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Abstract: This paper presents a study of microstructure formation in bioresorbable Fe-Mn-
Si alloys for temporary implants under high-pressure torsion (HPT) at room temperature
and at 300 °C. The effect of silicon on the mechanism of microstructure formation under
HPT and, as a consequence, on the mechanical, corrosion and biological properties of
the alloys is studied. It is established that Si promotes martensitic transformation. HPT
leads to an increase in the microhardness values of the studied alloys from ~1560 MPa
in the initial state to ~5500 MPa (160-560 HV) due to structure refinement and phase
transformation. An increase in the electrochemical corrosion rate of Fe-Mn-Si alloys to
~0.5 mm/year is established due to grain refinement to nanosize and the formation of
strain-induced martensite. In vitro cytotoxicity and induced hemolysis studies showed that
Fe-Mn, Fe-Mn-3.75i, and Fe-Mn-55i alloys after annealing and HPT can be characterized
as biocompatible.

Keywords: Fe-Mn-Si alloys; high-pressure torsion; ultrafine grained microstructure; phase
transformation; mechanical properties; corrosion rate; cytotoxicity in vitro; induced hemolysis

1. Introduction

Despite ongoing research to improve the corrosion and functional properties of bio-
materials for permanent implants made of stainless steel [1-7], titanium [1,8-14] and
cobalt [1,15-17] alloys, there is increased interest in corrodible metallic biomaterials for
use in a number of medical devices [18-20]. These include biodegradable alloys based
on Mg [21-26], Zn [27-29], and Fe [30-33]. Compared with Mg- and Zn-based alloys,
iron-based alloys are stronger and have mechanical properties similar to stainless steel.
Therefore, bioresorbable Fe-based alloys have long been considered promising materials for
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the temporary medical implants, such as fixators for osteosynthesis [18-20] or cardiovascu-
lar stents [30-33]. Among iron-based materials, Fe-Mn alloys are the most suitable for the
development of bioresorbable medical devices, since Mn significantly reduces the corrosion
potential of Fe-based alloys [20,31,34,35]. It is believed that these alloys have promising
potential for such applications [36-38]. At the same time, their main disadvantage is a
fairly slow biodegradation process, which does not meet the requirements for materials for
temporary implants [34]. A slow rate of biodegradation can lead to the occurrence of side
effects associated with chronic inflammation due to the release of cytotoxic ions during
long-term use, which is usually observed when using permanent implants and leads to
repeated surgical operations to remove or replace the implant. In solving the problem of
slow corrosion rate, a combination of alloying [36,37,39-43], processing [44—49], and the
production method [50-52] can become a universal approach for obtaining mechanical, cor-
rosion, and ferromagnetic properties of Fe-Mn alloys that meet the requirements imposed
on their subsequent specific application.

At the same time, the mechanical behavior of Fe-Mn alloys is initially determined
by the low stacking fault energy (SFE), since SFE is a key factor controlling the structure
formation mechanism [53]. It is known that the SFE value is primarily determined by the
crystallographic nature of the material but is influenced by the chemical composition [54].
A decrease in SFE shifts the structure formation at deformation of high-manganese alloys
from dislocation slip and twinning to martensitic transformation [53]. Silicon is one of
the elements whose addition to the Fe-Mn base reduces the SFE and promotes the strain
-induced vy (fcc) — ¢ (hcp) martensitic transformation [55]. It is exactly this martensitic
transformation followed by the reverse transformation upon heating that leads to the
appearance of the shape memory effect (SMA) in these alloys [56-58].

At present, many studies are dedicated to Fe-Mn-Si alloys [47,48,59-61]. Im-
plantable devices made from Fe-Mn-Si alloys in their antiferromagnetic phase (austenite or
e-martensite) remain compatible with magnetic resonance imaging (MRI), enabling effec-
tive medical imaging during patient monitoring. For the first time, the Fe-30Mn-6Si alloy
with SMA was characterized as biocompatible based on the results of in vitro experiments
and proposed as a medical bioresorbable alloy in [59]. Subsequently, an in vivo study on
rats confirmed its biocompatibility and suitability for use in osteosynthesis [60]. However,
until now, a state of the Fe-Mn-Si alloy has not been developed, the biodegradation rate of
which corresponds to the osteosynthesis rate. Another disadvantage inherent to iron-based
alloys is the high elastic modulus (~120 GPa), which significantly exceeds the Young’s mod-
ulus of cortical bone (~20 GPa), which adversely affects the biomechanical compatibility of
the implant and bone [62]. Research aimed at obtaining a lower elastic modulus [47,63,64],
as well as the development of alloys with a higher degradation rate would make it possible
to create an orthopedic bioresorbable metalware.

