphere for 24 h. The HUVEC line was
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum,
100 U/mL penicillin, and 100 mg/mL streptomycin, in an incubator at 37 + 1 °C in a hu-
midified atmosphere with 5% CO:. An amount of 100 uL of culture medium, containing
approximately 5x10° cells, was seeded into a 96-well plate and incubated for 24 h to allow
for thecell attachment. Then, for the indirect tests, the medium was replaced with the alloy
extract and incubated for 24, 72 and 120 h, respectively. The concentrations of Fe, Mn and
Ag ions after 24 h incubation was measured by inductively coupled plasma (ICP-OES,
5110 SVDV, Agilent Technologies, Santa Clara, CA, USA). Following the incubation, the
cell metabolic activity was assessed using an MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay: 10 pL. of MTT solution (0.5 mg/mL) was added to each
well after incubation at 37 °C for 4 h. Dimethyl sulfoxide (DMSO) was added to dissolve
the formazan crystals and then the absorbance of the solution was measured using a mi-
croplate reader at the wavelength A =570 nm.

2.8. Statistical Analysis

Where not specified, all data are presented as mean with standard deviation (mean +
SD) for at least three samples. A statistical analysis was performed by one-way ANOVA
and significance was considered for p-values lower than 0.05 via a Tukey test.

3. Results and Discussion
3.1. Microstructure and Mechanical Properties

A typical element distribution of the alloy analyzed by EPMA is reported in Figure
1. Figure 1a shows a secondary electron image of a section of the studied material; element
distribution of Fe, Mn and Ag are illustrated in Figure 1b-d. The milled powder formed
the fine structure among the coarser Fe and Mn particles (arrows in Figure 1b). Following
10 h of milling, mechanical alloying formed y-FeMn phase and a small amount of Ag re-
mained in the structure without any reaction [37]. Therefore, the sample contained a-Fe,
a-Mn, y-FeMn phases and Ag-rich particles, contained in the y-FeMn phase. The average
particle size of the milled zone (y-FeMn) and its average crystallite size were 23 + 19 um
and 154 + 70 nm, respectively [20]. The average measured relative density was 95 * 1%.
The mechanical properties of the consolidated sample are represented in Table 2. The mi-
cro-hardness of the different phases after etching were measured separately. The micro-
hardness of a-Fe, y-FeMn and a-Mn were Ha-re = 103 + 13 Hv, Hy-femn = 556 + 77 Hv and
Hemn =515 + 91 Hyv, respectively. This confirmed the heterogeneous structure with multi-
ple micro-hardnesses, while the bulk hardness of the sample was Hauoy = 96.5 HRB,
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corresponding to HVauey = ~220 HV, according to ASTM E140-12B [38]. The difference
among the phases could make a composite effect between a-Fe as a softer phase, and y-
FeMn and a-Mn as harder phases, which could combine good strength and ductility. Fur-
thermore, the shear strength and shear strain of the sample were measured by a shear
punch method that is a common mechanical testing method for thin section samples pro-
duced by powder metallurgy [38]. The measured mechanical properties were the shear
yield strength (tv), ultimate shear strength (USS) and ultimate shear strain (A, %); they
were Ty =361.5+22 MPa, USS=420.3 + 35 MPa and A =74 + 12%, respectively. The ultimate
shear strength of the bimodal alloy showed a 38% improvement, compared to the micro-
structured sample with the same composition [20]. This could be explained with the trend
formalized with the Hall-Petch relationship, which indicated that for the finer grains, the
dislocation mobility was limited, so that the grain refinement improved the mechanical
strength [39]. Moreover, the shear strain was improved by 155%, compared to the nano-
structured material [20]. This behavior was attributed to the higher work hardening abil-
ity of the micrometer-sized grains [40]. For the pure shear strain applied to the sample, if
the von Mises criterion is applied, there is a correlation between the tensile stress

Figure 1. The microstructure of the consolidated sample (a) backscattered electron microscopy (BSE)
and microprobe analysis (EPMA); (b) Fe (arrows represent the y-FeMn phase); (¢) Mn; and (d) Ag.

Table 2. Phase analysis and mechanical properties of the MP sample.

Composition Micro- Hardness Yield Shear Ultimate Shear Ultimate- Shear
(WE%) Hardness (Hv), (HRB) Strength Strength Strain
Phase (MPa) (MPa) (%)
103 + 13, a-Fe
Fe-30Mn-1Ag 556 + 77, y-FeMn 96.5+3.1 361.5+224 420.3 +35.1 74+12

515+91, a-Mn
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(0) and shear stress (1), according to o = V3t [41]. This allowed for the assessment
of the ultimate tensile strength as UTS = 722 MPa. Similarly, it was possible to estimate
the tensile strain (&) from the shear strain (y), which gave & = (1/v3)y, so the tensile strain
was equivalent to 38%. The mechanical property values were, in summary, comparable
to those of a commercial stent material, similar to 316 L stainless steel (ultimate tensile
strength UTS =490 MPa and maximum tensile strain A =40%) [42].

