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Abstract: An attempt to improve the functional characteristics of a degradable Fe-Mn-5Si shape
memory alloy by means of structure refinement by equal-channel angular pressing (ECAP) was made.
In the course of ECAP, an austenitic ultrafine-grained structure was obtained. In shear bands with a
thickness of 301 ± 31 nm, twins 11 ± 1 nm in size were formed. Due to the resulting structure, the
tensile strength was doubled up to 1419 MPa, and the yield strength was increased up to 1352 MPa,
four times higher compared with the annealed state. Dynamic indentation tests revealed a decrease
in Young’s modulus by more than 2.5 times after ECAP compared to values measured in the annealed
state. The results of the study of hemolytic and cytotoxic activity in vitro, as well as the local and
systemic reactivity of the body of laboratory animals after implantation of the test samples indicate the
biocompatibility of the alloy after ECAP. Biocompatibility, high specific strength and low modulus of
elasticity open prospects for Fe-Mn-5Si alloy after ECAP to be used for the production of degradable
implants that can effectively provide the fastening function in osteoreconstruction.

Keywords: Fe-Mn-Si alloys; equal-channel angular pressing; martensitic transformation; mechanical
properties; biocompatibility in vitro; biocompatibility in vivo; corrosion rate

1. Introduction

Shape memory alloys (SMAs) with the ability to retain a pre-programmed shape are
attractive for use in various industries, such as electronics, aircraft, automotive, etc. [1].
However, recently SMAs have become most in demand in biomedicine [2,3]. Among the
materials with shape memory effect (SME) are biocompatible, bioresorbable alloys based
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on Fe [4–6], such as alloys of the Fe-Mn-Si system. For the vast majority of alloys with SME,
such as Ti-Ni, including those based on Fe (Fe-Pt, Fe-Ni-Co-Ti, etc.), SME occurs due to
thermoelastic martensitic phase transformation. The SME in Fe-Mn-Si alloys arises as a
result of stress-induced γ (fcc)→ ε (hcp) martensitic transformation, followed by reverse
transformation on heating. The SMEs of the Fe-Mn-Si system have been constantly studied
since their discovery [7–9]. This system is expected to be a promising alternative to Ti-Ni
based shape memory alloys. One of its important advantages is degradation, which helps
to avoid repeated surgical intervention to remove the implant, reducing the risk of side
effects due to long-term use.

The effective use of Fe-based bioresorbable SME alloys in medicine requires them to
meet relevant criteria. Bioresorbable materials for biomedical applications are expected to
have a mechanical strength of ≥200 MPa with a corresponding elongation of ≥10% [10].
It is fair to note that Fe-Mn-Si alloys with SMA have satisfactory strength and ductility,
despite the fact that Si impairs the ductility of the material. For example, the Fe-30Mn-6Si
alloy has a tensile strength of 453 MPa and a relative elongation of 16.5% [6]. At the same
time, in Fe-Mn-Si alloys, Young’s modulus is quite high compared to that of the human
bones, which adversely affects the biomechanical compatibility of the implanted device
and the bone [11]. However, Young’s modulus can gradually decrease with increasing
degradation time [12], as well as with the application of appropriate processing [13–15].

So far, several studies on the degradation and biocompatibility of Fe-based SMA have
been reported [4,6,16]. In [6], the corrosion resistance of Fe-Mn-Si alloy with SME, Fe-Mn
alloy and pure Fe was studied by the method of potentiodynamic polarization in the Hanks
solution. It was found that the Fe-Mn-Si alloy exhibited the lowest corrosion potential and
the highest corrosion current density, indicating the lowest corrosion resistance among the
studied materials. In [17], this behavior was explained by the lower corrosion resistance of
the austenitic and martensitic phases in the Fe-Mn-Si alloy compared to the ferrite of pure
Fe. Fe-Mn-Si alloys exhibit satisfactory in vitro degradation characteristics compared to
pure Fe [13,18]. The in vitro cytotoxicity test carried out in [6] demonstrated satisfactory
biocompatibility of Fe-Mn-Si alloys. Studies [19,20] showed biocompatibility in vivo with
the preservation of the mechanical integrity of the Fe-Mn-Si alloy. At the same time, [21]
reported on the weight loss of the Fe-Mn-Si implant after a two-week implantation in the
rat tibia without specifying the exact corrosion rate in vivo. However, their corrosion rate
is much lower than that of the Mg-based alloys.

After confirming acceptable degradation and biocompatibility in Fe-based SMA alloys,
attempts to change the composition of these alloys in order to increase the corrosion rate
required for the manufacture of bioresorbable implants were made [12,22,23]. It was
found that the corrosion rate of Fe-Mn-Si SMA alloys increases with increasing of Mn
content: 0.48, 0.59 and 0.80 mm/year for Fe-23Mn-5Si, Fe-26Mn-5Si and Fe-30Mn-5Si alloys,
respectively. Such an increase in the corrosion rate may be associated with a change in
the phase composition, caused by a higher content of Mn [13]. Among other reasons
for the decrease in the corrosion resistance of Fe-based alloys after alloying with Mn,
are the high chemical activity of Mn, i.e., low electronegativity, a high negative value of
the standard electrode potential, as well as an increased tendency to form non-metallic
inclusions [24–27]. At the same time, it should be noted that a high content of manganese
leads to pronounced pitting corrosion in chloride media [28]. Alloying has long been
considered an effective method of controlling the corrosion rate of a metal due to its ability
to either change the corrosion potential or cause micro-galvanic corrosion. Unfortunately,
only a limited number of the alloying elements can cause such an effect. Therefore, other
possibilities of manipulating the structure and phase composition are being studied. The
concept of changing the phase composition revolves around enhancing galvanic corrosion
by creating various phases with different potentials. It has been reported that this approach
is also effective for bioresorbable Fe-Mn alloys [23,29]. However, in this case, there is also a
limitation on the phase composition. In order to use magnetic resonance imaging (MRI)
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during implantation for medical control, the material after deformation must be in an
antiferromagnetic state (austenite, ε-martensite).

