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Abstract: This study examines the effect of Mn content on phase evolution, density, and
its correlation with the hardness of Fe-Mn alloys produced through mechanical milling
followed by a spark plasma sintering technique. Alloys with Mn concentrations of 5,
10, 15, and 20 wt% were examined, revealing phase compositions primarily consisting
of BCC (α-Fe, ferrite), FCC (γ-FeMn, austenite), and HCP (ε-FeMn, martensite), with
minor occurrences of MnO. The Mn content significantly affected the phase distribution,
strain, crystallite size, and relative density. The evolution of phase structure—particularly
the balance between hard BCC, HCP, and softer FCC—emerges as a critical factor in
determining hardness. The alloy with 10 wt% Mn exhibited the highest hardness (∼595.34
Hv) despite not having the highest density, indicating that densification and the nature
and proportion of constituent phases governed the mechanical properties. While ferrite
and martensite enhance hardness, increasing the Mn content promotes the formation of
a more ductile austenite phase, which offsets the strengthening effects and contributes
to the observed decrease in hardness at higher Mn levels. These findings highlight the
complex interplay between phase transformation, microstructure, and hardness in Fe-Mn
alloy systems.
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1. Introduction

Binary Fe-transition metal (Fe-TM) alloys, composed of iron (Fe) and elements such
as chromium (Cr) (Idhil et al., 2012), cobalt (Co) (Hasegawa et al., 2017), nickel (Ni)
(Xu et al., 2013), manganese (Mn) (Ekholm and Abrikosov, 2011), or molybdenum (Mo)
(Chen et al., 2022) form a versatile class of materials with highly tunable properties.
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Their composition and processing parameters can be precisely adjusted, enabling the
development of characteristics tailored to specific needs. This adaptability has led to
widespread interest in applications ranging from structural components and magnetic
devices to catalytic processes.

Among these, iron–manganese (Fe–Mn)-based alloys have garnered particular atten-
tion in engineering due to their favourable physical and mechanical properties, including
a pronounced shape memory effect (SME) and excellent damping capacity (Sun et al.,
2019; Balagurov et al., 2018). Beyond structural uses, these alloys are also being explored
for biomedical applications, especially as biodegradable implant materials (Saliba et al.,
2023; Gambaro et al., 2021). Their functionality can be further optimized by varying the
Mn content and incorporating alloying elements such as Cu, Si (Lemke et al., 2025), Pd
(Feng et al., 2016), Ag (Krüger et al., 2022), and C (Paul et al., 2024). Incorporating
manganese (Mn) in steel significantly enhances its hardenability, tensile strength, and
wear resistance. However, an excessive manganese concentration, exceeding 30 wt%, can
result in the formation of the brittle β-Mn phase. This phenomenon limits the suitability
of the material for automotive applications (Kisku, 2024).

The Mn steels can exhibit various crystal structures, including body-centered cubic
(BCC), face-centered cubic (FCC), and hexagonal close-packed (HCP) structures, allow-
ing them to be either ferromagnetic or paramagnetic (Milititsky et al., 2008). Mn and
Ni are acknowledged as austenite stabilizers in steel fabrication, playing a critical role in
the expansion of the austenite phase region (Kang et al., 2021; Citrawati et al., 2020;
Sabzi and Farzam, 2019; Krauss, 2015). A previous study reported that Fe100−xMnx al-
loys undergo distinct phase transformations contingent upon their specific compositional
makeup. Specifically, alloys with compositions ranging from approximately 0 to 10 atomic
percent (at%) transition from FCC to BCC structures (designated as γ-α). The phase
transformation shifts from FCC to HCP configurations for compositions between 15 and
30 at% (indicated as γ-ε). The compositional range of 10–15 at% yields a complex phase
structure characterized by a mixture of α and ε phases, in conjunction with the presence
of both γ and ε phases (Acet et al., 1995). Medium-high manganese alloys have surged
in prominence, especially through their application in twinning-induced plasticity within
advanced high-strength automotive steels. In contrast, the SME, which is intrinsically
linked to the reversible transformation between FCC and HCP structures in manganese
steels, has further augmented interest in this research domain (Malamud et al., 2018; Mil-
ititsky et al., 2008). The evolution of the microstructure, including grain refinement and
homogenization (Siripath et al., 2024), and the phase or chemical composition determine
the alloy’s mechanical properties (Kochmański et al., 2024; Kim et al., 2013).