3.2. Surface Chemical Composition

Samples were analyzed before and after the ion implantation process, by XPS survey
and high resolution (Figures 2 and 3, respectively) scans. The amount of C decreased from
51.1 to 34.2 at.% after the plasma treatment. Organic contamination on the surface and
possible adsorbed C during polishing with ethanol, could be the main reason for a higher
C detection before the PIII treatment. However, the amounts of O, N, Fe and Mn increased
from 40.7, 1, 4.7 and 2.4 at.% to 50.3, 3.7, 8.6 and 3.2 at.%, respectively, after PIII. The high
amount of O in the MP sample could be attributed to the formation of oxides during me-
chanical polishing; in addition, the oxide formation could be ascribed to the PIII treatment
because of the presence of desorbed oxygen molecules in the chamber: Li et al. [43] de-
tected, for example, a 70 nm oxide layer on the surface of steels after N-PIII, for the same
reason. The small amount of N for the MP condition could arise from the adsorbed N on
the surface roughness and in correspondence with the grain boundaries [44]. The general
decrease of the surface contaminants, that is the carbon species, could be the reason for
the detection of higher amounts of Mn and Fe after the PIII treatment.
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Figure 2. Surface element concentration for the MP and PT conditions.

Table 3 presents the binding energy values, full width at half maximum (FWHM),
the area and fitting parameters of the peaks (percentage of the Gaussian contribution, and
chi-square (x?)) for Cls, Ols, N1s, Fe2p3 and Mn2p3 spectra of the samples. The C1s spec-
tra (Figure 3a,b) showed three peaks at 284.8 +(0.1 eV, 286.3 + 0.1 eV and 288.4 + 0.1 eV for
both investigated conditions. The peak related to the hydrocarbon compounds is a well-
known reference peak for Cls at 284.7 eV [45]; its surface area was 69.9 and 85.7% for the
MP and PT samples, respectively. It has been observed that even under a vacuum condi-
tion, the carbon contamination, due to the presence of CO, CO2 and CHO groups, takes
place [46], and in the present case, the carbon reaction with the surface was increased after
the PIII treatment. One possible mechanism could be the interaction of CO and CO: with
the surface metallic oxide, e.g., iron oxide, and consequently the oxy-hydrocarbons
formed on the surface [46]. The peak at 286.3 + 0.1 eV could be associated with the presence
of C-OH, C-O-C, C-O and C-N [47,48]; the area attributed to this energy band decreased
from 12.3 to 4.8% after plasma treatment. The Cls contribution at 286.3 eV [49] could be
attributed to the ethoxy species, such as ethanol; for the polishing of the samples was
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carried out in ethanol, the decrease of the Cls peak area at 286.3 + 0.1 eV could be the
result of the ethoxy species removal after the PIII treatment. Similarly, the peak area of
Cls at 288.4 + 0.1 eV, attributed to the carbonate species [46,47], decreased from 17.8 (MP
condition) to 9.5 at.% (PT condition).

Table 3. MP and PT condition binding energy and FWHM values, percentage areas, Gaussian frac-
tion and 2 for C1s, Ols, N1s, Fe2p3 and Mn2p3.

Peakl FWHM Area Peak2 FWHM Area Peak3 FWHM Area Gauss

Sample Element "v) V) %) V) V) () V) V) %) () X
C 2848 137 99 2863 137 123 2885 22 178 80 13
O 598 14 371 517 18 547 5833 2 82 80 13
MP N 399 26 100 - . - i - 80 14
Fe 7085 27 201 7102 25 42 7122 32 379 90 12
Mn 6403 28 513 6422 275 392 6447 28 94 90 11
C 2848 15 857 2865 11 48 2884 18 95 70 1
O 599 14 703 515 15 253 5B1 16 44 80 13
PT N 3962 18 100 4036 29 100 - : - 80 09
Fe 7093 25 272 711 25 508 7133 25 221 90 13
Mn 6404 28 43 6421 28 395 6447 28 162 90 13