An important role in increasing the corrosion rate is played by structural defects that
occur during metal processing. Violations of the regularity of the crystalline structure have
a higher free energy and can become a place for the initiation of corrosion in crystalline
materials [30,31]. Dislocations and grain boundaries can serve as preferred sites for the
nucleation of nonequilibrium intermetallic phases [32], which can subsequently form
galvanic cells with a metal matrix. In addition, it is known that the grain size affects
the corrosion characteristics of the alloy. A model [33] was proposed that describes the
relationship between the corrosion current density and the grain size of pure metals. Within
this model for corrosion in a physiological environment, grain refinement can lead to an
increase in the corrosion current density. At the same time, grain refinement leads to an
increase in the density of grain boundaries. Their effect on the corrosion resistance of the
alloy depends on the angles of their misorientation [34] and on the type of boundaries.
Thus, in Fe-based alloys, low-angle grain boundaries lead to a decrease in susceptibility
to intergranular corrosion, in contrast to high-angle grain boundaries [35]. Twins in the
austenitic structure of these alloys have low energy special boundary, which increase the
corrosion resistance in contrast to high-energy twin boundaries of the Mg alloys [36].

The current state of research shows great scientific interest in the direction of studying
the processes of degradation and increasing the corrosion rate of alloys with SMA, including
Fe-Mn-Si alloys. However, significant progress in solving the problem of increasing the rate
of degradation has not yet been achieved. In this work, an attempt was made to increase
the rate of degradation of the Fe-Mn-5Si alloy by refining the structure by the method of
equal-channel angular pressing (ECAP), while maintaining the austenitic state. The article
presents a comparative analysis of the corrosion rate of the alloy measured by various
methods. Studies of the biocompatibility and degradation of Fe-Mn-Si alloys in vitro are
supplemented by in vivo results, which are currently limited [19,20].

2. Materials and Methods
2.1. Alloy Preparation and Treatments

The alloy for research was melted in a Leybold Gereus L200DI furnace (Leybold,
Cologne, Germany) for vacuum arc remelting from commercially pure iron, electrolytic
manganese (≈99.8% Mn) and silicon and remelted up to 10 times. Chemical composition of
the alloy was 29 wt.% Mn–5.2 wt.% Si with minor impurities: <0.01 wt.% C, <0.005 wt.% P,
<0.003 wt.% S. The chemical composition was measured using wavelength dispersive X-ray
fluorescence (WDXRF) spectroscopy. The major elements in the investigated samples were
determined on a BRUKER S8 TIGER Series 2 WDXRF spectrometer in vacuum according to
the standard method using Quantum-Express software SPECTRAplus version 4.2.1. The
resulting ingot was forged at a temperature of 1100 ◦C to obtain a rod with a diameter of
16 mm. Homogenization annealing was carried out at a temperature of 1100 ◦C for 12 h in
a vacuum in quartz tubes. Annealed rods were used to make specimens for ECAP with a
diameter of 10 mm and a length of 60 mm.

ECAP was carried out along route Bc (after each pass, the specimen was turned
around the longitudinal axis by 90◦) at a temperature of 400 ◦C in a die with channels
intersecting at an angle of 120◦. Graphite lubricant was used to minimize friction with the
die walls [37]. This allowed the high-strength alloy to be deformed up to four ECAP passes.
The equivalent cumulative strain applied to the sample calculated for a given geometry
setup with 4 ECAP passes was 3.6 [38].

2.2. Mechanical Properties

Mechanical properties were evaluated by uniaxial tensile testing using an INSTRON
3380 machine (Instron, Norwood, MA, USA) with a load of 100 kN at room temperature on
miniature dog-bone tensile test specimens with a working zone length of 5.75 mm and a
cross section of 2 × 1 mm. Vickers microhardness was measured on an Instron Wolpert
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Wilson® 402 MVD microhardness tester (Instron, Norwood, MA, USA) at a load of 0.1 kgf
with an indentation time of 15 s. Indentation hardness HIT, indentation modulus EIT and
elastic recovery ηIT (ratio between elastic and total indentation works Welast/Wtotal, where
Welast and Wtotal are the elastic and total works, respectively) was determined using a
dynamic ultramicrohardness tester DUH-211S (Shimadzu) with a Vickers indenter at loads
of 10 and 2 g in the loading–unloading mode at a loading speed of 70 mN/s according to
the [39].

2.3. Microstructural Characterization and Phase Analysis

The microstructure of the samples in the coarse-grained state was studied using a
scanning JSM-7001F (JEOL; Tokyo, Japan) microscope equipped with an energy-dispersive
spectrometer INCA Energy 350XT (Oxford Instruments Analytical; High Wycombe, UK).
The fine structure was studied by using a JEOL JEM 2100 (JEOL; Tokyo, Japan) transmission
electron microscope (TEM) operating at 200 kV. The TEM foils were electro-polished
using a solution of 10% perchloric acid and 90% acetic acid. The phase composition was
studied on a Rigaku Ultima IV diffractometer (Rigaku; Tokyo, Japan) with CoKα radiation
(wavelength: λ = 1.7902 Å).