Generally, FCC structures are known to have high ductility and relatively low
strength compared with BCC or HCP structures. Body-centered cubic structures are
typically correlated with enhanced hardness and strength; however, they may exhibit
increased brittleness (Ding et al., 2024). Meanwhile, the HCP structure demonstrates
significant mechanical rigidity and lack of plasticity, making it a challenging state for de-
formation processes. The Fe-Mn alloys can undergo phase transformations, such as FCC
to HCP or BCC, which can significantly impact the alloy’s overall mechanical properties,
including its hardness (Wang et al., 2023). Dual-phase (DP) steels are crucial engineering
materials because they offer an impressive blend of high strength and good formabil-
ity. This unique combination enables the creation of lightweight and robust components
suitable for various applications (Amaral et al., 2017). However, there exists a limited
body of published research that systematically examines the hardness values correlated
with the presence of duplex or triplex microstructural configurations within Fe-Mn alloy
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systems. Consequently, comprehensively examining the influence of Mn concentration
on the structural characteristics, compositional attributes, and properties of the alloy is
imperative. Such an understanding is essential, as it will ultimately dictate the properties
and applications of the material.

In alloy compact preparation, the integration of mechanical milling and direct current
(DC) sintering, such as spark plasma sintering (SPS), represents a robust methodologi-
cal approach for alloy preparation, primarily aimed at synthesizing densely packed and
high-quality sintered compacts. This synergistic combination of techniques facilitates
the effective manipulation of microstructural properties, thereby enhancing the result-
ing materials’ overall performance characteristics. The SPS technique uses pulsed DC
to activate and optimize sintering kinetics, offering several advantages over conventional
sintering methods. Notably, SPS enables higher heating rates, reduced sintering temper-
atures, and diminished dwell times (Balbo and Sciti, 2008), thereby promoting a rapid
sintering process conducive to the formation of fine crystalline structures and controlled
grain boundary development. This technique is particularly well-suited for the consoli-
dation of various materials, including metals, ceramics, polymers, composites (Le Godec
and Le Floch, 2023), cermets, intermetallic compounds, and other advanced materials
(Tokita, 2013). The SPS technique has also been employed to fabricate FeCr (Zhang et
al., 2023), FeMo (Cabibbo et al., 2008), FeNi (Shongwe et al., 2016), FeCo (Mani et al.,
2012), and FeMn-based alloys (Oh et al., 2018) in the context of Fe-TM alloy develop-
ment, thereby underscoring its versatility and applicability within the field of materials
science and engineering.

Based on the aforementioned evidence, in this study, we employed mechanical milling
and SPS techniques to synthesize Fe alloys with varying Mn concentrations of 5, 10, 15,
and 20 weight percent (wt%). A thorough investigation was undertaken to elucidate the
effects of manganese content on the phase composition, microstructural characteristics,
density, and hardness within the Fe-Mn alloy system. This research aims to contribute
to a deeper understanding of how Mn concentration affects the fundamental properties of
these alloys, thereby enhancing their practical applications in various industries.

2. Methods

Commercial-grade Fe and Mn powders obtained from Sigma-Aldrich (Darmstadt,
Germany) with a purity of ≥ 99% were used as the starting material. A series of four
distinct powder compositions was prepared to evaluate the influence of varying Mn con-
centrations on the phase composition, microstructure, density, and hardness of the FeMn
alloy. The weight percentages of Mn incorporated into the compositions were set at 5%,
10%, 15%, and 20%, respectively. These compositions were produced utilizing a mechan-
ical milling technique, specifically employing a shaker mill PPF-UG, Ultimate Gravity
(Banten, Indonesia) for 2 h with a powder-to-steel ball weight ratio of 1:4. N-hexane
solution (Darmstadt, Germany) was introduced into the steel vials as a control agent to
avoid agglomeration and oxidation during the milling process.