The O1ls spectra of the studied conditions, as shown in Figure 3c,d, were formed by
three peaks, respectively, at 530 + 0.2 eV (O1), at 531.6 £ 0.1 eV (O2) and at 533.2 £ 0.1 eV
(O3). They corresponded, in succession, to metal oxides, metal hydroxides or defective
oxides and absorbed water [50,51]. For the MP condition, the areas attributed to O1 and
02 were 54.7% and 8.2%, respectively, while for the PT condition they were 25.3% and
4.4%, respectively. This decrease indicated that the O2 and O3 related species were re-
moved partially from the surface after the PIII treatment. It should be noted that OH- and
COs?> groups had a peak overlap [52], hence the peak at approximately 531.6 eV could be
ascribed to an unstable carbonate, formed by the exposure of the specimen to atmospheric
COz2 [53]. Moreover, the peak area corresponding to O1, increased from 37.1 to 70.3% for
the MP and PT samples, respectively; this trend showed the formation of a higher amount
of metal oxides on the PT sample. The interaction of CO and CO: with Fe formed a thin
layer of FeO, which would be covered with an uneven oxy-hydrocarbon layer [46]. Hence,
this could be the reason for a higher metal oxide formation after the PIII treatment.

The N1s spectra (Figure 3e,f) consisted of different peaks before and after the treat-
ment. The MP sample showed a peak at 399.9 eV, corresponding to the atmospherically
adsorbed N2 and oxidized nitrogen [54-56]. Moreover, the PT samples showed two peaks
at 396.2 and 403.6 eV, corresponding to metal nitride [54,57] and N-O bonding [47,58],
respectively, showing that a metallic nitride layer was formed during the N-PIII on the PT
sample. Nitrogen atomic distribution along the depth of the M50 steel was reported to be
in the range of 4-50 nm after N-PIII; the treatment increased the nano-indentation hard-
ness and consequently improved the wear resistance [59]. Thus, the nitrogen implantation
chemistry modification at the nanometric scale also affected the electrochemical behavior
of the surface; this topic is discussed in detail in the following Section 3.3.
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Figure 3. XPS high resolution deconvolutions for MP (a) C1s, (c) Ols, (e) N1s, (g) Fe2p3, (i) Mn2p3;

and for PT (b) Cls, (d) Ols, (f) N1s, (h) Fe2p3 and (j) Mn2p3.
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The peak identification of the transition metals, such as Fe and Mn, by XPS high res-
olution, faced several challenges according to the shake-up, plasmon loss and multiplet
splitting phenomena. For instance, high spin Fe?, Fe*, Mn?*, Mn* and Mn* exhibited
multiplet splitting needing careful curve-fitting on the 2p spectra. Biesinger et al. [51] ap-
plied a careful approach to fit the curves of a series of transition metals, based on the
literature and practical experiments. In the present work, the Fe2p3 spectra of the MP
sample contained three peaks of 708.5, 710.2 and 712.2 eV (Figure 3g), which were at-
tributed to FeO, Fe20s and FeOOH, respectively [51]. Furthermore, the Fe2p3 peak at 710.2
eV could be related to iron carbonate [53], as the corresponding binding energies of Ols
and Cls in iron carbonate were detected, as described earlier at 531.7 and 288.5 eV, re-
spectively. Figure 3h shows that the Fe2p3 peaks were shifted after the PIII treatment to
709.3, 711 and 713.3 eV, and that could be attributed to Fe(IIl), which could bond with
either nitrogen or oxygen [60] and FesOs [61], while the iron nitride binding energy was
reported to be in the range of 707.2-708.8 eV [54,62-64]. One possible mechanism respon-
sible for the peak shift can be the formation of mixed iron nitride/iron oxide on the surface,
then a thin layer of FesOs was formed on the top of this mixed nitride/oxide layer [65].
Thus, the Fe2p3 peaks could be attributed to the binding of iron to either nitrogen or ox-
ygen atoms.

The Mn2p3 spectra (Figure 3i,j) contained three peaks at 640.3 + 0.1, 642.1 + 0.1 and
644.7 + 0.1 eV, which could be attributed to Mn?, Mn® and Mn#, respectively, indicating
the formation of MnO, Mn20s MnO: and Mn(OH)x for both conditions [51,66]. However,
the binding energy of manganese nitride was considered to be, by Liu and colleagues, E =
640.7 eV [67], so the overlap of these energy bands made it complicated to quantify the
amount of manganese oxide and manganese nitride formed after the plasma surface mod-
ification.

The contact angle was 0 =75.8 + 1° for the MP condition and 0 = 87.6 + 1° for the PT
condition. This implies a higher hydrophobicity for the PT condition. Many researchers
observed the hydrophobicity of the biomaterial surfaces after the PIII process [24,68,69].
This phenomenon could actively affect the corrosion behavior; for example, a higher hy-
drophobicity of the PT sample could hinder the electrolyte penetration and help improve
the corrosion resistance [70]. Furthermore, greater amounts of O and N after treatment
(Figure 2), contributed to greater amounts of the surface oxide/nitride layer on the PT
sample, thereby decreasing the Fe ion release in the biological solutions [71]. Moreover,
the hydrophobic surfaces decreased the cell attachment and growth [72], which was ben-
eficial to avoid the proliferation of smooth muscle cells inducing in-stent restenosis [73].
However, it should be noted that the hydrophobic surfaces increased the platelet adhesion
and induced thrombosis [74], so before clinical use, the thrombogenicity of the surface
should be finely tuned in case of targeted cardiovascular stent applications.

