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The object of this study is Fe-Cr-Mn stain-
less steel alloys containing 0.23-0.41 wt.% C and
17.59-18.36 wt.% Cr with varying Mn con-
tent. The development of nickel-free stainless
steels addresses the drawbacks of convention-
al implant materials such as titanium alloys,
Co-Cr alloys, and AISI 316L stainless steel, which
often suffer from biocompatibility issues, toxic-
ity, and mechanical incompatibility with bone.
The Fe-Cr-Mn alloys were produced by high-fre-
quency induction melting and subsequently test-
ed for microstructure, mechanical, wear, and
corrosion properties. SEM-EDS revealed a tran-
sition from ferritic structure (2.5% Mn) to duplex
a+y (5% Mn) and predominantly austenitic struc-
ture (7.5% Mn). Mechanical testing showed that
hardness and tensile strength peaked at 2.5% Mn,
while ductility and impact toughness improved
with increasing Mn, reaching their highest val-
ues at 5% Mn. Wear resistance increased signifi-
cantly at higher Mn levels due to the formation
of stable tribo-oxides and the strengthening effect
of the austenitic matrix. Electrochemical testing
in 0.9% NaCl solution showed that Fe-18Cr-5Mn
possessed the best corrosion resistance, attribut-
ed to the stability of its passive film, while exces-
sive Mn (7.5%) caused passivation breakdown
through Mmn-hydroxide formation. Overall,
Fe-18Cr-5Mn exhibited the best synergy between
strength, toughness, wear resistance, and corro-
sion protection under physiological saline con-
ditions, establishing it as a promising nickel-free
stainless steel for next-generation biomedical
implant materials
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1. Introduction

Implantable metallic materials are frequently utilized in
medical devices, such as cardiovascular stents, dental pros-
thesis, and orthopedic implants, since they are strong, last a
long time, and are cheap. Ti-based alloys, Co-Cr-Mo alloys,
and stainless steel are the most commonly employed in clin-
ical settings [1, 2]. These materials have many uses, but they
also have some big problems that might cause bad biological
reactions. For example, nickel can cause allergies, poisonous
ions (Co/Cr) can be released, and Ti alloys don’t match the
elastic modulus of human bone [3, 4]. As a result, there has
been a lot of interest in making stainless steels that don’t
include nickel and are cheap while yet having great mechan-
ical, corrosion-resistant, and biocompatible properties [5].

The Fe-Cr-Mn alloy system is a good choice for implant
materials because it has better mechanical properties, is more
resistant to corrosion, and is less poisonous than other alloys.
The creation of a CrO; oxide coating, which protects against
corrosion better in hostile conditions like body fluids and
physiological electrolytes, depends a lot on chromium (Cr) [6].

UDC 669.14: 61
DOI: 10.15587/1729-4061.2025.341820

OPTIMIZATION OF
Fe-Cr-Mn ALLOY

COMPOSITION AS IMPLANT
MATERIAL FOR MECHANICAL

PROPERTIES AND

CORROSION RESISTANCE

Ratna Kartikasari

Corresponding author

Doctor of Mechanical Engineering, Professor*

E-mail: ratna@itny.ac.id

Sugiarto Kadiman

Doktor of Electrical Engineering, Associate Professor**
Rivan Muhfidin

Master of Materials Science and Engineering, Assistance Professor*

lhwanul Aziz
Master of Science, Researcher

Research Center for Accelerator Technology, Nuclear Energy

Research Organization
National Research and Innovation Agency (BRIN)

Babarsari str., Caturtunggal, Sleman, Yogyakarta, Indonesia, 55281

*Department of Mechanical Engineering***
**Department of Electrical Engineering***
***|nstitut Teknologi Nasional Yogyakarta

Babarsari str., Caturtunggal, Depok, Sleman, DIY, Indonesia, 55281

How to Cite: Kartikasari, R., Kadiman, S., Muhfidin, R., Aziz, I. (2025). Optimization
of Fe-Cr-Mn alloy composition as implant material for mechanical properties and corro-
sion resistance. Eastern-European Journal of Enterprise Technologies, 5 (12 (137)), 25-35.

https://doi.org/10.15587/1729-4061.2025.341820

For biomedical uses that need high formability and resilience
to fatigue, manganese (Mn) acts as an austenite stabilizer,
making the material tougher and more ductile [7, 8]. The per-
formance of Fe-Cr-Mn alloys as biomaterials can be enhanced
by modifying the Mn content, thereby optimizing the balance
of strength, corrosion resistance, and biocompatibility.

The mechanical characteristics of Fe-Cr-Mn alloys, such
as tensile strength, hardness, and elongation, have been the
subject of research. Mn stabilizes the FCC austenitic phase,
which leads to higher ductility and better formability, par-
ticularly beneficial for implants that need to accommodate
various loading conditions and long-term use. However, Cr
improves the passivation layer, offering superior corrosion
resistance in harsh and physiological conditions. It has been
determined that a duplex structure (« + y) with the ideal Mn
content, usually between 4 and 7%, provides the best strength
and toughness combination [9, 10]. However, because less sta-
ble Mn-hydroxides are formed, higher Mn levels (> 7%) may
decrease passivation stability and corrosion resistance [11].