After drying, the powder mixtures were subjected to compaction through an SPS
technique using Dr. Sinter SPS 625, Fuji Electronic Industrial (Japan), conducted un-
der a vacuum environment of less than 10 Pa (Figure 1). This process was conducted
with a constant applied load of 40 MPa and a heating rate of 50 ◦C/min. The sintering
temperature was continuously monitored using a K-type thermocouple inserted within
the die hole. During the sintering process, the powder displacement was systematically
monitored and recorded throughout the experiment. The SPS process was deliberately
halted, and the applied load was released once the sample displacement reached a sat-
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uration point. Subsequently, the sample was allowed to undergo natural cooling within
the chamber until it attained a temperature of less than 70 ◦C. The resultant sintered
compact exhibited a diameter of 20 mm and a thickness of approximately 5 mm.

Figure 1 Schematic of the fabrication process of Fe alloys with varying Mn content
using the SPS technique

To investigate and evaluate the density, phase composition, microstructure, and hard-
ness of the sintered alloys, a systematic approach was employed. All surfaces of the
samples were meticulously polished using SiC abrasive papers, followed by fine polishing
with a 1 µm alumina solution to achieve a high-quality finish. Subsequently, the polished
samples underwent ultrasonic cleaning in an ethanol solution to remove any residual con-
taminants.

Phase composition analysis was performed using X-ray diffraction (XRD) employing
Co-Kα radiation on a D8 Advance diffractometer (Bruker, Germany), with a scanning rate
of 0.1 s per step. The average crystallite sizes and micro-strain were initially estimated
using the Williamson–Hall (W–H) method:

βcosθ = 4εsinθ + λ

D
(1)

where D represents the mean crystallite size, β is the integral breadth of the diffrac-
tion peak (in radians) attributed to crystallite broadening, λ is the wavelength of the
incident X-rays, θ is the Bragg angle, and ε denotes the microstrain in the lattice. The
values obtained from the W–H plot served as initial estimates for subsequent Rietveld
refinement. Rietveld refinement was performed using the TOPAS v7 software, incorpo-
rating a convolution-based profile fitting and the FPA (Cheary et al., 2004; Kern et al.,
2004). This approach effectively subtracts instrumental broadening without the need to
measure a standard sample, allowing for accurate determination of crystallite size and
strain components. The mean crystallite size and micro-strain were further refined using
the Double-Voigt method (Taryana et al., 2022).

The mass density of the sample was determined using Archimedes’ principle, employ-
ing an analytical balance AND GF-600 (Japan) in conjunction with a density kit tester.
Measurements were conducted in distilled water for 2 min to ensure consistency and ac-
curacy. The density of a solid can be calculated based on its weight in air, the weight in
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the immersion liquid, and the known density of the liquid, as follows:

ρ = A

A − B
× ρo (2)

Here, ρ is the density of the sample (g/cm3), A is the weight of the sample in air (g), B
is the weight of the sample in water (g), and ρo is the density of water at room temperature
(g/cm3). Experimental comparison allowed the determination of relative density by using
experimental and theoretical values. Additionally, the percentage porosity was computed
as a function of the relative density, specifically through the following expression (Ayodele
et al., 2021; Oladijo et al., 2019; Yan et al., 2019):

Porosity (%) = (1 − relative density) × 100% (3)

Hardness measurements were performed using a Vickers hardness tester (Leco
LM100AT, USA) with an indentation load of 300 gf and a dwell time of 13 s. To en-
sure statistical reliability, the reported hardness values represent the average of eight
individual measurements. Microstructural characterization was performed using a scan-
ning electron microscope (SEM)-JSM-IT200 (LA) (Japan) at an accelerating voltage of 15
kV, providing insights into the morphological features of the Fe-Mn alloy compacts. This
comprehensive approach enabled a systematic investigation into how varying manganese
concentrations affect the properties of the synthesized Fe-Mn alloy.

3. Results and Discussion

3.1 Spark Plasma Sintering

Figure 2 presents the sintering behaviour of Fe alloys, specifically illustrating the vari-
ation in sample thickness (stroke) as a function of time and temperature across different
Mn concentration levels, prepared using the SPS technique.