3.3. Electrochemical Corrosion Behavior

Different ions, which are common in a biological environment, could affect the cor-
rosion behavior of biomedical alloys [33,75]; for this reason, two different media, that is
MHBSS and DPBSS, were used in the present work to perform electrochemical corrosion
tests. The results of the electrochemical tests are presented in Figure 4 and Table 4. The PT
condition showed a higher instability during the test, which could be related to more sur-
face defects induced during the PIII treatment (Figure 4a inset). Y. Jirdskova et al. [76]
showed that N-PIII caused a 10% lattice expansion on the austenitic stainless steel, which
consequently increased the surface defects. Furthermore, a higher active potential was
observed for the PT sample in both media. As DPBSS contained a higher phosphate con-
centration, a phosphate passive layer could have formed on the sample surfaces of both
condition surfaces. This layer protected the surface during OCP and shifted the potential
to fewer active values, compared to the samples immersed in MHBSS. Hence, the corro-
sion potentials for the MP condition were Cr=-0.8 V (MHBSS) and Cr=-0.66 V (DPBSS),
while for the PT condition, the potentials were Cr = —0.85 V (MHBSS) and Cr =-0.78 V
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(DPBSS). This more active potential in MHBSS was in agreement with the results of the
OCP values for pure Fe, in comparison to DPBSS [33], because the stability of the passive
carbonate and/or hydroxide layer in MHBSS could be influenced by the adsorption/de-
sorption of Cl. Polarization, Nyquist and Bode diagrams are presented in Figure 4b-d.
The PT condition showed a lower corrosion current density and corrosion rate, compared
to the MP sample in both media. Furthermore, the corrosion current density ic and the
corrosion rate CR of the studied conditions were lower for the immersion in DPBSS: MP
and PT ic decreased from 26.3 + 4.1 to 16 + 11.3 pA/cm? in MHBSS and from 18 + 16.5 to
15.9 +2.2 uA/cm? in DPBSS. Thus, a higher corrosion rate was observed for the MP condi-
tion (CR = 3.2 + 0.2 mm/year for MHBSS and 2.4 + 1.7 mm/year for DPBSS), compared to
the PT condition (2 + 1.4 for MHBSS and 1.9 + 0.6 mm/year for DPBSS).
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Figure 4. Electrochemical test results of the investigated conditions in MHBSS and DPBSS: (a) po-
tentiodynamic polarization tests (inset shows the open circuit potential evaluation); (b) Nyquist di-
agram and the fitted model (lines); (c,d) Bode diagram of the samples with the fitted model (lines)
(inset in (d) shows the equivalent circuit for the studied conditions). Time constants 1 and 2 are
indicted by the arrows in low (1 Hz) and middle (100 Hz) frequencies.

Table 4. Electrochemical corrosion parameters derived from PDP (A) and EIS results (B). The mean-
ings of the symbols are the following one: ic: corrosion current density; Ce: corrosion potential; Ba:
anodic tafel constant; 3c: cathodic tafel constant; CR: corrosion rate; Ru: resistance of the porous outer
oxide layer; Qu: capacitance of the porous outer oxide layer; ni: coefficient of Q1; Rz: resistance value
associated to the inner oxide/nitride layer; Qz: capacitance of the inner oxide/nitride layer; n2: coef-
ficient of Q2; xv% reduced X

(A) PDP Parameters

g::g::::; ic (A/cm?) Cre (mV) Ba (mV/decade) Bc (mV/decade) CR (mm/year)
MP + MHBSS 263 +4.1 -800 + 77 116.7 £ 10 309.3 + 27 32+0.2
MP + DPBSS 18 +16.5 -780 =49 132.4+47 .4 186.9 + 60.9 24+1.7
PT + MHBSS 16 +11.3 -698 + 96 141.5 + 37 214.1 + 40 2+14
PT + DPBSS 159 2.2 -781 + 81 123.2+15 253.7 £ 32 1.9+0.6

(B) EIS Parameters
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Condition