2.4. Potentiodynamic Polarization (PDP) Measurements

The corrosion rate was evaluated from the results of electrochemical tests by the
potentiodynamic polarization (PDP) method using an SP-300 potentiostat (Bio-Logic SAS;
Seyssinet-Pariset, France). Corrosion studies were carried out in physiological solution
with pH = 7.4 at room temperature. A flat PAR cell (Ametek Instruments, Oak Ridge, TN,
USA) with a “three-electrode configuration” was used. The cell is a double-jacketed 250 mL
cell for flat samples with a maximum thickness of 1 cm. Integrated into the cell Pt gauze is
the counter electrode. The test samples with a minimum diameter of 3 mm and a maximum
thickness of 0.6 mm were used as the working electrode. The area exposed to the solution is
about 1 cm2. The electrode surface was polished to a mirror finish. The Ag/AgCl electrode
was inserted into the bridge tube as a reference electrode. The distance between the tip of
the bridge tube and the working electrode was kept constant to minimize the IR drop in
the solution. Scanning was performed at a rate of 1 mV/s in the scanning range: −1000 V,
EOC +300 mV, where EOC is the open circuit potential. The time for determining the open
circuit potential was 20 min. Preliminary studies have been carried out to determine the
stabilization time for open circuit potential. Ecorr vs. time curves were measured with
different exposure times in the range of 15–60 min. The PDP curves obtained after 20- and
25-min exposure time for open circuit potential were almost the same, indicating that the
surface had reached a more or less stable potential. It should be noted that the Fe-Mn-Si
alloy is degradable, so there is a risk of changing the surface area due to corrosion, which
in turn affects the results of the experiment. Six scans were carried out for each state of the
alloy. Corrosion potential, corrosion current density and corrosion rate (CR) were obtained
using EC-Lab software V11.31 (BioLogic, Seyssinet-Pariset, France) according to [40] using
the following equation:

CR =
3.27 ·10−3·icorr· EW

ρ· S , mm/year (1)

where CR is the corrosion rate (mm/y), icorr—the corrosion current density extracted from
the polarization curve, µA cm−2; EW is the equivalent weight, g/eq; and ρ is the alloy
density, g/cm3.

2.5. Weight Loss Test

The weight loss test was carried out in basal DMEM (Dulbecco’s Modified Eagle
Medium) medium (LLC NPP “Pan Eco” Russia) according to recommendation of [41]. Test
samples in the form of a quarter of a disk with a diameter of 10 mm and thickness up to
1 mm, polished to a mirror finish, were used. In each test, three samples of alloy were
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used in the annealed and ECAP-treated states. The samples were immersed for 2 h in 70%
ethanol, dried and immersed in 1 mL of the medium solution at 37 ◦C. After 1 and 14 days,
the specimens were removed from the solution, rinsed with distilled water and dried at
room temperature.

The corrosion rate from weight loss measurements (C∆m) was determined according
to [41]:

C∆m =
8.76·104(m0 −mτ)

S ·ρ·τ , mm/year (2)

where m0 and mτ are the initial and the final mass of the alloys, respectively, S—the corroded
surface of the alloys, cm2; τ—the duration of the weight loss test, s; and ρ—the density of
the alloys, g/cm3.

2.6. Biocompatibility In Vitro Measurements

At least 12 samples per alloy state (the initial and ECAP-treated states) were used for
the biocompatibility tests. Samples were sterilized by immersion in 70% ethanol for 2 h and
then dried under sterile conditions. The blood of a healthy donor stabilized with 60 IU/m
heparin was used for the study. Red blood cells (RBCs) and mononuclear leukocytes (MLs)
were isolated using standard methodological approaches [42].

To assess the effect of samples on hemolysis, RBCs suspended in Hank’s solution were
added to the alloy samples in 1 mL wells of a 24-well plate (Corning Costar, Cambridge,
MA, USA) and incubated for 2.4 and 24 h at 37 ◦C in an atmosphere with 5% carbon dioxide.
The cells incubated under the same conditions without samples of alloys were used as a
control for spontaneous hemolysis. Hank’s solution was used as a negative control (Cneg),
and a sample with 100% hemolysis after adding 10 µL of Triton-X as a positive control
(Cpos). After the incubation period, the suspension in the wells was mixed and centrifuged
at 3000 rpm for 5 min, and then the absorbance (A) of the supernatant at 540 nm was
measured using the multimode microplate reader Spark (Tecan, San Leandro, CA, USA).
Hemolysis was calculated by the formula:

Hemolysis =
A(alloy)−A(Cneg)
A(Cpos)−A(Cneg)

·100, % (3)

To assess the cytotoxic activity, the samples were incubated in 1 mL of a complete
growth medium based on RPMI-1640 supplemented with 10% fetal serum, L-glutamine
and penicillin-streptomycin (all-PanEco, Moscow, Russia), with MLs at a concentration
of 5 × 105 cells/mL for 24 h at 37 ◦C in an atmosphere with 5% carbon dioxide. MLs
incubated under the same conditions without alloy sample were used as a control for
spontaneous cytotoxicity. The results were taken into account by the detection of LDH
release in the extracellular medium using a Lactate Dehydrogenase (LDH) Activity Assay
Kit (Sigma-Aldrich, Cleveland, OH, USA) in accordance with the manufacturer’s method.
The result was taken into account based on the results of measuring A at 450 nm on the
multimode microplate reader Spark (Tecan, San Leandro, CA, USA).

2.7. Biocompatibility In Vivo Measurements

For studies in vivo, alloy samples were implanted under the skin of Balb/c mice
(n = 10, males, m = 22 g) in accordance with the requirements of [43], according to the
decision of the Local Ethics Committee of the N. N. Blokhin National Medical Research
Center of Oncology of the Health Ministry of Russia (#8-03, 01/03/2023). After 14 days,
alloy samples were collected to study their degradation, as well as animal blood serum and
subcutaneous tissue samples adjacent to implanted samples, to assess local biocompatibility
and systemic toxicity.