Figure 2 Sintering patterns of Fe alloys with varying Mn content prepared using the
SPS technique

The displacement curves of each composition exhibit the same pattern. It tends to
saturate in the temperature range of 745-820 ◦C, indicating that a dense structure has
already been obtained. The stroke saturation change is achieved at lower temperatures
with increasing Mn content. This phenomenon is attributed to the presence of Mn as
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an austenite stabilizer, which effectively lowers the eutectoid temperature (Khan and
Rashed, 2020; Krauss, 2015). Consequently, high-density alloys can be consolidated at
lower processing temperatures.

3.2 Phase Composition

Figure 3 shows the typical XRD patterns and the constitutive phase formed on the
Fe compacts with varying Mn content prepared by a SPS technique.

Figure 3 X-ray diffraction patterns of Fe alloys with (a) 5, (b) 10, (c) 15 and (d) 20
wt% Mn contents

The phase structure plays a critical role in determining the atomic arrangement,
which subsequently governs the resulting microstructure—whether dense or porous—and
thereby influences the hardness, strength, and ductility of the material. This study elu-
cidates the effect of manganese concentration on the phase structure of Fe-Mn alloys.
Specifically, these alloys exhibit a diverse range of phase configurations, including FCC,
BCC, and HCP phases, which depend on the Mn content. As illustrated in the accompa-
nying figures, an alloy composition containing 5 wt% manganese predominantly reveals
a duplex microstructure characterized by both BCC and FCC phases. In contrast, an
increase in Mn concentration to 10, 15, and 20 wt% leads to the development of addi-
tional HCP phases. Consequently, a more complex triplex structure—encompassing α, γ,
and ε phases—emerges in alloys with elevated manganese concentrations. The distinct
crystal structures and bonding characteristics of these varying phases (e.g., FCC, BCC,
and HCP) impart divergent mechanical behaviors that warrant further investigation.

A notable trend in the intensity variations corresponding to each constituent phase
of Fe-Mn alloys is evident in Figure 3, with a detailed semiquantitative analysis of the
constituent phase presented in Figure 4.
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Figure 4 Mass fraction of constituent phases in Fe-Mn alloys as a function of Mn
concentration

Specifically, the intensity associated with the BCC structure decreases with increasing
Mn content. This observation stands in stark contrast to the intensity pattern exhibited
by the FCC structure, thereby highlighting the substantial influence of Mn concentra-
tion on the stabilization and formation of austenite (Khan and Rashed, 2020; Krauss,
2015). Meanwhile, the emergence of martensite is detectable in Fe-Mn alloys with the
incorporation of 10 wt% Mn, where the intensity of HCP diffraction peaks intensifies with
increasing Mn concentration in the alloy. HCP or BCC formation can be linked to FCC
transformation (Liu and Wu, 2024). In contrast, the broadening of the XRD peaks ob-
served in Figure 3 may be attributed to grain refinement and the strain introduced (Oh et
al., 2018) during specimen preparation. Consequently, the formation of martensite in the
Fe-Mn alloys investigated in this study is predominantly influenced by the Mn content and
micro-strain (Figure 5) associated with the development of a nanocrystalline structure,
rather than the cooling rate. This observation holds particular significance given that the
cooling process naturally transpires within a vacuum SPS chamber, mitigating the effects
typically associated with rapid cooling. The observed phase transition emphasizes the
critical role of Mn in altering the alloy’s microstructural characteristics.

Figure 5 Strain of constituent phases in Fe-Mn alloys as a function of Mn concentration
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Moreover, the XRD analysis results indicate the formation of manganese oxide (MnO)
within each alloy, confirming that a minor fraction of Mn has undergone oxidation, as
delineated by the relevant chemical equation below.

2Mn + O2 → 2MnO (4)

This phenomenon is highly plausible given Mn’s significant affinity for oxygen (Dan-
ninger et al., 2021). The formation of MnO further exemplifies the intricate interrelation-
ship between alloy composition and structural transformations occurring within Fe–Mn
systems. The formation of MnO inclusions with sizes of approximately 300 nm and 700
nm can enhance mechanical properties, primarily due to the Orowan strengthening mech-
anism (Zhang et al., 2024).

Based on the findings from the X-ray diffraction analysis, the crystallite size of each
phase constituting the alloy: α (BCC), γ (FCC), and ε (HCP), was evaluated, and the
results are presented in Figure 6.