It should be noted that structural defects with increased free energy often serve as
corrosion initiation points [65]. In addition, nonequilibrium intermetallic phases, usually
formed at dislocation sites and grain boundaries [66], are the cause of galvanic corrosion.
Moreover, it is known that grain size affects corrosion behavior, and its refinement increases
the density of grain boundaries. The type of boundaries in turn affects corrosion resistance
in different ways [67,68]. It is known that severe plastic deformation (SPD) results in the
production of a highly defective structure with a high density of boundaries of structural
elements. Therefore, it can become an effective tool for increasing the degradation rate. The
implementation of this approach was demonstrated in Fe-Mn alloys through equal-channel
angular pressing (ECAP), as documented in prior research [45,46]. It is important to note
that the obtained strength characteristics of these alloys after ECAP are high enough to
ensure veritable miniaturization of implantable devices [45,46,48]. It is worth noting that
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the degradation rate of the Fe-Mn-55i alloy after ECAP, despite alloying, was slightly higher
than that of commercially pure iron [48]. This effect was explained in [48] by the formation
of low-energy strain-induced twins of high density in the austenitic structure as a result of
ECAP at 400 °C, which increase corrosion resistance, in contrast to twins in magnesium
alloys, where on the contrary, its decrease is observed [69].

The aim of this work was to create various structural-phase states of the studied
Fe-Mn alloys in the process of high-pressure torsion (HPT) and determine their effect on
mechanical and functional characteristics, including the degradation rate, as well as biocom-
patibility. To create various structural states, the possibility of using various mechanisms of
structure formation during deformation was used, from the formation of strain-induced
martensite to twinning and dislocation slip, by changing the temperature under conditions
of very high strain degrees. Since silicon affects the mechanism of structure formation by
reducing the stacking fault energy, alloys with different silicon contents were selected for
this study. One of the compositions Fe-29% Mn-5% Si (wt.%) is close to the composition
with a pronounced shape memory effect, the improvement of the functional characteristics
of which is the focus of the efforts of many scientists.

2. Materials and Methods
2.1. Preparation and Processing of Alloys

Alloys of the compositions Fe-27 wt.% Mn, Fe-29 wt.% Mn-3.7 wt.% Si and Fe-29
wt.% Mn-5.2 wt.% Si with minor impurities (<0.01 wt.% C, <0.005 wt.% P, <0.003 wt.% S)
were melted in a vacuum-arc melting Leybold Gereus L200DI furnace (Leybold, Cologne,
Germany) from commercially pure iron, electrolytic manganese (~99.8% Mn) and silicon.
The obtained ingots (~1000 g) were forged at a temperature of 1100 °C in order to obtain
rods with a diameter of up to 20 mm. The initial state was taken after homogenization
annealing at a temperature of 1100 °C for 12 h in a vacuum in quartz tubes with subsequent
cooling in water. Deformation by torsion under pressure (P = 6 GPa) was carried out in a
Bridgman anvil-type installation on samples 1.5 mm thick with a diameter of 10 mm for
alloys with Si and on samples with a diameter of 20 mm for the Fe-Mn alloy. Two isothermal
deformation modes were used at a temperature of 300 °C and at room temperature in order
to obtain strain-induced e-martensite. In all modes, deformation was carried out up to
10 revolutions, which corresponded to the equivalent plastic strain at the middle of the
radius of the samples of ~5 for alloys with Si and ~5.7 for the Fe-Mn alloy.

2.2. Microstructural Characterization and Phase Analysis

The initial micro structure of the alloys was studied using a JSM-7001F scanning
electron microscope (JEOL, Tokyo, Japan). The average grain size was calculated using
the random secant method with Image ExpertPro 3 software (Image Expert, Moscow,
Russia). The structure of the alloys after deformation was studied by transmission electron
microscopy (TEM) using a JEM 2100 electron microscope (JEOL, Tokyo, Japan). Taking
into account the heterogeneity of the samples after HPT, the position for studying the
structure were clearly defined and coincided for all the studied state. Thin foils for TEM
were cut from a place at the middle of the radius of the HPT samples. and prepared by
grinding to 90 um with subsequent thinning up to perforation on a TenuPol-5 setup (Struers,
Copenhagen, Denmark). The phase composition of the studied alloys was determined using
a Rigaku Ultima IV diffractometer (Rigaku, Tokyo, Japan) with CoK« radiation (wavelength:
A =1.7902 A). To analyze the diffraction patterns, the Rietveld method implemented in the
PDXL2 software package (Rigaku, Tokyo, Japan) and the PDF-2 powder diffraction pattern
database (ICDD) were used. Instrumental broadening was accounted for using the LaBg
standard, which exhibits no physical broadening.
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2.3. Microhardness Measurements