As long as the Cr-rich passive film is preserved and the
ion release (Cr and Mn) is regulated, the Fe-Cr-Mn alloys




have demonstrated low cytotoxicity and outstanding hemo-
compatibility in terms of biocompatibility. Despite being a
necessary component of human metabolism, excessive Mn
ion release from implants may cause neurotoxicity, as is the
case with diseases like manganism. In order to prevent tox-
icity and preserve the necessary implant performance, it is
imperative to optimize the Mn content to balance mechanical
performance, corrosion resistance, and ion release [12].

Additionally, one of the most important factors influ-
encing an alloy’s suitability as an implant material is how
it corrodes in physiological environments, such as saline
solutions, Hank’s solution, or Ringer’s solution. The pro-
duction of CrO; and MnCrO; films is essential for shielding
the alloy from localized attacks and pitting corrosion. These
films offer a thick, stable barrier that stops corrosion and ion
release. But it’s crucial to comprehend how changing the Mn
content affects these alloys’ electrochemical behavior and
passivation stability, particularly when physiological ions are
present [13].

In previous studies, Fe-Cr-Mn alloys were produced with
Cr content ranging from 18%, C ranging from 1%, and Mn
varying from 12-20% [14]. The results showed that the stiff-
ness of these alloys was still too high compared to human
bone, which remains a problem when these alloys are used as
implants, as they interfere with the healing process [15]. The
combination of mechanical properties, corrosion resistance,
and biocompatibility of Fe-Cr-Mn alloys is highly dependent
on the combination of Cr, Mn, and C compositions [13].
Therefore, studies devoted to understanding the influence
of alloying elements, particularly manganese, on the mi-
crostructural evolution, mechanical response, corrosion re-
sistance, and biocompatibility of Fe-Cr-Mn stainless steels
are of high scientific relevance. Such investigations provide
essential insights for developing advanced nickel-free stain-
less steels with mechanical compatibility to human bone and
enhanced corrosion stability in physiological environments,
thereby contributing to the progress of biomaterials engineer-
ing and the design of next-generation medical implants.

2. Literature review and problem statement

Metals used in medical implants, such as stainless
steel (316L), Co-Cr-Mo, and Ti-6Al-4V, have been widely used
due to their excellent mechanical strength and durability.
However, these materials also have several disadvantages,
such as allergic reactions to Niin 316L, Co/Cr toxicity in Co-Cr
alloys, and differences in elasticity with human bone in Ti al-
loys. Therefore, there is a need to find Ni-free implant metals
that still have good biocompatibility, corrosion resistance, and
mechanical strength but are more cost-effective [16].

One promising solution is the Fe-Cr-Mn alloy, which
offers a good combination of biocompatibility, corrosion
resistance, and mechanical strength. Chromium (Cr) in this
alloy plays a role in forming a passive Cr,0; layer that pro-
tects the alloy from corrosion, while manganese (Mn) acts as
an austenite (FCC) phase stabilizer that provides toughness
and ductility [17]. By varying the Mn content, the Fe-Cr-Mn
alloy can be optimized to achieve a good balance between
strength, corrosion resistance, and biocompatibility [18].

Fe-Cr-Mn alloys have several different crystal structures,
including o (ferrite), y (austenite), and o (sigma phase),
depending on the composition of Cr and Mn. Chromium
plays an important role in the formation of a passive Cr,05

layer, which provides protection against corrosion. On the
other hand, manganese serves to stabilize the austenitic
phase (FCC), which increases toughness and ductility, which
are very important for implant applications that must with-
stand long-term loading and use. The optimal Mn content
is usually between 4 to 7%, which produces a duplex struc-
ture (@ + y), offering the best combination of strength and
toughness [19]. However, higher Mn content (above 7%) can
reduce passive stability and increase the likelihood of local-
ized corrosion, which can affect material performance.

The mechanical properties of Fe-Cr-Mn alloys are greatly
influenced by phase structure and grain size. The ferritic
phase (@-BCC) tends to have higher strength but lower tough-
ness compared to the austenitic phase (y-FCC), which pro-
vides better toughness and formability. Chromium provides
strengthening through solid solution strengthening, while
manganese serves to stabilize the austenitic phase, which
increases ductility and the ability to withstand deformation.
Overall, the duplex structure (&« + y) offers the best combi-
nation of strength, toughness, and corrosion resistance [18].

In addition, stacking fault energy (SFE) also affects the
deformation mechanism in Fe-Cr-Mn alloys. Moderate SFE
in these alloys allows for higher work hardening through
twinning, which contributes to the ductility and strength
of the alloy. Therefore, the Mn content is very important to
achieve a good balance between strength, ductility, and work
hardening [17, 19].