Q1 T1 Rz Q: T2

(Solution) Ri (ohm:-cm?) (pF'Cm‘Z-S“) m (s) (ohm-cm?) (pF-Cm‘Z-S“) n2 (s) X!
MP + MHBSS 256 +9.9 115.7+13 0.7+0.1 0.03 £0.014 235.1 £ 11 220+9.2 1+£0.1 0.027+0.003 0.25
MP +DPBSS 7547 +81.7 652+7.6 0.7+0.2 0.045+0.006 311.1£89.5 1454+ 148 0.6+0.1 0.02+0.026 0.12
PT + MHBSS 673.4 +61 30.1+59 09+0.1 0.02 £ 0.005 1547 + 578 946+79 0.6+0.3 146+0.32 0.74
PT + DPBSS 3493+64 352+24 0.7+0.1 0.012+0.002 921.6 +3.5 1637 +28.7 05+0.1 1.51+0.25 0.1

One reason for the corrosion resistance improvement could be the formation of the
expanded austenite phase (yn), which is a nitrogen supersaturated metastable phase with
a preferred (111) plane orientation [77]. As (111) showed a high planar density, it de-
creased the atomic dissolution and enhanced the corrosion resistance [78]. However, this
phase was unstable and could decompose into ferrite [79], which showed a higher corro-
sion rate, compared to austenite [80]. The decomposition of expanded austenite was de-
pendent on austenite stabilizing elements, such as Mn [81]; therefore yn could be decom-
posed into ferrite in a-Fe enriched parts of the sample. Another reason could be attributed
to the formation of nanometric surface grains after PIII, so that they decreased the galvanic
corrosion, according to the homogeneous chemical composition of the surface [82]. More-
over, different ion concentrations of the test medium affected the polarization test. For
instance, the higher amount of carbonates in MHBSS could form insoluble layers of FeCOs
[83] and MnCOs [84], which could hinder the further dissolution of the sample and de-
crease the corrosion rate in MHBSS, compared to DPBSS.

The impedance behavior of the samples was electrically modeled as two porous lay-
ers with two different time constants (Figure 4b—d (inset in Figure 4d shows the equivalent
circuit) and Table 4). R and Q represented the electrical resistance and the capacitance of
the corrosion layer. Q was a constant phase element and its impedance (Zq) could be de-
fined, according to Equation (3) [85], as:

Zg=Q(w)™ ©)

where Qo was a constant, j was the imaginary unit, w was the angular frequency and n
was a coefficient between 0.5 and 1. For n = 1, Zq represented the impedance of an ideal
capacitor; for n < 1, the equivalent circuit showed the non-ideal capacitance due to the
inhomogeneity of the surface. The solution resistance (Rs) between the sample and the
reference electrode was Rs = 176.7 + 24 Q. The charge transfer process at the interface of
the porous outer layer and the electrolyte was described by RiQ1 (time constant 1, semi-
circle in Figure 4b). R1 was the electrical resistance of the porous outer oxide layer, while
Q1 was its capacitance. Ry, for the samples, was immersed in MHBSS, and increased from
256 £ 9.9 to 673.4 £ 61 ohm-cm? after the PIII treatment. It should be noted that after the
plasma treatment, the defective hydroxide or oxide, as evidenced by XPS high resolution
O analysis, was removed from the surface (Figure 3c,d and peak2 of O in Table 3) while
the metal oxynitride was increased, hence Ri for the PT condition was higher than Ri for
the MP condition in MHBSS. Q1 decreased from 115.7 + 13 uF-cm2s» (MHBSS), and 65.2
+7.6 (DPBSS) for the MP condition, to 30.1 +5.9 pF-cm=2-s" (MHBSS) and 35.2 + 2.4 (DPBSS)
for the PT condition, while there was no significant change in the n values: only for the PT
+ MHBSS condition, it was increased to 0.9 + 0.1; this could be associated with the presence
of an outer oxide layer that shifted to a nearly ideal capacitance, thus decreasing the cur-
rent flow [86] and acting as a barrier against the solution penetration.

Rz and Q, in parallel, corresponded to the resistance and the impedance of the inner
oxide/nitride layer (time constant R2Q:, semicircle in Figure 4b). The degradation layers
of the Fe-based alloys had two porous oxide layers [1]. The inner oxide layer was covered
by an outer ferrous hydroxide layer. The oxide layer and hydroxide layer acted as a barrier
layer against the cation exchange. However, due to the low thickness of the PIII layer,
mainly formed by iron nitrides, it was difficult, in the present case, to distinguish the ef-
fect, in terms of the electrochemical cation exchange, of the oxide inner layer from the PIII
nitride layer, so they were modeled here as a general inner layer (R2Qz). This model was
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in accordance with the obtained R: from the data elaboration; in particular, for the MP
condition, DPBSS R2=311.1 + 89.5 ohm-cm?, while MHBSS R2=235.1 + 11 ohm-cm?2. More-
over, the PT samples showed an increased resistance of 921.6 + 3.5 and 1547 + 578 ohm-cm?
for the DPBSS and MHBSS immersion, respectively. This trend could be related to the
formation of iron nitride after PIII on the surface, as they showed a higher corrosion re-
sistance, compared to pure Fe and Mn [87-89]. N-PIII on austenitic stainless steel, also
proved the higher corrosion resistance and pitting resistance by stabilizing the passive
film formation because of the N reduction in the presence of H* [90]. Furthermore, nitro-
gen supersaturation enhances the diffusion of N and the formation of protective com-
pounds, such as NHs and NH* and inhibit localized corrosion [91].