Microhardness measurements were performed using the Wolpert Wilson® microhard-
ness tester 402 mVD (Instron, Norwood, MA, USA) for measuring Vickers hardness under
a load of 0.1 kgf with a hold time of 15 s. Microhardness of the samples was measured
along the surface of the HPT disks by constructing squares inscribed in a circle with sides
of 7 and 14 mm for HPT-treated disks with a diameter of 10 and 20 mm, respectively.
Measurements were performed according to coordinates specified in the form of a matrix
in automatic mode with a measurement step of 0.5 mm and 1 mm for disks with a diameter
of 10 and 20 mm, respectively. Additionally, microhardness was measured along two
mutually perpendicular diagonals with the measurement step described above.

2.4. Potentiodynamic Polarization (PDP) Measurements

Electrochemical characterization of Fe-Mn alloy corrosion resistance was performed
through the potentiodynamic polarization (PDP) method. The experiments were car-
ried out using an SP-300 (Bio-Logic SAS, Seyssinet-Pariset, France) potentiostat via a
three-electrode electrochemical PAR cell (Ametek Instruments, Oak Ridge, TN, USA). Dur-
ing the measurement, the alloy sample serves as the working electrode, the platinum
mesh serves as the counter electrode, and the Ag/AgCl electrode serves as the reference
electrode. Corrosion studies were carried out in a physiological solution of 0.9% NaCl
(pH = 7.4) at room temperature. The studied sample was ground and polished to a mirror
surface. To limit the contribution of surface roughness to the uncertainty of the result, we
measured the roughness parameter using an optical profilometer S neox (Sensofar, Terrassa,
Spain). The arithmetic mean deviation of the profile of the studied samples after HPT
was approximately 5 nm for all samples. PDP scans were performed at a rate of 1 mV /s,
spanning from —1000 V to Egc + 300 mV, where Eqc is the open-circuit potential. A 20 min
stabilization period ensured consistent PDP measurements. The obtained almost identical
curves confirm a stable potential of the surface. Six consecutive scans were carried out for
each alloy structural condition. Corrosion parameters—including corrosion potential, cur-
rent density, and corrosion rate—were derived using software (BioLogic, Seyssinet-Pariset,
France) according to the established protocols [70].

2.5. Mass Loss Test

To validate the electrochemical findings, mass loss immersion tests in DMEM (Dul-
becco’s Modified Eagle Medium) were conducted following guidelines for laboratory
corrosion testing [71]. Quarter-disk-shaped samples (10 mm diameter, 1 mm thickness)
with mirror-polished surfaces were prepared in triplicate for each alloy condition (annealed
and HPT-processed). The samples were sterilized in 70% ethanol for 2 h, dried and
incubated in 1 mL of DMEM-based growth medium supplemented with 10% fetal bovine
serum with 4 mM glutamine, and 100 unit/mL penicillin/streptomycin (all components-
PanEco, Russia) at 37 °C in a humidified 5% CO, atmosphere. After one day and after
fourteen-day samples were extracted, rinsed with distilled water, dried, and weighed to
quantify mass loss.

2.6. Biocompatibility In Vitro Measurements

Before studying the biocompatibility, the samples after HPT and in the initial state
were immersed in 70% ethanol for 2 h, followed by drying in a sterile atmosphere. In
each study, the properties of at least three alloy samples were studied after each treatment.
To assess the biocompatibility, alloy samples in the form of a % disk with a diameter of
10 mm and a thickness of 1.5-2 mm were used. The hemolysis and cytotoxicity induced
by them in vitro were assessed as described in the previous study [22]. The duration of
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incubation of samples with CBA mouse blood cells in a complete growth medium for
assessing the induction of hemolysis corresponded to two and four hours, and for 1 day for
assessing cytotoxicity. In the control, the cells were incubated under similar conditions in
the absence of samples. The results of the cellular response assessment were presented in
the Mean =+ Standard deviation format. Then, a comparative statistical analysis was carried
out, assessing the reliability of differences in the indices of cellular destruction under the
influence of the studied alloys in comparison with the control. Differences were considered
significant at p < 0.05. Hemolysis and cytotoxicity of Fe-Mn alloys after annealing and HPT
calculated as percentage relative to control for comparing the biological activity of different
alloy samples with each other.