Corrosion is a major issue that needs to be considered
in implant materials, especially in corrosive physiological
environments. Chromium is the main element that forms
the passive layer Cr,0;, which provides protection from
corrosion in physiological media. Manganese helps to in-
crease the stability of this passive layer by forming MnCr,0,
spinel and strengthening the passive film. At moderate Mn
contents (around 4 to 7%), Fe-Cr-Mn alloys exhibit excellent
corrosion resistance, especially against pitting corrosion and
localized corrosion. However, at higher Mn contents, the
passive layer can weaken, causing the alloy to be more sus-
ceptible to corrosion attack and ion release [20].

Research shows that annealing treatment of Fe-Cr-Mn
alloys can help dissolve precipitates that can cause sensitiza-
tion and improve the stability of the passive layer. Therefore,
managing Mn content and proper surface treatment are very
important for maintaining corrosion resistance in implant
applications [21]. Although Fe-Cr-Mn has been extensively
studied, many aspects still need further research, especially
those related to the effect of Mn content on phase structure,
mechanical properties, and corrosion resistance in physiolog-
ical environments. The effect of Mn on passive film stability,
as well as its relationship with ion release rate and biocom-
patibility, still requires further exploration. In addition, more
in-depth research is needed on the optimization of Mn con-
tent to achieve the best balance between strength, toughness,
corrosion, and biocompatibility.

Fe-18Cr-(12-20) Mn alloys belong to the duplex stain-
less-steel category, which has higher overall mechanical
properties than SS316L. However, this also poses a problem
because high rigidity can interfere with the healing process.
In addition, the corrosion resistance and biocompatibility
of Fe-Cr-Mn alloys still need to be improved to meet the
material properties required for implants [14]. Efforts to find
the right composition will lead to the discovery of targeted
replacement alloys. Adjusting the composition of Cr, Mn,
and C is the next step in obtaining the desired properties in



replacement alloys. Maintaining the Cr content to balance
mechanical properties and corrosion resistance, adjusting
the Mn content to promote austenite phase formation, and
reducing the C content to a maximum of 0.25% to adjust me-
chanical properties are appropriate steps to provide alterna-
tive solutions for using Fe-Cr-Mn alloys as implant materials.

All this allows to assert that it is expedient to conduct a
study on the effect of varying Mn content in Fe-18Cr-xMn
alloys with controlled carbon levels to determine the optimal
composition that provides the best combination of mechani-
cal properties, corrosion resistance, and biocompatibility for
biomedical implant applications. Such research is expected to
fill the existing gap in understanding the correlation between
Mn content, microstructural evolution, and electrochemi-
cal behavior, ultimately contributing to the development of
cost-effective, nickel-free stainless steels for safe and reliable
long-term use in the human body.

3. The aim and objectives of the study

The aim of this study is to identify the optimal manganese
content within Fe-Cr-Mn alloys containing 0.23-0.41 wt.% C
and 17.59-18.36 wt.% Cr that provides the best combination
of mechanical properties and corrosion resistance for bio-
medical implant applications.

To achieve this aim, the following objectives were accom-
plished:

- to investigate the microstructure of the Fe-Cr-Mn alloys
with varying Mn content;

- to examine the mechanical properties of the Fe-Cr-Mn
alloys, including hardness, tensile strength, impact tough-
ness and wear, as these properties determine how well the
material can withstand the stresses placed on it in the bodys;

- to explore the corrosion resistance of these alloys, as
corrosion behavior is a critical factor in the longevity of bone
implants also evaluate how the variations in Mn content
affect the passive film formation and corrosion rates of the
alloys in physiological environments.

4. Materials and methods

The object of this study is Fe-Cr-Mn stainless steel alloys
containing 0.23-0.41 wt.% C and 17.59-18.36 wt.% Cr with
varying Mn content. Optimizing the Mn content in Fe-Cr-Mn
alloys is expected to improve mechanical properties and cor-
rosion resistance while ensuring that the material remains
biologically compatible for long-term implant use. Mn is
known for its austenite stabilization properties and ability to
enhance the toughness and ductility of alloys. Meanwhile, Cr
plays a key role in forming a protective Cr,O3 passive film,
which is crucial for corrosion resistance in physiological
environments.

The main hypothesis of this study is Fe-Cr-Mn alloy
can be effectively used as non-toxic bone implants, without
negatively affecting the healing process. Additionally, the
hypothesis posits that these alloys, despite their increased
Mn content, will exhibit mechanical properties sufficient to
withstand the stresses typically encountered in bone replace-
ment, without compromising the natural healing process.

Several assumptions have been made in the course of this
study to ensure the consistency and reliability of the results.
These include:

- the melting process is assumed to be perfect, with com-
plete alloy homogeneity and no formation of casting defects;

- the materials used in the study are assumed to be uni-
formly mixed and free from impurities that might affect the
final properties of the alloy.

The study simplification included the following: for the
corrosion tests, a simplified solution of 0.9% NaCl is used
to simulate the physiological environment and evaluate the
corrosion resistance of the alloy.

The research was conducted using an 80 kg high-fre-
quency induction chamber for melting the Fe-Cr-Mn alloys.
The raw materials used in the alloy preparation included
Fe-Cr LC, Fe-Mn MC, Fe-Si, and SUS 430 scrap. The Fe-Cr-
Mn alloy castings were formed as ingots with dimensions
of 30 X 30 X 200 mm. To assess the chemical composition
of the alloy, an inductively coupled plasma optical emission
spectrometer (ICP-OES) was employed. The chemical com-
positions of the tested specimens are presented in Table 1.
The annealing process was carried out at 900°C for 1 hour in
a muffle furnace to homogenize the alloy structure.