Moreover, Q: increased from 220 + 9.2 uF-cm=2-s" and 1454 + 148 puF-cm2-s» for the MP
condition in MHBSS and DPBSS, to 946 + 79 puF-cm2-s" and 1637 + 28.7 uF-cm2-s for the
PT condition in MHBSS and DPBSS, respectively. However, the values of nz of the MP
condition decreased from 1+ 0.1 and 0.6 +1 to 0.6 + 0.3 and 0.5 + 0.1 for PT immersed in
MHBSS and DPBSS, respectively. This could be attributed to a more heterogeneous sur-
face from the chemical point of view, after the PIII treatment. Therefore, the increase of R1
and R contributed to the higher corrosion resistance for the PT condition. The reduced x?2
(xv* observed experimental variance divided by the theoretical variance) for the imped-
ance fitting was 0.25 for the MP + MHBSS condition, 0.12 for the MP + DPBSS condition,
0.74 for the PT+ MHBSS condition, and finally 0.1 for the PT + DPBSS, condition, respec-
tively. Values of xs? lower than 1 were due to the presence of a small amount of noise in
the raw data but the Nyquist and Bode curves were well fitted; two peaks in the phase
and the impedance change of the Bode diagrams, Figure 4c,d, correspond to the two sem-
icircles (time constants; parallel R and Q components) in Figure 4b. The time constant (t)
was measure by Equation (4) [92], as:

T=RQ (4)

which shows how long the capacitor takes to charge or discharge through the electro-
chemical processes. Time constants 1 and 2 are indicated by the arrows in low (1 Hz) and
middle (100 Hz) frequencies. There are no significant changes in 11 among the samples
while 2 increased from 0.027 +0.003 s and 0.02 + 0.026 s for MP + MHBSS and MP + DPBSS,
t01.46+0.32s PT + MHBSS and 1.51 +0.25 s PT + DPBSS, respectively. This is in agreement
with the increase of R2 and Q2, according to the formation of the oxide/nitride layer on
the PT sample.

The surface morphology after the potentiodynamic test in DPBSS and MHBSS
showed significant differences (Figure 5a,b,d,e). The EDS analysis evidenced the presence
of O and P on the surface of all of the studied conditions. This could be associated to the
formation of passive layers. As evident from all of the reported spectra (Figure 5¢,f), P and
O could be associated with the formation of phosphate passive films on the surface. These
precipitates could hinder the ionic exchange and consequently block further material dis-
solution [33]. As DPBSS contains more P than MHBSS, flower-shaped phosphate precipi-
tations were formed on the surfaces immersed in DPBSS (Figure 5d,e).
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Figure 5. Surface morphology after the potentiodynamic polarization tests in MHBSS for (a) MP and
(b) PT conditions; (c) EDS spectrum for Al and B1. Surface morphology after the potentiodynamic
polarization tests in DPBSS for (d) MP and (e) PT conditions; (f) EDS spectrum for D1 and E1.

Nevertheless, the homogeneous fine dense precipitations on the PT condition in
MHBSS (Figure 5b) could be the reason for the higher Ri, compared to the MP condition
(Table 4), thereby suggesting a more uniform corrosion behavior.

The only difference between the chemical composition of the corroded MP and PT
conditions was a small amount of Cl- that was detected on the surface of the MP sample
surface. The pitting could be inhibited when the amount of P ions was higher than the CI-
ions [93]; therefore, the sample was more prone to pitting in MHBSS. Nitrogen could pass
through on the surface as NHx, and could be dissolved as NH4* [94]. The presence of neg-
atively charged nitrogen (N®") at the oxide/solution interface could inhibit the pit initiation
by suppressing the Cl- adsorption; consequently, the corrosion rate was decreased, and a
uniform corrosion mechanism was triggered. Moreover, the cathodic nitrogen dissolution
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could increase the pitting resistance by decreasing the pH drop in the pits, by forming
NHy, as in Equation (5) [95]:

N+ 4H* +3e”~ 2 NH} )
However, the following reactions (dissolution—precipitation) could take place and
cause further corrosion (Equations (6) and (7)) [96]:

Fe?* 4+ 2CI~ 2 FeCl, (6)
FeCl, + Cl” 2 FeCl; + e~ )

The deposition of a mixture of Fe oxy-hydroxides, in which some Cl was also present,
increased the pitting resistance of the surface [97]. In fact, improvement of the pitting re-
sistance was proved by N-PIII to 316 stainless steel by 36%, according to the formation of
iron nitrides [98].