Figure 6 Crystallite size of constituent phases in Fe-Mn alloys as a function of Mn
concentration

The analysis indicates that the crystalline size of the α phase exhibits a decrease
with increasing Mn content. An exception arises at a composition of 10 wt% Mn, where
the crystallite size of BCC is smaller than that at 15 wt% Mn. Conversely, the size of
FCC crystallites generally displays an increasing trend analogous to that of HCP crystals
as the Mn content increases. However, the dimensions of FCC crystals at both 10 and
15 wt% Mn are relatively comparable, and the HCP structure was not detected in the 5
wt% Mn alloy. These variations in the composition of the alloy phases, along with their
respective crystallite sizes and strain, significantly influence the mechanical properties of
the material, such as hardness.

3.3 Microstructure

Representative backscattered electron scanning electron microscopy (BSE SEM) im-
ages for Fe-Mn alloys exhibiting varying concentrations taken at 1000x magnification with
a scale bar of 10 µm are given in Figure 7.

As illustrated, the microstructure of the Fe-Mn alloy compacts demonstrates a pre-
dominantly dense morphology, characterized by varying Mn concentrations achieved
through mechanical milling and consolidated by SPS techniques. Despite this density,
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the presence of pores within the alloy compact remains evident. The fraction of these
pores appears to diminish with an increase in Mn content. These findings indicate that
the incorporation of higher Mn concentrations contributes to the compact production of
a more densely consolidated alloy.

3.4 Vickers Hardness

The correlation between the relative density and hardness of Fe-Mn alloys with Mn
concentration is illustrated in Figure 8. The Archimedes density value of Fe-Mn alloys,
characterized by Mn content levels of 5, 10, 15, and 20 wt%, were 7.68, 7.72, 7.78, and
7.77 g/cm3, respectively. This metric is critical for applications in which weight consid-
erations are paramount. A comparative analysis with the theoretical density indicates a
discernible trend in which the alloy’s relative density increases with higher Mn concen-
trations. Specifically, the relative density values for the various compositions, arranged
in ascending order of Mn concentration, are recorded as 97.29%, 98.04%, 99.06%, and
99.26%, respectively. These relative densities correspond to porosity levels of 2.71%,
1.96%, 0.94%, and 0.74%, respectively, calculated using Equation 3. These findings un-
derscore a clear trend of increasing density with increasing Mn content. Moreover, the
microstructural characteristics presented in Figure 7 corroborate this trend and illustrate
a notable reduction in porosity with increased Mn levels.

Figure 7 BSE SEM images of Fe-Mn alloys with (a) 5, (b) 10, (c) 15, and (d) 20 wt%
Mn
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Figure 8 Relative density and Vickers hardness of Fe-Mn alloys as a function of Mn
concentration

The hardness of Fe compacts with varying Mn concentrations, specifically at 5, 10,
15, and 20 wt%, was quantitatively assessed, yielding values of 268.92, 595.34, 439.60,
and 407.62 Vickers hardness (Hv), respectively. Notably, the compact with 5 wt% Mn
demonstrates the lowest hardness, whereas the specimen comprising 10 wt% Mn exhibits
the highest hardness when compared with the other tested compositions. Hardness is a
critical parameter for evaluating a material’s resistance to permanent deformation, par-
ticularly in response to indentation or scratching by a harder material, and plays a vital
role in quality control, material selection, and suitability determination for specific ap-
plications. The observed variation in hardness is strongly influenced by differences in
phase types and their distribution within the alloy, highlighting the intricate interaction
between compositional factors, microstructure, and mechanical performance in Fe-Mn
systems. High-hardness alloys generally offer enhanced durability, wear resistance, and
mechanical strength, making them particularly valuable in demanding engineering fields
such as automotive and industrial manufacturing.

A previous study reported that the hardness of the Fe–Mn ferrite (α) phase exhibits
a linear increase with Mn concentration. This phenomenon can be attributed predomi-
nantly to the lattice micro-strain, specifically the dislocations introduced during the phase
transformation, which arise from the specific volume misfit between the α and γ phases
(Li et al., 2002). Higher lattice strain can sometimes be associated with smaller crystal-
lite sizes due to the increased density of crystal imperfections (Qayoom and Dar, 2020).
Meanwhile, FeMnNiC alloys with varying concentrations of Mn, Ni, and C exhibited a
primary microstructural composition of both γ and α phases. An increase in hardness
corresponds to a reduction in the volume fraction of austenite present within these alloys
(Choi et al., 2020).