All manipulations with laboratory animals were preliminarily approved by the decision
of the local ethics committee N.N. Blokhin NMRCO (#5-2024 dated 27 November 2024).

3. Results
3.1. Metallographic Features of the Fe-Mn Alloys After Annealing

The initial microstructure of the alloys was a coarse-grained structure with an aver-
age grain size of 189 + 17 um for the Fe-Mn alloy, 221 + 21 um with annealing twins of

24 £ 8 um thickness for the Fe-Mn-3.75i alloy and 160 £ 12 um with annealing twins of
37 £ 5 pm thickness in the Fe-Mn-55i alloy (Figure 1).

Figure 1. SEM images of the Fe-Mn alloy (a), Fe-Mn-3.7Si alloy (b), and Fe-Mn-5Si alloy (c) in the
initial states.

3.2. X-Ray Diffractions of the Fe-Mn Alloys After HPT

Quantitative X-ray diffraction analysis revealed the presence of a complete martensitic
Y — ¢ transformation in Si alloys deformed at room temperature. In the case of HPT at
room temperature, a partial martensitic transformation was observed in the Si-free alloy
with the presence of 94.5% e-martensite and 5.5% austenite (Figure 2, Table 1). In the case
of HPT at a temperature of 300 °C, a partial martensitic transformation occurs only in the
alloy with a maximum Si content of 5% (81.5% e-martensite and 18.5% austenite). Two
other alloys, Fe-Mn and Fe-Mn-3.75i, obtained by HPT at a temperature of 300 °C had a
fully austenitic structure (Figure 2).

The parameters of the fine crystal structure of the alloys, namely, the crystallite sizes
and the microstrain values (Table 1), were determined using the X-ray line analysis. The
dislocation density was calculated by recalculating the microstrains obtained by the com-
plete fitting of the diffraction profile using the Rietveld method. The line profiles were
ap-proximated by a Gaussian function. It was found that the values of microstrains
increased with increasing HPT temperature. The crystallite sizes for the austenitic Fe-Mn
alloy after HPT at 300 °C and for the Fe-Mn-3.7Si and Fe-Mn-5Si alloys after HPT at room
temperature indicate the formation of a nanostructural state in the alloys with an average
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crystal-lite sizes of 73.7 £ 12.5 nm, 94.3 £ 16 nm, and 104.6 &£ 19.2 nm, respectively. In the
two-phase Fe-Mn alloy after HPT at room temperature and the Fe-Mn-5Si alloy after HPT
at a temperature of 300 °C with the occurrence of martensitic transformation, non-uniform
refinement of phases with the highest values of microstrains of the martensitic component
were revealed (Table 1).
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Figure 2. X-ray diffractions of the Fe-Mn alloys after HPT at 20 °C (a) and after HPT at 300 °C (b).

Table 1. Results of the X-ray line profile analysis of the Fe-Mn-Si alloys after HPT.

Alloys Processing Phase Space Group a A C;)vr;t;nt, g, % p, cm—2

Initial v 225: Fm3m 3.60880(6) 100(3) 0.025(5) 1 x 10°

v 225: Fm3m 3.60510(16)  5.5(3) 0.241(15) 2.3 x 101
[«
> HPT at 20 °C 2.5386(3)
& € 194: P63/mmc  2.5386(3) 94.5(3) 0.361(4) -
4.0980(3)

HPT at 300 °C Y 225: Fm3m 0.306(7) 100(5) 0.342(4) 3.7 x 101
-CE Initial Y 225: Fm3m 3.60482(2) 100(5) 0.0144(15) 1 x 10°
) 2.5432(3)
§ HPT at 20 °C € 194: P63/mmc  2.5432(3) 100(5) 0.191(7) 1.44 x 1011
o 4.1191(3)

HPT at 300 °C v 225: Fm3m 3.5951(2) 100(6) 0.254(5) 2.55 x 1011

Initial v 225: Fm3m 3.60413(10) 100 0.044(2) 1 x 10°
- 2.5448(3)
B HPT at 20 °C € 194: P63/mmc  2.5448(3) 100 0.192(7) 1.46 x 1011
§ 4.1252(2)
& v 225: Fm3m 3.5987(3) 18.5(10) 0.36(2) 5.13 x 101