3.4. Static Degradation Tests Results

The surface morphology and chemical composition of the MP and PT conditions after
14-day SDITs in MHBSS are presented in Figure 6. The surfaces of both conditions, after
the test, were covered by a layer of degradation products, containing Fe, Mn, O, Cl, P and
C. The chemical compositions were compatible with that from a layer containing phos-
phates and carbonates of Fe and Mn, as already found [29,97]. This implies the formation
of a degradation product layer on the PT condition, corresponding to the fine precipita-
tions in Figure 5b, that were not removed with the cleaning. A punctual EDS analysis of
the surfaces in Figure 6a,b (points A2 and B2, respectively) were compared in Figure 6¢;
they showed similar composition profiles, but the different thickness and morphology of
the precipitate layers for the two conditions could be the main reason of the different cor-
rosion behavior of the samples. Following the O and N implantation, the formation of new
phases, in the form of nanocrystalline oxides and nitrides [99,100], took place. The fine-
structure and uniform thickness surface layer played a role in the nucleation and growth
of a thinner and homogeneous degradation product film, compared to the coarser one
obtained for the MP condition.

Intensity (a.u.)

A2

4
Energy (keV)

Figure 6. The surface of the degraded samples after a 14-day immersion in MHBSS (a) MP and (b)
PT sample, and (c) EDS for points A2 in (a) and B2 in (b).
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To analyze the phase composition of the degradation products after the SDITs, the
GIXRD was performed (Figure 7a). On the corroded surface of both conditions a-Fe, a-
FeOOH, a-Mn and Mn(OH): were detected. However, 3-MnO: was found on the surface
of the MP sample, while y-FeOOH was mainly found on the PT sample. As discussed
earlier, N*- at the interface of the oxide/solution may suppress the negative ion adsorption,
such as Cl- and OH;, and affect the formation of different iron hydroxides [101]. When
absorbable metals are used in biomedical applications, the absorption of the corrosion
products is studied, to assess the risk of local degradation product accumulation. Feng et
al. [102] investigated plasma nitride iron stents through in vivo tests and detected yellow-
ish accumulated corrosion products on the implanted stent surface. The corrosion layer
contained iron nitride that was not fully absorbed, even after 12 months of implantation.
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Figure 7. (a) Phase attribution for the MP and PT condition surfaces after the 14 day SDITs (GIXRD
patterns); (b) static degradation rate and mass loss for the MP and PT conditions after 14 and 28
days of immersion.

On the contrary, in the present work no relevant presence of any nitride phase was
detected: this was compatible with the supposed limited thickness of the surface modified
layer obtained with PIII. Consequently, there would be a lower possibility of corrosion
product accumulation, because the limited amount of nitride-formed debris would be
slowly absorbed or disposed of by the macrophages. The degradation rate of the MP and
PT conditions increased from 0.24 and 0.18 mm/year (at day 14) to 0.33 and 0.3 mm/year
(at day 28), respectively (Figure 7b). Thus, the degradation rate of the PT condition was
lower at the beginning and then reached approximately that of the MP condition after 28
days. Similarly, the mass loss of the MP and PT conditions showed a marked difference
after 14 days (0.068 and 0.051 mg/cm?, respectively) while after 28 days, the mass loss
increased to 0.187 and 0.172 mg/cm? for the MP and PT samples, respectively. The results
of the electrochemical (Table 4) and static degradation tests (Figure 7b) showed the same
trend, that is a lower corrosion rate for the PT condition. The lower degradation rate of
the static test was attributed to the formation of the corrosion products, such as iron hy-
droxide [33], on the surface of the samples, whose effect was to inhibit the medium pene-
tration toward the substrate.

Figure 8 shows the degradation products obtained from the sample surfaces (Figure
8a,b) and collected from the bottom of the test solution (Figure 8d,e), after the 14-day
SDITs. There was no significant difference between the chemical composition of the deg-
radation products after the MP and PT ultrasound cleaning (Figure 8c). However, the PT
condition degradation products showed, qualitatively, a more uniform size, while the MP
condition degradation products were more prone to agglomeration (larger than 10 pum).
In comparison, the morphology of the particles collected from the bottom of the solution
after degradation did not show any differences (Figure 8d,e).
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Figure 8. Degradation products after 14 days of immersion in MHBSS from (a) the MP and (b) PT
conditions; (c¢) EDS for points A3 in (a) and B3 in (b). Analysis of the powders collected from the
bottom of the solution, for (d) the MP and (e) PT conditions; (f) EDS for points D3 in (d) and E3 in

(e).