Several tests were conducted to evaluate the properties
of the Fe-Cr-Mn alloys, including chemical composition, mi-
crostructure, hardness, tensile strength, impact toughness,
wear and corrosion resistance. The chemical composition of
each alloy was analyzed using a Baird FSQ foundry spectro-
vac spectrometer, following ASTM E2209 standards. This
spectrometric method ensures accurate determination of
elemental composition in metallic samples, verifying that
the desired Mn levels (2.5, 5, and 7.5 wt.%) were achieved.
The microstructure of the alloys was examined using a JEOL
JSM-6360LA Scanning Electron Microscope (SEM) equipped
with an Energy Dispersive X-ray Spectroscopy (EDS) system.
SEM-EDS analysis was performed to observe grain morphol-
ogy, phase distribution, and elemental composition of the
matrix. The observations provided information about the
phase transformation from ferritic to austenitic structures
with increasing Mn content. Hardness testing was conducted
using a Schmierplan/Libriction LA-H-250 RC 16-02 tester
employing the macro-Vickers method, in accordance with
ASTM E92 standards. A diamond indenter with a fixed load
was used to determine the macrohardness of each alloy,
which reflects the alloy’s resistance to localized plastic de-
formation. Tensile testing was conducted using a TN 20 MD
Controlab tensile testing machine based on ASTM ES8 stan-
dards. The test specimens were prepared with standard
gauge dimensions, and the resulting stress-strain data were
used to determine ultimate tensile strength and elongation.
Impact testing was performed using the Charpy method, in
compliance with ASTM E23 07 A standards. The tests were
conducted on notched specimens to measure the absorbed
energy during fracture, providing insight into the material’s
ability to resist sudden impact loading. Wear resistance was
evaluated using the Ogoshi-type wear testing machine based
on ASTM G99-95A standards. The test was conducted under
dry sliding conditions with a fixed load and speed to deter-
mine wear rate. The wear tracks were examined after testing
to identify the wear mechanisms and the role of Mn in form-
ing protective tribo-oxide layers. Corrosion resistance was
evaluated using the CMS 100 Gamry Instrument corrosion
polarization test in a 0.9% NaCl solution, with polarization
potential measurements determined according to ASTM G5
standards. The corrosion potential (Ecorr), current densi-
ty (Icorr), and passive film stability were analyzed to evaluate
the corrosion resistance of each alloy composition.



The chemical composition of Fe-Cr-Mn alloy

Table 1

ot Elements Fe Cr Mn C Si S P
2.5 Bal. 18.36 2.89 0.23 0.57 0.008 0.05
5 Bal. 17.8 5.2 0.41 1.09 0.008 0.05
7.5 Bal. 17.59 8.07 0.41 1.18 0.002 0.05

The Fe-Cr-Mn’s chemical makeup is shown in Table 1.
The levels of Cr, C, and Mn were changed during the
alloy-making process in order to fulfill the research objec-
tive of determining how increasing the Mn levels impacts
the various features under investigation. The Fe content

decreased while the Mn
content increased.

5. Results of Fe-Cr-Mn
alloy characteristics

5.1. Results of the mi-
crostructure of Fe-Cr-Mn
alloys

5.1.1. Results of the
scanning electron micro-
scope of Fe-Cr-Mn alloys

Fig. 1 shows the results
of microstructure testing of
Fe-Cr-Mn alloys.

The microstructures
in Fig. 1, a, b show a back-
ground (homogeneous dark
field) indicating a dominant
ferritic matrix phase (a-Fe).
Needle-like/lath  precip-
itates are visible scattered
throughout the matrix.
In Fig. 1, ¢, d, the surface
appears relatively homo-
geneous compared to the
previous Fe-Cr-2.5Mn alloy.
The fine crystal grain pattern
indicates the dominance
of the ferrite phase (a-Fe),
but with a higher Mn con-
tent (5%), the Mn-stabilized
austenite phase (y-Fe) may
begin to appear. Clearer
grain boundaries are visible.
In the Fe-Cr-5Mn alloy, large
rod-shaped precipitates like
those in Fe-Cr-2.5Mn are
not visible [17, 18].

The surface of the Fe-
Cr-7.5Mn alloy (Fig. 1, e, f)
shows a relatively smooth
surface but with slip bands
within the grains. In the
Fe-Cr-7.5Mn alloy, the
matrix likely consists of a
dominant mixture of aus-

tenite with some ferrite (a duplex structure tending toward
austenitic). There is an accumulation of coarse precipitates
around the grain boundaries, forming precipitate agglom-
erations. The grain boundaries are clearly visible with
concentrated precipitation along the boundary lines [6].