HPT at 300 °C 2.5459(9)

€ 194: P63/mmc  2.5459(9) 81.5(10) 0.42(5) -
4.1512(9)

3.3. TEM Analysis of Fe-Mn Alloys After HPT

Transmission electron microscopy (TEM) confirmed and supplemented the X-ray
structural studies of the structural and phase composition. TEM analysis revealed the
formation of an austenitic ultrafine-grained grain-subgrain structure in the Fe-Mn alloy
after HPT at a temperature of 300 °C (Figure 3), as indicated by the presence of individual
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re-flections in the ring selected area electron diffraction (SAED) pattern (Figure 3a (insert)).
The average size of the structural elements was ~105 & 4 nm.

Figure 3. TEM images of Fe-Mn alloy after HPT at 300 °C: (a) BF image with SAED pattern (insert),
(b) DF image.

In this case, TEM images of the Fe-Mn alloy structure after HPT at a temperature of
20 °C reveal a non-uniform predominantly martensitic structure of the alloy (Figure 4).
In this structure, along with areas of fine-grained structure (Figure 4c) with large lattice
distortions, coarser-grained areas are found (Figure 4b). Finer-grained areas are represented
by an ultrafine-grained structure with an average size of structural elements of 103 & 6 nm,
and in areas with a larger structure, the formation of shear bands 150-1000 nm thick is
revealed.

Figure 4. TEM images of Fe-Mn alloy after HPT at 20 °C: (a) BF image; (b) DF1 image of CG area
with SAED pattern (inset); (c) DF2 image of ultrafine-grained (UFG) area.

During the TEM analysis of the Fe-Mn-3.75i alloy after HPT at 300 °C, a fully austenitic
nanoscale grain-subgrain structure was found (Figure 5). In the Fe-Mn-3.75i alloy, the average
size of structural elements determined by the dark field (Figure 5b) was ~61 & 2 nm.

The structure of the Fe-Mn-5Si alloy after the same treatment is very inhomogeneous
(Figure 6). Thus, Figure 6a,c show two types of structure with different misorientation of
grains or subgrains. Figure 6a shows an ultrafine-grained grain-subgrain structure that
is confirmed, among other things, by the diffraction pattern in the inset. The structure in
Figure 6 is coarser-grained with less distortion. In areas with an ultrafine-grained structure,
the average size of structural elements is 52 & 6 nm (Figure 6a,b). At the same time, areas
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with a larger structure are represented by structural elements with an average size of
181 &+ 11 nm (Figure 6¢,d).

Figure 5. TEM images of Fe-Mn-3.75i alloy after HPT at 300 °C: (a) BF image with SAED pattern
(insert), (b) DF image.

Figure 6. TEM images of Fe-Mn-5Si alloy after HPT at 300 °C: (a,c) BF image with SAED pattern
(insert (a)), (b,d) DF image with SAED pattern (insert (d)).

During HPT at room temperature, the Fe-Mn-55i alloy also undergoes a martensitic
Y — ¢ transformation (Figure 7). The structure exhibits similar heterogeneity. Both regions
with slight intragranular distortions and regions of the UFG structure with large lattice
distortions are present (Figure 7c). TEM analysis reveals a small content of austenite
(Figure 7b).
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Figure 7. TEM images of Fe-Mn-5Si alloy after HPT at 20 °C: (a,c) BF image with SAED pattern for
UFG structure (insert (c)), (b) SAED pattern from (y + ¢) area & 600 nm.