Systemic toxicity was assessed by measuring total bilirubin, urea, creatinine and
albumin in blood serum using an automatic biochemical analyzer EOS BRAVO v.200
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(Hospitex Diagnostics, Moscow, Russia). The blood serum of intact Balb/c mice (n = 5,
males, m = 22 g) was used as a control.

The study of tissue morphology in the area of implantation of alloys was carried out
according to the standard method for preparing histological preparations stained with
hematoxylin–eosin (HE), followed by examination by light microscopy.

For statistical analysis, the activity of the alloys, measured in triplicates, is presented
as mean ± standard deviation. A t-test was used to conduct a comparative analysis with
controls. Differences were considered significant at p < 0.05.

3. Results
3.1. Metallographic Features of the Fe-Mn-5Si Alloy after Annealing

The initial structure of the Fe-Mn-5Si alloy after forging and subsequent homogenizing
annealing is shown in Figure 1. It is a coarse-grained structure with an average austenite
grain size of 159.5 ± 11.5 µm with annealing twins 36.5 ± 5 µm thick in it.
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Figure 1. Optical micrographs of the Fe-Mn-5Si alloy after annealing.

3.2. X-ray Phase Analysis of the Fe-Mn-5Si Alloy after Annealing and Equal-Channel
Angular Pressing

X-ray phase analysis of the alloy after annealing revealed the presence of 100%
austenitic structure of the Fe-Mn-5Si alloy (Figure 2, Table 1).
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Figure 2. XRD patterns of the Fe-Mn-Si alloy after annealing and ECAP.

X-ray line broadening analysis showed only a microdeformation component (Table 1).
The determination of the dislocation density by recalculating the microstrains obtained by
a complete fitting of the diffraction profile by the Rietveld method showed that ECAP is
accompanied by a 100-fold increase in the dislocation density (Table 1).
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Table 1. Results of the X-ray line profile analysis of the Fe-Mn-5Si alloy after various processing
methods.

Processing Space Group Phase a, Å Content, wt.% Strain, % Dislocation Density ρ, cm−2

Annealing at 1100 ◦C (12 h) 225: Fm-3m γ 3.604(1) 100 0.04(1) 6 × 109

ECAP at 400 ◦C, 4 passes 225: Fm-3m γ 3.604(1) 100 0.40(1) 6 × 1011

3.3. Mechanical Properties

The structure after ECAP significantly increased the strength characteristics of the
Fe-Mn-5Si alloy samples (Figure 3a, Table 2). In this case, the tensile strength doubles to
1419 MPa compared with the state after annealing (696 MPa), and the yield strength up to
1352 MPa, 4 times higher than the yield strength of the samples after annealing (329 MPa).
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Table 2. Mechanical properties of the Fe-Mn-Si alloys after annealing and ECAP.

№ Alloy and Condition σUTS
1, MPa σYS

2, MPa ε 3, %

1. Fe (for comparison) 395.00 ± 4 320.5 ± 6.5 40.6 ± 1.5
2. Fe-Mn-Si, annealing 696 ± 24 329 ± 17 33 ± 0.45
3. Fe-Mn-Si, ECAP at 400 ◦C 1419 ± 14 1352 ± 6 10.7 ± 0.3

1 ultimate tensile strength; 2 yield strength; 3 total elongation.

The increase in strength after ECAP is accompanied by a decrease in ductility. The
relative elongation after deformation decreases by a factor of three from 33% to 10.7%,
remaining at an acceptable ECAP level (Figure 3a, Table 2).

Dynamic indentation tests based on the analysis of the dependence of the load on
the indenter on the depth of its indentation into the surface of the samples after ECAP
(Figure 3a, Table 2) revealed a decrease in Young’s modulus by more than 2.6 times and
an increase in elastic recovery by 2.5 times compared with the measured values in the
state after annealing (Figure 3b, Table 3). Measurement of Vickers microhardness of ECAP-
treated alloy samples showed an increase by more than 2 times compared to the annealed
sample (Table 3).

Table 3. Results of dynamic indentation test of the of the Fe-Mn-5Si alloy after annealing and ECAP.

№ Alloy and Condition HIT
1, GPa EIT

2, GPa ηIT
3, % HV 4, GPa

1. Annealing at 1100 ◦C (12 h) 3.8 ± 0.3 173.3 ± 9 14.7 ± 0.8 2.3 ± 0.8
2. ECAP at 400 ◦C, 4 passes 5.0 ± 0.2 65.9 ± 2 36.7 ± 0.6 4.8 ± 1.0

1 indentation hardness; 2 indentation modulus; 3 elastic recovery; 4 microhardness (by 402 MVD Wolpert
Wilson® tester).
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3.4. Transmission Electron Microscopy (TEM) Studies of the Fe-Mn Alloys after Equal-Channel
Angular Pressing

The results of mechanical property measurements testify to significant structural
changes during ECAP. In samples of the Fe-Mn-5Si alloy after ECAP, the formation of an
ultrafine-grained structure was revealed by transmission electron microscopy (Figure 4).

Appl. Sci. 2023, 13, x FOR PEER REVIEW  10  of  23 
 

Table 4. Potentiodynamic polarization parameters of  the Fe‐Mn‐5Si alloy  in physiological saline 

solution. 