Fig. 1. Microstructure of Fe-Cr-Mn alloys: a, b— 2.5Mn; ¢, d— 5 Mn; e, f— 7.5 Mn




5.1. 2. Results of the energy dispersive spectroscopy
of Fe-Cr-Mn alloys

Fig. 2 shows the results of energy dispersive spectroscopy
testing of Fe-Cr-Mn alloys.

The Fe-Cr-2.5Mn alloy (Fig. 2, a) shows a composition
dominated by Fe, with the main alloying elements being Cr at
around 10 at.% and Mn at around 7 to 8 at.%. The Mn content
is still relatively low, so that the distribution of elements in
the matrix appears more homogeneous without significant
segregation. The presence of Mn at this level plays a role in
strengthening the solid solution but is not high enough to
form Mn-rich phase precipitation. Minor peaks of O and Si
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elements indicate the possibility of surface contamination
or thin oxide phase residues due to the sample preparation
process [18]. Fig. 2, b shows that the Mn content increases
to around 14 to 15 at.%, while Fe decreases and Cr decrease
slightly in the range of 8 to 9 at.%. Mn distribution is more
pronounced in the alloy, which may indicate the formation of
Mn-rich regions or small precipitates at the grain boundaries.
The Fe-Cr-7.5Mn alloy (Fig. 2, ¢) shows a further increase in
Mn content to around 17 to 18 at.%, with Fe decreasing and
Crremaining in the range of 8 to 9 at.%. High Mn content has
the potential to trigger more pronounced segregation and the
formation of Mn-rich phases [8, 22].
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Fig. 2. The SEM-EDS micrograph of Fe-Cr-Mn where: @ — 2.5 Mn; 56— 5 Mn; ¢ — 7.5 Mn



5. 2. Results of the mechanical properties of Fe-Cr-Mn
alloys

5.2.1. Results of the hardness of Fe-Cr-Mn alloys

The hardness distribution of Fe-Cr-Mn alloy with various
weight % of Mn presented in Fig. 3.
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Fig. 3. The hardness distribution of Fe-Cr-Mn alloy

The hardness value of 395.0 VHN at a Mn content of 2.5%
drops by 38.2% at a Mn content of 5% to 244.0 VHN, and it
further drops by 19.6% at a Mn content of 7.5% to 196. Fig. 3
illustrates how the hardness of Fe-Cr-Mn alloys drops dra-
matically with increasing Mn content. This downward trend
is in line with the phase evolution that the Fe-Cr-Mn ternary
diagram predicted for Cr in the range of 18%, specifically the
transition from phase « (ferrite) to a+y (duplex) at 5% Mn and
to y (austenite) at 7.5% Mn. At 2.5% Mn, the microstructure is
dominated by the ferrite phase (BCC) with the possibility of
Cr-rich particles at the grain boundaries (M23C6), resulting
in strengthening through solid solution and precipitation with
relatively small grain sizes, all of which increase hardness [23].
At 5% Mn, a duplex a+y structure forms, and the presence of
a softer austenite fraction lowers the average hardness value,
although the total tensile strength may remain good due to
the hardness of y. At 7.5% Mn, austenite (FCC) dominates and
tends to coarsen during soaking, causing hardness to decrease
further. This decrease in hardness is also in line with the Hall-
Petch theory, where grain enlargement reduces strength/hard-
ness [2]. EDS data shows higher Mn in the matrix (y character-
istic) and higher Cr at the grain/particle boundaries («/Cr-rich
carbide characteristic). At 2.5% Mn, strong Cr enrichment is
observed at the grain boundaries (strengthening), while at
7.5% Mn, the Mn-rich (y) matrix is softer, both of which ex-
plain the measured decrease in hardness [24].

5.2. 2. Results of the tensile strength of Fe-Cr-Mn
alloys

The result of tensile test of Fe-Cr-Mn alloy with various
weight % of Mn presented in Fig.4, 5. Fe-Cr-Mn alloy cast-
ings’ tensile strength dropped precipitously by 43.5%, from
724.41 MPa at 2.5% Mn to 409.54 MPa at 5% Mn, before dip-
ping marginally by 6.2% to 384.27 MPa at 7.5% Mn. Tensile
strength dropped by 47% over time. Additionally, the elongation
dropped from 8.88% at 2.5% Mn to 6.35% at 5% Mn and 6.18%
at 7.5% Mn. The largest decrease, 28.5%, occurred between 2.5%
and 5% Mn, accounting for 30.4% of the total decrease. This
pattern is consistent with hardness values decreasing as Mn
content rises [25]. The highest tensile strength and strain occur
ata Mn content of 2.5%, where the a-ferrite matrix has relatively
fine grain size and Cr-Mn solid solution strengthening, plus the

possibility of moderate amounts of Cr-rich particles (M23C6).
At 5% Mn, tensile strength and strain decrease sharply due to
the formation of the a+y duplex phase. The introduction of
a softer y fraction reduces the average tensile strength, while
Cr-rich precipitates/grain boundaries visible in SEM-EDS limit
strain (Cr—a/GB partition, Mn—y/matrix) [25]. These results
are consistent with reports that Mn stabilizes y, but at medium
levels and low C/N, work-hardening is not sufficient to pre-
vent strength reduction [26]. At 7.5% Mn, a further but more
gradual decrease occurs where the y-austenite phase domi-
nates; the coarsening tendency during soaking reduces tensile
strength (weakening of Hall-Petch). Strain recovery is not signif-
icant because Ni-free austenite with 7.5% Mn and low C/N does
not achieve the TRIP/TWIP mechanism, which typically requires
much higher Mn and controlled stacking fault energy (SFE).
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Fig. 5. The elongation of Fe-Cr-Mn alloy

Fig. 6 shows that the fracture surface of the Fe-Cr-2.5Mn
alloy appears rough with many small, irregular dimples. This
indicates a ductile fracture mechanism, although the distri-
bution of dimples shows uneven plastic deformation.