3.4. Microhardness Measurements of Fe-Mn Alloys After HPT

To assess the strength of the HPT-treated alloys, Vickers microhardness measurements
(Figure 8) with the construction of microhardness distribution matrices over the sample
surface and along two mutually perpendicular diameters were used. HPT at room temper-
ature led to an increase in the microhardness in the Fe-Mn alloy at the middle of the radius
to ~4500 MPa. With an increase in the silicon content, the microhardness slightly increased
to ~4750 MPa and to ~5000 MPa in the Fe-Mn-3.7Si and Fe-Mn-5Si alloys, respectively.
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Figure 8. Microhardness of Fe-Mn alloys produced by HPT: (a—c) Fe-Mn alloy; (d-f) Fe-Mn-
3.7Si alloy; (g-i) Fe-Mn-3.7Si alloy; (a,d,g) after HPT at 20 °C; (b,eh) after HPT at 300 °C;
(a,b,d,e,gh) distribution over surface of an HPT sample; (c,f,i) distribution along the diameters.
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The microhardness at the middle of the radius after HPT at 300 °C temperature was
~5250-5500 MPa. At the same time, since the two-phase and martensitic structure gave a
large measurement error, it was not possible to confirm a statistically significant change
in the microhardness. Thus, despite the different structural and phase states obtained as
a result of HPT, the microhardness at the mid-radius of the samples was practically the
same, which was a consequence of the mutual compensation of the properties of the phase
and structural states of the alloy. It is noted that the difference between the microhardness
in the center and the microhardness at the middle of the radius of the sample increased
with increasing silicon content in the alloy, which is clearly shown in the graphs of the
distribution of microhardness over two mutually perpendicular diameters (Figure 8c,f,i).

3.5. Corrosion Rate Measurement of Fe-Mn Alloys After HPT
3.5.1. Potentiodynamic Polarization

The corrosion properties of Fe-Mn alloys were assessed using electrochemical measure-
ments by the potentiodynamic polarization (PDP) method. The PDP curves (Figure 9a—c)
obtained after 20 min of open-circuit holding were almost identical, indicating that a stable
potential had been achieved. Since alloys in different structural-phase states were obtained
and investigated during this study, a detailed analysis made it possible to estimate the
effect of these states on the corrosion rate.
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Figure 9. Corrosion properties (a—c) PDP curves of the technically pure iron, Fe-Mn alloys in
physiological saline solution at scan rate of 1 mV/s; (d) comparison of the PDP results.
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Analysis of the PDP curves (Figure 9d) showed that alloys with a grain-subgrain
austenitic nanostructure have the highest corrosion rate. The maximum corrosion rate was
shown by the Fe-Mn-3.75i alloy after HPT at a temperature of 300 °C with an average size
of structural elements of 61 = 2 nm (0.51 £ 0.02 mm/year). Increasing the average size
of structural elements of the Fe-Mn alloy after the same treatment to 105 & 4 nm slightly
re-duces the degradation rate to 0.47 & 0.03 mm/year. At the same time, alloys with a
defective martensitic structure obtained by HPT at room temperature have a corrosion
rate close to the corrosion rate of nanostructured austenite. However, those obtained
during experiment corrosion rate of alloys with a martensitic and two-phase structure
are characterized by a very large measurement error due to large structural heterogeneity.
Nevertheless, it can be summarized that the refinement of austenitic alloys to nanoscale
sizes reduces the corrosion resistance to the level of a less significantly refined defective
martensitic structure.

3.5.2. Mass Loss Measurements

Immersion corrosion tests, which consist of measuring the mass loss due to corrosion,
confirmed the data of electrochemical studies during incubation in a culture medium for
1 day (Figure 10). Extending sample incubation in culture medium to 14 days leads to a
notable decrease in corrosion rate because degradation byproducts create a barrier that
inhibits further corrosive attack.

[ ]1day[] 2 weeks
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0.8 - _}
X 06- _
€ 04 ' I
E L . H H .
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0-2_ : - ) ' |T‘ m ) H |
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Figure 10. The evolution of corrosion parameters for Fe-Mn alloys in different processing states
(annealed vs. HPT) during DMEM immersion after 1 and 14 days. CAm represents corrosion rate
and Am indicates weight loss.

Figure 10 clearly shows a significant decrease in the degradation rate of Si alloys in
the initial state relative to the Fe-Mn alloy. This effect is explained by the presence of
annealing twins in the structure of silicon alloys. At the same time, a large measurement
error in the mass loss Am of the Fe-Mn alloy may indicate sufficiently deep pitting damage,
which complicates the removal of corrosion products from the surface of the sample.
The measurement error is also introduced by the heterogeneity of the alloy structure
after HPT, especially in the martensitic state. Some discrepancy in the corrosion rates
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determined by the two methods presented above can be explained by different testing
media and conditions.

3.6. Biocompatibility In Vitro of Fe-Mn Alloys After Annealing and HPT

The conducted in vitro biocompatibility studies of Fe-30Mn, Fe-30Mn-3.7Si, and Fe-
30Mn-5Si alloys after HPT showed that incubation of cells with all the studied alloy
samples in the initial state and after HPT did not lead to a reliable increase in hemolysis
and cytotoxicity compared to the control (Figure 11), where the cells were cultured under
the same conditions, but without additional exposure to the samples. This indicates that
the tested alloys meet the requirements for medical materials according to these safety
criteria for biological objects [72,73].