  Processing  Ecorr 1, mV  icorr 2, μA/cm2  CR 3, mm/year 

Fe (for comparison)  Annealing    −539 ± 4  22.9 ± 2.4  0.24 ± 0.03 

Fe‐Mn‐5Si 
Annealing at 1100 °C (12 h)  −778 ± 2  21.5 ± 3.7  0.21 ± 0.05 

ECAP at 400 °C  −801 ± 6  21.4 ± 1.7  0.25 ± 0.02 
1 corrosion potential; 2 corrosion current density; 3 corrosion rates. 

 

Figure 4. TEM micrographs of the microstructure of Fe‐Mn‐5Si alloy after ECAP: BF images (a–c,e) 

and DF images with SAED pattern indicating the diffraction spots corresponding to twins (d,f). 
Figure 4. TEM micrographs of the microstructure of Fe-Mn-5Si alloy after ECAP: BF images
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In shear bands in the range of 150–650 nm, with an average thickness of 301 ± 31 nm,
twins of different sizes are formed. A typical image of the twins’ microstructure is con-
firmed by an electron diffraction pattern from a fine structure area with a diameter of
125 nm (Figure 4c,d). Figure 4d shows a dark-field image of thin twins with a thickness
of 11 ± 1 nm. Inside these twins, nanograins are formed as a result of their interaction
with dislocation walls. Thicker twins with increased dislocation density are also observed
(Figure 4e,f). The formation of a grain–subgrain structure also occurs when shear bands are



Appl. Sci. 2023, 13, 9628 9 of 19

crossed by thick dislocation bridges and nanotwins (Figure 4b). The dislocation density
inside the grains/subgrains according to TEM data exceeds 4 × 1011 cm−2.

3.5. Corrosion Rate Measurement

For the use of degradable alloys in production, one of the most important characteris-
tics is the corrosion rate. In this work, this rate was measured by three different methods
for cross-validation of the obtained results: potentiodynamic analysis, and the mass loss
method in vitro and in vivo.

3.5.1. Potentiodynamic Polarization

Figure 5 shows typical potentiodynamic polarization (PDP) curves for samples of
the technically pure iron and Fe-Mn-5Si alloy. The curves presented in Figure 5a show
the result of single PDP measurement. The curve was chosen so that the corresponding
corrosion potential was closest to the mean Ecorr for each state. The open circuit potential
(Eoc) and corrosion potential (Ecorr) are almost the same. For the ECAP-treated state, the
mean Eoc is −802.72 ± 6.9 mV and Ecorr is −801.00 ± 6 mV (Table 4). The results of the
potentiodynamic analysis of the Fe-Mn-5Si alloy in both the annealed state and after ECAP,
as well as of the commercially pure iron, indicate a significantly lower corrosion resistance
of the studied alloys compared to pure iron (Figure 5a,b). A significant shift in the corrosion
potential (Ecorr) occurs from −539 ± 4 mV for Fe to −778 ± 2 mV and −801 ± 6 mV for the
alloy under study in the annealed state and after ECAP, respectively (Figure 5b).
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Figure 5. PDP curves in physiological saline solution at scan rate of 1 mV/s (a) and E vs. CR (b) of
the Fe–Mn–5Si alloy after annealing and ECAP in physiological solution with the pH = 7.4 at room
temperature (commercially pure iron for comparison).

Table 4. Potentiodynamic polarization parameters of the Fe-Mn-5Si alloy in physiological saline
solution.

Processing Ecorr
1, mV icorr

2, µA/cm2 CR
3, mm/year

Fe (for comparison) Annealing −539 ± 4 22.9 ± 2.4 0.24 ± 0.03

Fe-Mn-5Si
Annealing at 1100 ◦C (12 h) −778 ± 2 21.5 ± 3.7 0.21 ± 0.05

ECAP at 400 ◦C −801 ± 6 21.4 ± 1.7 0.25 ± 0.02
1 corrosion potential; 2 corrosion current density; 3 corrosion rates.

The trend towards a decrease in the corrosion potential in the alloy under study can
be explained by the different (by a factor of 100) dislocation density after annealing and
after ECAP. However, despite the reduction in the corrosion potential, which indicates
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a lower corrosion resistance of the alloy after ECAP, the corrosion rate measured by the
potentiodynamic method remains virtually unchanged even compared to commercially
pure iron. As mentioned above, the twin boundaries in the austenitic Fe-based alloys are
the low-energy special boundary that improves corrosion resistance. The presence of twin
boundaries in the structure of the Fe-Mn-5Si alloy both after annealing and after ECAP
eliminates not only the imperfection of the deformed structure, but even the presence of a
high manganese content in the alloy compared to commercially pure iron.

3.5.2. Degradation Rate from Mass Loss Measurements In Vivo and In Vitro

To confirm the results obtained by the potentiodynamic polarization method, the
corrosion rate (C∆m) was determined by measuring the mass loss (∆m). Figure 6 shows
the results of measuring C∆m and ∆m of the Fe-Mn-5Si alloy samples after annealing and
after ECAP versus time of incubation or implantation. The duration of incubation in the
DMEM culture medium was 1 and 14 days, and the subcutaneous implantation to mice of
the Balb/c lines continued for 14 days. Studies have shown that after a day of incubation
in a culture medium, the corrosion rate of the alloy in each of the states is the highest. It
is 0.166 ± 0.032 mm/year for the alloy in the annealed state and 0.171 ± 0.070 mm/year
after ECAP. Taking into account the measurement error, the obtained data are consistent
with the results of the corrosion rate of the potentiodynamic study. Increasing the duration
of the alloy incubation in the culture medium up to 14 days significantly reduces the corro-
sion rate to 0.018 ± 0.002 mm/year for the annealed state and to 0.028 ± 0.003 mm/year
for the alloy after ECAP. These results, taking into account the measurement error, are
nearly equal to the corrosion rates of samples implanted in mice for the same period,
i.e., 0.013 ± 0.005 mm/year and 0.024 ± 0.008 mm/year for samples in the annealed and
deformed states, respectively. In addition, measurements of C∆m in the mass loss study
confirmed that the corrosion rate of deformed samples in DMEM culture medium and after
implantation in a laboratory animal for 14 days is 1.6 and 1.8 times the C∆m of annealed
samples, respectively. This is illustrated by the ∆m histogram in the upper part of Figure 6.
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Figure 6. Corrosion rate (C∆m) and weight loss (∆m) of Fe-Mn-5Si alloy in states after annealing
and ECAP vs. duration of incubation of alloy samples in DMEM and implantation in mice during
14 days.