The fracture surface shows deeper and more uniform
dimples, with a clearer fracture pattern resembling microvoid
coalescence. This indicates an increase in plastic deformation
prior to fracture, which is consistent with a decrease in hard-
ness (244 VHN) and an increase in austenite phase stabili-
zation due to higher Mn content. The fracture surface tends
to be smoother with elongated dimples and the presence of
shear lips, which are characteristics of dominant ductile frac-
ture. The high Mn content stabilizes the y austenite, thereby
increasing deformability, although it results in a decrease in
hardness (196 VHN) [4, 27].



Fig. 6. The Macro photograph of the fracture surface
resulting from tensile testing of Fe-Cr-Mn alloy: a — 2.5 Mn;
b—5Mn; c—7.5Mn

5.2. 3. Results of the impact of Fe-Cr-Mn alloys
The result of impact test of Fe-Cr-Mn alloys with various
weight % of Mn presented in Fig. 7.
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Fig. 7. The impact of Fe-Cr-Mn alloy

The impact energy of the Fe-Cr-Mn alloy increased by
36.6% from 0.153 J/mm? at 2.5% Mn to 0.209 J/mm? at 5% Mn,
then decreased by 27.3% t0 0.152 J/mm? at 7.5% Mn. The high-
est value occurred at 5% Mn. The Fe-Cr-Mn alloy with 2.5%
Mnisin the a-ferrite (BCC) region. SEM-EDS test results show
Cr enrichment at grain boundaries (indicating M23C6/early
occurrence of o phase). Cr-rich particles at grain boundaries
are embrittling, resulting in low impact energy [24]. Fe-Cr-Mn
alloys with 5% Mn content are in the duplex zone (a + ).
The presence of austenite phase (y, FCC) distributed between
grains bridges cracks, deflects crack paths, and increases
toughness, resulting in maximum impact energy. The Mn
boundary pattern in y and Cr in « from EDS confirms this.
Fe-Cr-Mn alloys with 7.5% Mn are dominated by y-austenite.
Although y is generally ductile, in low-Ni systems with me-
dium-high SFE and coarse grains, twinning/TRIP is inactive

and work-hardening is low; if carbides/o are still present at
the grain boundaries, toughness falls back, so that impact
energy approaches the value for 2.5% Mn [28].

The fracture surface of the Fe-Cr-Mn alloy impact test
specimen in Fig. 8.

a b c

Fig. 8. Macro photograph of the fracture surface of the
Fe-Cr-Mn alloy after impact testing: a — 2.5 Mn; b — 5 Mn;
c—1.5Mn

Fig. 8, a shows that the fracture surface of the Fe-Cr-2.5Mn
alloy (a) is relatively flat with a granular area, indicating the
dominance of brittle fracture. Impact absorption energy in this
condition is likely to be low due to limited plastic deformation.
The Fe-Cr-5Mn alloy (Fig. 8, b) has a fracture surface combining
brittle and ductile areas, with a pattern of elongated grooves and
shear planes [27]. This indicates a transition from brittle behav-
ior to mixed fracture. Higher Mn content stabilizes the austen-
ite phase, increasing ductility and plastic deformation when
subjected to shock loading. The Fe-Cr-7.5Mn alloy (Fig. 8, ¢
shows a fracture surface dominated by elongated grooves and
a fibrous fracture pattern, characteristic of ductile fracture. The
presence of a fibrous pattern indicates significant plastic defor-
mation before fracture, signifying an increase in the material’s
ability to absorb impact energy. This is consistent with the role
of high Mn in increasing toughness through the stabilization of
y austenite [28].

5.2. 4. Results of the wear of Fe-Cr-Mn alloys

The result of wear test of Fe-Cr-Mn alloys with various
weight % of Mn presented in Fig. 9.