50 Cytotoxicity , % [ 1day

0 ﬁl—hl—ﬁ ﬁ | - : [

15—_ _ Hemolysis, % [ 12h
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- 20 300 - 20 300 - 20 300
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Fe-Mn Fe-Mn-3.7Si Fe-Mn-5Si

Figure 11. Hemolysis and cytotoxicity of Fe-Mn alloys after annealing and HPT calculated as
percentage relative to control.

Comparing the properties of alloys of different chemical compositions, one can see a
tendency for a more intensive increase in hemolysis and cytotoxicity under the influence of
incubation with samples based on Fe-Mn, which, however, was not reliably confirmed by
statistical analysis methods during the experiments. Moreover, the obtained results also
indicate that the presence of silicon in Fe-Mn alloys stimulates the tendency of increasing
cell tolerance to the products of their biodegradation during the process of co-incubation.

4. Discussion

Different structural states of three Fe-Mn alloys were obtained in the HPT process at
room temperature and 300 °C. After HPT at room temperature, refined fully martensitic
structure was obtained in Fe-Mn-3.75i and Fe-Mn-5Si alloys and ultrafine-grained two-
phase structure (94.5% e-martensite and 5.5% austenite) in Fe-Mn alloy. HPT at 300 °C
resulted in ultrafine-grained two-phase structure (81.5% e-martensite and 18.5% austenite)
in Fe-Mn-5Si alloy and nanostructured austenitic state in Fe-Mn and Fe-Mn-3.75i alloys.
The obtained microstructures clearly show that increasing Si in the alloy promotes the
martensitic transformation. Thus, adding 3.7% silicon to the Fe-Mn base after HPT at room
temperature changed the two-phase structure to a fully martensitic one, and increasing the
silicon content in the alloy to 5% after HPT at 300 °C changed the austenitic structure to a
predominantly martensitic one (¢~81.5%) (Table 1).
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It was found that the structure formation mechanism at HPT was initially determined
by the deformation but is influenced by the Si content and deformation temperature. HPT
at room temperature initially led to the martensitic transformation. A stronger martensitic
structure was more difficult to refine and, as such, to deform. This can explain the presence
of traces of austenite in the structure after HPT at room temperature of the alloy with Si
(Figure 7). However, when the result of HPT is a two-phase structure, then first, apparently,
the original austenite structure is refined, and only after applying higher strain degrees in
the already refined austenite grain, e-martensite is formed within the boundaries of this
refined grain. This is confirmed by the values of microstrains in Table 1. The later the stages
of strain-induced martensite formation, the less of it was in the two-phase structure and
the more difficult its formation was. This is evidenced by the level of microstrains and the
density of dislocations of both Fe-Mn and Fe-Mn-5Si alloys in the two-phase state (Table 1).
Thus, in the structure of the Fe-Mn-55i alloy with 81.5% e-martensite, the maximum level
of microstrain of 0.42% was obtained, exceeding the value of microstrain of 0.361% in the
Fe-Mn alloy after HPT at 20 °C (94.5% e-martensite). The values of microstrain in alloys
Fe-Mn-5Si and Fe-Mn-3.7Si with the martensitic structure after HPT at 20 °C were equal to
0.192%. At the same time, the level of microdeformation in austenite with a decrease in
its amount also decreases from 0.36% at a dislocation density of 5.13 x 10'! cm~?2 in the
structure of the Fe-Mn-5Si alloy after HPT at 300 °C to 0.241% at a dislocation density of
2.3 x 10! cm~2 in the Fe-Mn alloy after HPT at room temperature. Competing structure
formation processes consisting of grain refinement due to dislocation slip and the formation
of e-martensite caused the inhomogeneity of the two-phase structure (Figures 4 and 6).

It is noted that with an increase in the silicon content after HPT at room tempera-
ture, the microhardness value at the middle of the sample radius increases slightly from
~4500 MPa of the microhardness value of the alloy without silicon to ~4750 MPa and
to ~5000 MPa in the Fe-Mn-3.7Si and Fe-Mn-5Si alloys, respectively (Figure 8). Such an
increase in microhardness can be explained by the difference in the fine structure of marten-
site. In [74], it was found that an increase in the silicon content in medium-manganese steel
leads to a decrease in the crystallite size in martensite and, accordingly, to an increase in the
number of martensite lath boundaries, as well as to an increase in the dislocation density.