Figure 7 shows images of the corroded surface of the samples in the annealed state
(Figure 7a,b) and in the ECAP-treated state (Figure 7c,d) after their incubation in the DMEM
culture medium (Figure 7a,c) and after implantation in vivo (Figure 7b,d) for 14 days.
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Figure 7. SEM images of surface of Fe-Mn-5Si alloy samples in the ECAP-treated state after incubation
in DMEM (in vitro) (a,c) and after implantation into mouse (in vivo) (b,d) during 14 days.

A sufficiently thick layer of corrosion products was found on the surface of the samples.
Visually, the appearance of corroded surfaces after incubation in vitro differed from the
surface of the samples implanted in vivo. At the same time, the composition of the layer of
corrosion products of annealed and deformed samples is almost identical and corresponds
to that presented in the elemental mapping of ECAP-treated samples after implantation
(Figure 8) and after incubation in vitro (Figure 9).

Appl. Sci. 2023, 13, x FOR PEER REVIEW  14  of  23 
 

 

 

Figure 8. Elemental mapping of surface of Fe‐Mn‐5Si alloy samples in the ECAP‐treated state after 

implantation in mouse (in vivo) (image in Figure 7d). 

Judging by the brightness of the P and O and Ca images on the elemental mapping 

(Figure 8) of the corroded surface of the samples implanted in vivo, deposits of calcium 

phosphate, layers of oxides, as well as pure Fe, Mn and Si on the surface of the alloy are 

observed, which corresponds with the observations [21]. Corrosion is slowed down due 

to the formation of a thick layer of corrosion products, which prevents the access of oxy‐

gen, and also due to the subsequent growth of cells on the surface of the alloy. 

   

Figure 8. Elemental mapping of surface of Fe-Mn-5Si alloy samples in the ECAP-treated state after
implantation in mouse (in vivo) (image in Figure 7d).
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Figure 9. Elemental mapping of surface of Fe-Mn-5Si alloy samples in the ECAP-treated state after
incubation in DMEM (in vitro) during 14 days.

Judging by the brightness of the P and O and Ca images on the elemental mapping
(Figure 8) of the corroded surface of the samples implanted in vivo, deposits of calcium
phosphate, layers of oxides, as well as pure Fe, Mn and Si on the surface of the alloy are
observed, which corresponds with the observations [21]. Corrosion is slowed down due to
the formation of a thick layer of corrosion products, which prevents the access of oxygen,
and also due to the subsequent growth of cells on the surface of the alloy.

The elemental mapping of the corroded surface of the sample after ECAP, incubated
in vitro, shows all the Ca2+, Mg2+, Na+, K+, Cl−, SO4

2−, PO4
3− and HCO3

− ions (Figure 9)
that are part of the culture media [44]. The presence of chloride ions Cl− led to the
destruction of the protective layer of iron-based alloys, causing local pitting corrosion.

Further studies of corrosion processes showed pitting corrosion damage on the surface
of the alloy both after in vitro incubation and in vivo implantation for 2 weeks (Figure 10).
However, it should be noted that the signs of corrosion on the surface of the Fe-Mn-5Si alloy
specimens in the ECAP-treated state were wider and less localized (Figure 10c,d), compared
with the corrosion damage of the alloy samples in the annealed state (Figure 10a,b). This
type of corrosion damage is more preferable for practical use, since it will not lead to
premature failure of thin implantable devices. Perhaps the reason is less pronounced
pitting corrosion in the absence of Cl− ions in the medium.
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Figure 10. SEM images of the cross-section of the surface of Fe-Mn-5Si in the annealed state (a,b)
and in the ECAP-treated state (c,d) after in vitro incubation (a,c) and after in vivo implantation (b,d)
during 14 days.
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3.6. Biocompatibility In Vitro and In Vivo

Since the Fe-Mn-5Si alloy is considered as a promising material for the development
of implantable medical structures for orthopedics, it is necessary to evaluate its biocompati-
bility in vitro and in vivo.

3.6.1. Biocompatibility In Vitro

To assess the biocompatibility in vitro, studies of the hemolytic activity and cytotoxicity
of the Fe-Mn-5Si alloy were carried out. The conducted studies showed that incubation
for 2 and 4 h with samples of the Fe-29Mn-5Si alloy in the state after annealing and ECAP
did not lead to a significant increase in the level of hemolysis compared with the control
of spontaneous activity (p > 0.05) (Figure 11a). This indicates their biocompatibility in
accordance with the recommendations of [45] and [46]. Even if the exposure time was
extended to 24 h, the hemolysis observed in the presence of the alloy after ECAP was below
5%, which allows the use of this alloy in medical purposes.
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Figure 11. Biocompatibility of the Fe-Mn-5Si alloy after annealing and ECAP treatment by assessing
the change in hemolysis (a) and LDH Release (b) in comparison with the control.