The wear value of the Fe-Cr-Mn alloy (Fig.9) de-
creased sharply by 46.7% when Mn was increased from
0.000454 (2.5% Mn) to 0.000242 (5% Mn) and decreased again
by 60.3% to 0.000096 when Mn was increased to 7.5%. The
total wear reduction was 78.8% when Mn was increased from
2.5% to 7.5%, meaning that wear resistance increased signifi-
cantly with increasing Mn. This is due to phase evolution
where, at 18% Cr, an increase in Mn shifts the microstructure
from a (BCC) to @ + y (duplex) and then to y (FCC). The con-
tinuous y matrix at 7.5% Mn provides better resistance to fric-
tion and reduces delamination/microcracks during sliding,
thereby reducing the wear rate [29]. According to Archard,
wear volume =« (k- W- L)/ H. At 2.5% Mn, H is high but
k is large because Cr-rich (o) precipitates at the grain
boundaries cause delamination and microploughing. At 5
to 7.5% Mn, the separation of Mn (y) and Cr (o) makes the
grain boundaries more perfect and k decreases; the result
is less wear despite lower hardness. Mn-rich austenite tends
to undergo work hardening under the influence of friction
and form stable tribo-oxides (e. g., Mn-Cr spinel) that act as



a protective layer/MML (mechanically mixed layer), reducing
friction and wear [30]. A more homogeneous duplex/austenitic
microstructure distributes loads and deflects crack paths, re-
sulting in finer and more stable debris that reduces third-body
abrasion.
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Fig. 9. The wear of Fe-Cr-Mn alloy

5. 3. Results of the corrosion resistance of Fe-Cr-Mn
alloys

The result of corrosion test of Fe-Cr-Mn alloys with var-
ious weight % of Mn presented in Fig. 11. The polarization
curve can be seen in Fig. 10.
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Fig. 10. The polarization curve of Fe-Cr-Mn alloy

Fig. 11 shows that the corrosion rate of the Fe-Cr-Mn al-
loy decreased sharply from 0.003198 mm/year at 2.5% Mn to
0.001230 mm/year at 5% Mn (a significant decrease of 61.6%),
then increases again to 0.001923 mm/year at 7.5% Mn (an
increase of 56.3% compared to 5% Mn, still around 40% lower
than 2.5% Mn). The polarization curve (Fig. 10) shows that
at 5% Mn, the curve shifts to a more noble potential (E-corr
is more positive) and the corrosion current (i-corr) is small-
er, with a wider passive range indicating a dense and stable
passive film. At 7.5% Mn, i-corr increases again, causing the
corrosion rate to rise. SEM-EDS test results show that alloys
with a Mn content of 2.5% have a structure dominated by
ferrite (o) and show indications of Cr enrichment at the grain
boundaries. Fe-Cr-Mn alloys with 18% Cr readily form M;;Cq
carbides (o-phase) at 600-900°C. Local Cr depletion around
grain boundaries weakens the formation of Cr,0;, resulting
in less stable passivation and high i_corr [12]. Fe-Cr-Mn alloys
with 5% Mn have a duplex (@ + y) structure where element
partitioning (Mn—y, Cr—a) creates a more balanced ma-
trix and grain boundaries, reducing the Cr depletion zone.

Furthermore, Mn contributes to the MnCr,04/MnO spinel
within/above Cr,03, which compacts and stabilizes the passive
film, thereby reducing i-corr [31]. At 7.5% Mn, the structure
is dominated by the y-austenite phase. Excess Mn can dilute
effective Cr in the matrix/film and produce more soluble Mn
hydroxide, resulting in a less stable passive film and increased
i-corr; on the other hand, y grains that tend to coarsen acceler-
ate local initiation. As a result, corrosion resistance decreases
relative to 5% Mn, but remains better than 2.5% Mn.
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Fig. 11. The corrosion rate of Fe-Cr-Mn alloy

6. Discussion of results of Fe-Cr-C with high Mn
characteristics

The SEM-EDS analysis (Fig. 1) revealed that the micro-
structure of Fe-Cr-Mn alloys strongly depends on Mn content.
At 2.5% Mn, the alloy was dominated by a-ferrite with Cr-
rich precipitates along grain boundaries, identified as M»;Cs
carbides. Such precipitates are known to cause localized Cr
depletion, thereby embrittling grain boundaries, consistent
with previous observations in Ni-free stainless steels [17]. At
5% Mn (Fig. 1, b), a duplex structure (a+y) formed, with Mn
partitioning into y and Cr into a. This balanced distribution
improved microstructural stability and reduced carbide pre-
cipitation, consistent with observations by [31]. At 7.5% Mn,
y-austenite became dominant (Fig. 1, ¢), but coarse grains and
residual precipitates reduced microstructural stability, con-
firming similar findings in high-Mn steels [8].

These structural alterations were followed by mechanical
properties. Due to carbide hardening and ferritic strengthen-
ing [32], hardness (Fig. 2) and tensile strength (Fig. 3) were high
at 2.5% Mn, while toughness (Fig. 7) was low. At 5% Mn, where
y-austenite helped with fracture deflection and energy absorp-
tion, the greatest impact toughness was attained. This is in line
with the findings of Nayak et al. [8], who found that balanced
duplex structures improve toughness without compromising re-
sistance to corrosion. Although y-austenite is typically ductile at
7.5% Mn, its coarse grain size and lack of TRIP/TWIP processes
resulted in lower strength and less work-hardening, which is
consistent with Hall-Petch softening behavior [26].