The same reason lies in the increase in the difference between the microhardness
values in the center and at the edge of the samples in the martensitic state with an increase
in the silicon content (Figure 8c,{,i). Such structural inhomogeneity is characteristic only
of samples in the martensitic and predominantly martensitic state. Despite the higher
microhardness values (~5500 MPa), the structure in the fully austenitic state is uniformly
refined. Therefore, the reason for the heterogeneity is most likely not the slippage of the
samples during deformation, but the lack of plasticity induced by the transformation, which
ends the faster, the more silicon is in the alloy. Nevertheless, despite some heterogeneity
of the obtained microstructures, extremely refined structural states of these alloys were
obtained in the work. It is important to note that this level is much higher than the level of
microhardness of the alloys in the initial state. Considering that for Fe-Mn, Fe-Mn-3.75i and
Fe-Mn-56i alloys in the initial state the microhardness was equal to 1559 MPa, 2632 MPa,
and 2316 MPa, respectively, it is clearly seen that by the end of deformation they have
exhausted their plasticity resource.

It is not surprising that the extremely deformed austenitic nanostructures in Fe-Mn-
3.751 and Fe-Mn alloys after HPT at 300 °C with an average size of structural elements of
61 £ 2 nm and ~105 £ 4 nm, respectively, show approximately equal electrochemical
corrosion rates of 0.51 & 0.02 mm/year and 0.47 & 0.03 mm/year, respectively (Figure 9d).
It is worth noting that the martensitic structure itself is defective and less corrosion resis-
tant. Thus, in [75] it is noted that the deterioration of passive behavior with an increase
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in the amount of martensite changes the corrosion damage of the alloy. While the cor-
rosion damage of austenite is manifested mainly by surface pitting, the damage of the
martensitic phase takes the form of micropitting and selective corrosion of martensitic
plates [75]. Therefore, even slightly refined martensite shows a corrosion rate comparable
to nanostructured austenite.

Thus, having traced the dependence of microhardness and the rate of electrochem-
ical corrosion on the change in microstructure, one can note their strong dependence on
the structural and phase state. At the same time, the values of these characteristics for
different alloys after various treatments are very close as a result of compensation for the
microstructure refinement and phase state.

It should also be noted that Fe-Mn-Si alloys are biocompatible. It is proven in studies
of cytotoxicity and hemolysis induced by them in vitro, especially after HPT. Studies of
non-metallic biomaterials have demonstrated excellent properties including osteogenesis
and angiogenesis of silicon and its compounds [76,77]. It is also known that in a culture
medium, silicon, which is part of biomaterials, forms functional groups Si-OH on the
surfaces, thereby causing the nucleation of apatites. Taking into account the high density of
crystal structure defects in deformed alloys, including boundaries of structural elements,
which implies an increased density of places where the boundaries emerge on the surface
of the samples, it is possible to assume an increased release of silicon ions onto the surface,
which can neutralize the negative effect caused by the Fe-Mn base.

5. Conclusions

In the presented work, various structural-phase states of the Fe-Mn alloys were formed
using the HPT method at room temperature and at 300 °C for a comprehensive study of
changes in mechanical and functional characteristics of these alloys.

1. HPT results in significant refinement of the structure down to 50 nm and the formation
of strain-induced martensite in alloys.

2. Itwas found that the deformation-induced structural refinement mechanism is determined
by the deformation but is influenced by the Si content and deformation temperature.

3. Sipromotes the occurrence of martensitic transformation in the alloys, as indicated by
the phase composition of the alloys within one treatment.

4. Almost identical microhardness of the studied alloys was noted as a result of compen-
sation of their phase and structural state at the same HPT temperature.

5. The maximum rate of electrochemical corrosion was obtained in alloys with a grain-
subgrain nanosized austenitic structure in the Fe-Mn-3.7Si alloy (0.51 4= 0.02 mm /year)
and in the Fe-Mn alloy (0.47 4= 0.03 mm/year) after HPT at 300 °C.

6. It was found that alloys with a defective martensitic structure, which have a coarser
grain structure, degrade at rates close to those of nanosized austenite.

7. The study of cytotoxicity and induced hemolysis in vitro showed that Fe-Mn, Fe-Mn-
3.75i, and Fe-Mn-56i alloys after HPT can be characterized as biocompatible, and
also allowed to suggest an increase in the tolerance of blood cells to the products of
bioresorption of alloys containing Si.
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