3.5. Cell Viability

Figure 9a shows the cell viability of the samples through an indirect MTT assay. The
metabolic activity of the cells improved to 84% for the PT sample from 53% for the MP
sample after 24 h of incubation. These values were similar for 72 and 120 h of incubation,
this outcome showed an acceptable cytocompatibility (more than 75% of the control [36])
for the PT condition.
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Figure 9. (a) Cell viability of the samples after 24, 72 and 120 h of incubation with HUVECs (n =3,
*:p <0.05; **: p <0.01) and (b) ion release after 24 h immersion of the samples (NA: No Ag detected).

One major factor affecting the cytotoxicity, was the amount of released metal ions
[103], so the higher corrosion resistance of the PT sample could have reduced the toxicity.
It has been proved that a higher corrosion resistance of nitrogen-containing steels, and
consequently a lower ion release, enhanced not only the cell viability, but also the cell
adhesion and hemocompatibility of the alloys [104-108]. Moreover, the negative charge
of the surface, the higher hydrophilicity and surface roughness of the N-PIII treated Ti
alloy, significantly increased the fibronectin adhesion to the surface, which promoted the
Ca? formation and human bone marrow mesenchymal stem cell adhesion [109]. Conse-
quently, higher cell adhesion enhanced the bone implant contact. Thus, the nitrogen im-
plantation can improve the biocompatibility of the metallic surface. Another factor that
was observed in the N-PIII treatment of silk and zirconia, was a better spreading of the
cells according to the surface modified functional groups [110,111]. However, it did not
have a negative impact on the immune system response (macrophages). However, there
is lack of study on the N-PIII of biodegradable iron implants and more in vitro and in vivo
investigations are required.

To investigate the ion release over 24 h in the samples, ICP-OES was performed (Fig-
ure 9b) on the corresponding extracts. Ag was not detected for the PT condition, while a
concentration cag = 0.5 mg/L was released from the MP sample. This could be one reason
for the higher cell viability of the PT sample. It has been shown that less than 0.05 mg/L
of Ag ion release could slightly decrease the cell viability of the HUVEC line [112,113].
Furthermore, the amounts of ions released from the MP and PT samples decreased from
9.24 to 5.28 mg/L for Fe and from 2.31 to 1.32 mg/L for Mn, respectively. A high toxicity
was observed for the fibroblast, smooth muscle and HUVEC lines due to the high amount
of Mn ions [114,115]; pure Mn showed a significantly higher toxicity, compared to the Fe-
Mn alloy [1]. Hence, as the MP condition contained a pure Mn phase, the cell viability
decreased significantly. The ion release resulted in agreement with the electrochemical
and static corrosion tests, which showed a higher corrosion rate for the MP condition. As
a result, the higher cell metabolic activity was achieved after the PIII treatment.

4. Conclusions

In this study, the influence of N-PIII on the corrosion behavior and biocompatibility
of an absorbable bimodal Fe-Mn-Ag alloy was investigated. The microstructure of the al-
loy was found to present different phases (a-Fe, a-Mn and a mechanical solution of y-
FeMn and Ag) and finally increased the overall corrosion by inducing an enhanced micro-
galvanic effect. XPS analyses after N-PIII proved the formation of mixed iron nitride and
iron oxide on the plasma treated samples (PT). Electrochemical corrosion tests were per-
formed in DPBSS and MHBSS. The corrosion rate of the MP sample (CR = 3.2 mm/year
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for MHBSS and 2.4 mm/year for DPBSS) was higher than the PT sample (2 for MHBSS
and 1.9 mm/year for DPBSS). The lower corrosion rate of the PT sample referred to the
desorption of Cl- by N°- on the surface and the corrosion mechanism was discussed. A
static degradation test was performed in MHBSS for 14 and 28 days. Then, after 14 days,
there was a significant difference in the degradation rate of the MP and PT samples (0.24
and 0.18 mm/year, respectively), whereas after 28 days the degradation rates were close
for both conditions (0.33 and 0.3 mm/year, respectively), which implied that the iron ni-
tride layer was dissolved. The MTT assay confirmed a higher biocompatibility of the PT
sample after 24, 72 and 120 h, according to the lower ion release after N-PIII. Hence, N-
PIII could control the corrosion rate in the initial stages of degradation. So, an advanced
absorbable Fe-based alloy with two stages of corrosion rate was effectively designed, the
first stage, with a lower corrosion rate, and the second one with an accelerated rate, to
reach a higher degradation. Further studies should be carried out to modify the processing
parameters to prepare the desired degradation rate for biomedical applications. Further-
more, the hemocompatibility, carcinogenicity and in vivo tests should be carefully per-
formed to study the complementary biological properties of the modified surfaces.
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