Fractography supported these observations (Fig. 6, 8). The
alloy with 2.5% Mn showed shallow dimples and quasi-cleav-
age features, indicating brittle fracture. The 5% Mn alloy ex-
hibited deeper and more uniform dimples, confirming higher
ductility through microvoid coalescence. At 7.5% Mn, elon-
gated dimples suggested ductile fracture but with diminished
resistance to crack propagation. These results mirror [12], who
reported that austenite-dominated steels require active defor-



mation mechanisms to sustain toughness, which are absent in
medium-Mn, Ni-free systems.

Additionally, there was a non-linear correlation between
corrosion resistance and Mn concentration (Fig. 11). Because of
Cr-depleted zones brought on by carbide precipitation, which de-
stabilized the passive film, the alloy containing 2.5% Mn demon-
strated poor corrosion performance. According to [12], a stable
passive layer comprising Cr,0O; and MnCr,0, spinels is respon-
sible for the 5% Mn alloy’s superior corrosion resistance. Passiv-
ation stability was decreased by additional Mn addition to 7.5%,
most likely as a result of the production of soluble Mn oxides and
a relative decrease in Cr in the passive film. [27] shown that too
much Mn decreases passive film protectiveness in chloride-rich
conditions, which is in line with this observation.

Microstructure and hardness affected wear behavior. While
the 5% Mn alloy showed a compromise between wear resistance
and ductility, the 2.5% Mn alloy, which had a higher hardness,
showed superior wear resistance. Reduced hardness and a pre-
ponderance of soft y-austenite caused the wear resistance to di-
minish at 7.5% Mn. Similar trade-offs between wear resistance
and hardness have been documented in other Ni-free stainless
steels [17], indicating that tribological and mechanical parame-
ters must be balanced within an ideal Mn range.

The best combination of characteristics is found in
Fe-Cr-Mn alloys at 5% Mn, where a duplex a+y structure im-
proves toughness and corrosion resistance while preserving
respectable strength and wear resistance. While alloys with
7.5% Mn exhibit enhanced ductility but diminished strength
and corrosion stability, those with 2.5% Mn exhibit increased
hardness but poor toughness and corrosion behavior. Based
on these results, which are consistent with previous advanc-
es in Ni-free stainless steel [2, 4], the controlled addition of
approximately 5% Mn can be recommended for further devel-
opment to meet the needs of biomedical applications where
biocompatibility and mechanical reliability are critical.

The results obtained in this study have direct practical rel-
evance for the design and development of nickel-free stainless
steels for biomedical implant applications. The Fe-Cr-5Mn alloy,
which exhibited the most balanced combination of strength,
ductility, wear resistance, and corrosion protection, can be
applied in the production of orthopedic and dental implants,
particularly where biocompatibility and corrosion resistance
in physiological environments are essential. The optimal com-
position minimizes the risk of allergic reactions and ion toxic-
ity associated with nickel-containing steels, while maintaining
sufficient mechanical integrity for long-term load-bearing use.
Under typical physiological conditions, such as exposure to
saline body fluids (0.9% NaCl), the alloy demonstrates stable
passivation behavior, indicating good performance in in vivo
environments. The potential effects of applying this material
include enhanced implant longevity, reduced post-surgical com-
plications, and improved patient safety. Furthermore, the find-
ings may guide future industrial alloy design and heat-treatment
optimization for biomedical-grade stainless steels.

Despite the promising results, this study has several lim-
itations. The alloys were investigated in the as-cast condition,
which may affect microstructural homogeneity and conse-
quently influence the mechanical and corrosion responses;
future work should therefore include homogenization through
annealing to minimize segregation. Moreover, while corrosion
resistance trends were observed, a more detailed electrochemi-
cal analysis under various physiological media is still required to
validate passivation stability. Importantly, biocompatibility tests
have not yet been conducted, which are essential to confirm

the suitability of these alloys for biomedical applications. Thus,
future studies should focus on post-casting heat treatment,
advanced electrochemical characterization, and comprehensive
in vitro/in vivo biocompatibility evaluations to establish the full
potential of Fe-Cr-Mn alloys as Ni-free implant materials.

7. Conclusions

1. The microstructure of Fe-Cr-Mn alloys is significantly
influenced by Mn: 2.5% Mn favors a-ferrite with carbide precip-
itation, 5% stabilizes a duplex « + y structure, and 7.5% promotes
y-austenite with grain boundary segregation.

2. The highest toughness (0.209 J/mm?) and balanced duc-
tility occur at 5% Mn, while the highest hardness (395 VHN)
and tensile strength (724 MPa) occur at 2.5% Mn. Strength
declines and ductile fracture take over at 7.5% Mn. The addition
of Mn greatly increases wear resistance; the best performance
occurs at 7.5% Mn because of the stable tribo-oxide formation
and work hardening of the y-matrix.

3.Stable CrOs;-MnCrO,4 passive films support corrosion
resistance, which peaks at 5% Mn. Because of Mn-hydroxide
segregation and carbide formation, respectively, lower (2.5%)
and higher (7.5%) Mn contents decrease passivation stability.

The best option for Ni-free stainless-steel implant materials
is Fe-Cr-Mn with 5% Mn since it offers the best overall balance of
strength, toughness, wear resistance, and corrosion protection.
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