The cytotoxic activity of the studied alloy was assessed by measuring the activity
of extracellular LDH (LDH Release), indicating cell destruction during incubation. The
comparative analysis of the obtained results did not reveal signs of cytotoxicity of both
types of treatments. They not only did not contribute to a significant increase in the level
of extracellular LDH in comparison with the control (p > 0.05), but also contributed to the
stabilization of the state of cell membranes. These studies of biological properties have
shown that contact with alloys after annealing and ECAP does not lead to cell destruction
under the described conditions. This allows us to confirm their biocompatibility in vitro.

3.6.2. Biocompatibility In Vivo

Additional investigation of the biocompatibility was made by implantation of the
studied alloys under the skin of mice. In order to study the body reaction to the alloy,
histological techniques for the investigation of the cell structure of the subcutaneous tissue
adjacent to the implants were used. Blood biochemical parameters were assessed as markers
of systemic toxicity. The vital parameters of mice with implanted specimens were compared
with those of the intact animals.

A study of mouse subcutaneous tissue morphology showed that during 2 weeks after
implantation, a fibrous capsule was formed around the alloy samples. The capsule was
noticeably thicker around the Fe-Mn-5Si specimens after ECAP (Figure 12). The tissue
of the capsule is infiltrated with a large number of fibroblasts and macrophages, which
indicates the activation of cellular effectors of the destruction of the alloy and accompanies
a moderate typical response to a foreign body. In the tissue surrounding the specimens, a
significant amount of dilated blood vessels was detected, which probably contributed to
the cell implementation, alloy bioresorption and elimination of their biocorrosion products.
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Figure 12. Mouse subcutaneous tissue adjacent to Fe-Mn-5Si alloy implants in the annealed state (a,b)
and after ECAP treatment (c,d). IT—implant/tissue contact area; C—restrictive capsule; BV—blood
vessels. CP—corrosion products; M—macrophages.

Accumulations of biocorrosion products were best seen around the alloy after ECAP.
In general, a comparative analysis indicates that the bioresorption of the specimens after
ECAP proceeded more intensively in comparison with the alloy in the annealed state,
causing a more active reaction from the animal body. After implantation of alloy specimens,
the skin of mice had no sign of inflammation in the area of the surgery. Therefore, the
detected soft-tissue reaction was regarded as a typical process associated with the formation
of granulations, aimed at healing the damage in the area of implantation. As a rule, the
presence of this type of cellular infiltrate is accompanied by the formation of an early
granulation tissue, and after a while, the number of cells decreases markedly.

As shown above, the accumulation of degradation products were observed in animal
tissues after implantation of the studied alloy samples. It can be assumed that degradation
products will enter the blood with the interstitial fluid and macrophages that phagocytized
them. Degradation products accumulate in the excretory organs (liver, kidney etc.) and
can induce toxic effects, which will lead to organ dysfunction and changes in biochemical
markers. To study liver function, bilirubin and albumin were assessed in blood serum, and
urea and creatinine were assessed for kidney function. The obtained data were compared
with the results of intact animals in the control group (Table 5).

Table 5. Blood parameters of mice after implantation of the Fe-Mn-5Si alloy samples after annealing
and after ECAP in comparison with intact animals (2 weeks after implantation).

Parameter Intact Animals
After Implantation of Fe-Mn-5Si Alloy Samples

After Annealing p * After ECAP p *

Bilirubin, µmol/L 6 ± 4 3 ± 2 0.55 6 ± 4 1.00

Urea, U/L 4 ± 4 6 ± 2 0.69 6 ± 4 0.75

Creatinine, U/L 79 ± 11 68 ± 14 0.58 80 ± 16 0.96

Albumin, g/L 39 ± 8 35 ± 10 0.78 37 ± 7 0.86

* samples of the Fe-Mn-5Si alloy after annealing and ECAP vs. Intact animals.
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The obtained data demonstrate the absence of significant differences in biochemical
parameters in animals after implantation of alloy samples with the control group (p > 0.05).
This proves that the degradation of samples of Fe-Mn-5Si alloy after annealing and ECAP
does not have a systemic toxic effect on the functioning of the main organs of the animal
body and does not induce the development of acute reactive conditions by the mecha-
nism of foreign body rejection. All of the above results allow us to confirm the in vivo
biocompatibility of the Fe-Mn-5Si alloy.

4. Discussion

In this work, the Fe-Mn-5Si alloy, with chemical composition close to the alloys of the
Fe-Mn-Si system, was studied. This system has a useful set of properties: an increased
rate of degradation [13], high mechanical characteristics [6] and the maximum shape
memory effect, which is ensured by the optimal content of ~5% Si and ~30% Mn in the
composition of the alloy [47]. It is also important to note that the temperature of the
martensitic transformation is close to the temperature of the human body [18]. In this work,
we planned to use severe plastic deformation by the method of equal-channel angular
pressing in order to increase the strength characteristics and the corrosion rate of this
alloy [48,49]. In addition, strengthening and refinement of the structure could increase the
shape memory effect of the alloy [50–52].

To obtain the initial coarse-grained state of Fe-Mn-5Si, the alloy was annealed for
12 h at a temperature of 1100 ◦C. During long-term annealing, a coarse-grained structure
with a large number of annealing-twins was formed (Figure 1). The high density of twin
boundaries in the Fe-Mn-5Si alloy and the absence of ε-martensite apparently led to a
corrosion rate much lower than 0.8 mm/year, obtained in [13] for the Fe-30Mn-5Si alloy
annealed at a temperature of 900 ◦C in an hour.

After ECAP, the austenitic state of the Fe-Mn-5Si alloy was retained due to the defor-
mation temperature of 400 ◦C, which is much higher than the range of possible martensitic
transformation. The austenitic state of Fe-based alloys for medical use is the most acceptable
because of the possibility to use MRI as a control for the implantable device.

It should be noted that 5.12% Si decreases significantly stacking fault energy (SFE)
of the alloy, since twinning in Fe-Mn alloys with a similar Mn content is not typical for
high-temperature deformation [42,43]. However, the fact that twinning played a decisive
role in the formation of the structure during deformation (Figure 4) resulted in the fact
that the corrosion rate remained practically unchanged. The high density of defects in the
crystal structure (Table 1) was compensated by an increase in corrosion resistance due to
low energy boundaries in the fcc iron-based alloy.

Apparently, the resulting structural state affected the decreasing of the Young’s modu-
lus. In our work, by dynamic indentation, we obtained a decrease in Young’s modulus by a
factor of 2.6 from 173.3 GPa to 65.9 ± 2 GPa (Figure 3b, Table 3). This result is important in
the development of alloys for bioresorbable implants, since an important factor for the use
of the material is the biomechanical compatibility of the implant and bone.

According to the results of the study of hemolytic and cytotoxic activity in vitro, as well
as local and systemic reactions of laboratory animals to implants, the Fe-Mn-5Si alloy after
ECAP is deemed biocompatible. Good biocompatibility, high strength and low modulus of
elasticity open up excellent prospects for using the alloy in the resulting structural phase
state as a material for implantable orthopedic constructions capable of providing stable
osteosynthesis during the period of bone defect repair. It is worth mentioning that, due to
the high strength characteristics of the Fe-Mn-5Si alloy after ECAP, it can be used to obtain
miniature implants that are nevertheless capable of effectively providing the fastening
function during osteoreconstructive surgery (Figure 3a, Table 2). The high specific strength
of the alloy obtained by ECAP makes it possible to vary the dimensions of the implant over
a wide range. This, in turn, provides additional opportunities to control the degradation
time of the implant.
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It should be noted that ECAP has established itself as an effective tool for structural
and phase regulation. Encouraging results have been obtained that require further research.
Proper understanding of the processes of structure formation during severe plastic defor-
mation allows one to choose the modes of thermomechanical treatment in order to obtain
a set of optimal functional properties necessary for the manufacture of a biocompatible
biodegradable implantable device for osteoreconstruction.

5. Conclusions

The study considers the ultrafine grained austenitic Fe-Mn-5Si alloys as a promising
material for implantable devices. Structural and phase evolution during ECAP makes it
possible to obtain a set of optimal functional properties necessary for the manufacture of a
biocompatible degradable implantable device:

1. Long-term annealing resulted in the formation of an initial coarse-grained structure
with a large number of annealing twins, which allowed the samples to withstand
ECAP at 400 ◦C for up to four passes.

2. The highest possible strain degrees and deformation temperatures were used to
achieve an ultrafine-grained structure in a fully austenitic state, which will make it
possible to use MRI as an implantable device control.

3. ECAP at a temperature of 400 ◦C leads to the formation in the Fe-Mn-5Si alloy of an
ultrafine-grained austenitic predominantly twin structure with a twin thickness of
11 ± 1 nm.

4. The structure obtained after ECAP determined a high level of strength characteristics
(σUTS = 1419 ± 14 MPa, σYS = 1352 ± 6 MPa) with sufficiently high plasticity (ε = 4%)
for such a state.

5. The increase in strength after ECAP is accompanied by a decrease in Young’s modulus
by more than 2.6 times compared with the measured values in the annealed state.
This result is important for the development of alloys for bioresorbable implants. This
confirms the biomechanical compatibility of the implant and bone.

6. The potentiodynamic polarization method revealed only a slight increase in the
corrosion rate of the ECAP-treated alloy (0.25 ± 0.02 mm/year) compared to the
alloy in the annealed state (0.21 ± 0.02 mm/year) with a significant shift in the
corrosion potential of the Fe-Mn-5Si alloy in comparison with the corrosion potential
of commercially pure iron.

7. The corrosion rate of the alloy in both states obtained by the mass loss measurements
during incubation for a day confirmed the results of the potentiodynamic study.

8. Increasing the duration of the alloy incubation in the culture medium up to 14 days
significantly reduces the corrosion rate to 0.018 ± 0.002 mm/year for the annealed
state and to 0.028 ± 0.003 mm/year for the alloy after ECAP.

9. The mass loss study confirmed that the corrosion rate of deformed samples after
in vitro incubation and in vivo implantation for 2 weeks is 1.6 and 1.8 times the C∆m
of annealed samples, respectively.

10. In vivo implantation revealed a less localized corrosion damage of the alloy sample
after ECAP. Such damage is more preferable for practical use, since it will not lead to
premature failure of thin implantable devices.

11. It was established that samples of the Fe-Mn-5Si alloy did not have a cytopathogenic
effect on blood cells. According to the results of the study of hemolysis and cytotoxicity,
the alloy was found to be biocompatible.

12. It was found that the degradation of samples of the Fe-Mn-5Si alloy after ECAP and
annealing does not have a systemic toxic effect on the functioning of the main organs
of the animal body. It confirms the alloy’s biocompatibility in vivo.

Thus, ECAP can contribute to a significant increase in performance and reduce the
weight of implanted devices, which is important for the creation of implants to replace
skeletal defects, due to a significant increase in the specific strength of the Fe-Mn-5Si
alloy. The high specific strength of the alloy obtained by ECAP makes it possible to
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vary the dimensions of the implant over a wide range. This, in turn, provides additional
opportunities to control the implant degradation time. Also, the small size of the implanted
device will reduce the toxic effect of a foreign body on the human body.
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