In another comparison, Oh et al. (2018) investigated the hardness of Fe-x% Mn
alloys (x = 4, 7, 10) produced via SPS, revealing that the hardness of the alloy containing
BCC and FCC structures increased with the Mn content, specifically 25, 30, and 42 HRC
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(Oh et al., 2018), or corresponding to approximately 266, 302, and 412 Hv in alignment
with the hardness conversion numbers (Kuhn and Medlin, 2000). The variation in initial
hardness is attributed to solid-solution strengthening from differing Mn levels and grain
refinement influenced by crystallite size (Oh et al., 2018). The findings of our study
indicate that the hardness of an alloy containing 5 wt% Mn is comparable to that of
an alloy containing 4 wt% Mn. However, the hardness observed in the 10 wt% Mn
alloy exhibits a significant deviation, which is approximately 44% higher than that in the
previous study. This observation may hold particular relevance for various applications
that require enhanced hardness characteristics. This could be attributed to the formation
of HCP structures within the alloy, which appears to exert a substantial influence on the
alloy’s hardness. Superalloy austenitic steel exhibits a lower hardness than both ferritic
and martensitic steel (Farihin et al., 2025). FCC exhibits a softer mechanical property
than BCC iron due to its greater number of slip systems, which facilitates easier plastic
deformation. In contrast, BCC iron possesses a higher hardness attributed to its more
open atomic packing, resulting in fewer slip systems available for dislocation movement.
This structural characteristic hinders plastic deformation, thereby enhancing hardness.
Furthermore, HCP presents an intermediate number of slip systems compared to BCC
and FCC structures. However, the incorporation of Mn introduces lattice distortions in
Fe-Mn alloy, which increase the dislocation density and subsequently enhance the slip
resistance within the material.

The findings presented in Figure 8 of this study reveal a noteworthy trend in which
the hardness of the alloy decreases with increasing Mn content at 15 and 20 wt%. This
trend occurred despite an observed increase in relative density. Such evidence suggests
that the hardness of Fe-Mn alloys is influenced not only by relative density and porosity
but also to a greater extent by the specific constitutive phases that are formed (Figure 3)
and their respective phase fractions (Figure 4). While the hard HCP content increases,
the softer FCC content also increases. From the results of this hardness test, the fraction
of HCP in the alloy has a non-linear relationship with the measured hardness, since the
softer matrix structure, namely, FCC, will significantly affect the indentation, thus leading
to a decrease in the hardness of the alloy. This phenomenon is commonly observed in
composite materials containing a soft matrix and hard reinforcing particles (Mola and
Ren, 2018).

In addition, the strain and size of the crystallite also affect the total hardness value
of the alloy. The mechanical properties, such as yield strength and hardness, strongly
correlate with the grain (Abdul et al., 2021) or crystallite size of the material, as formu-
lated by the Hall-Petch Equation (Anwar et al., 2021). They are the inverse of the square
root of the grain or crystallite size. Smaller grains or crystallites exhibit greater yield
strength and hardness (Yin et al., 2018; Mukhopadhyay et al., 2014). Conversely, an in-
crease in grain size in steel is associated with a reduction in strength, while ductility tends
to increase (Anwar et al., 2021). However, if the material has a relatively homogeneous
microstructure, the aforementioned equation is more suitable. For the heterogeneous mi-
crostructure, deviation from the Hall-Petch prediction can be found. In addition, for
the nanometer grain, a negative or inverse Hall-Petch relationship was observed, when it
passed a critical grain size of about 10-30 nm (Wei et al., 2022; Naik and Walley, 2020).
Therefore, the combination of phase structure, fraction, strain, and crystallite size can
provide a difference in the total properties of the alloy.

In summary, the specific characteristics and functionalities of Fe-Mn alloys arise from
a multifaceted relationship of factors, including manganese content, processing parame-
ters, and structural features. These variables significantly affect key properties, such
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as hardness, contributing to the versatility of Fe-Mn alloys across diverse applications.
Through careful control and optimization of these parameters, the mechanical and struc-
tural properties of Fe-Mn alloys can be precisely tailored to meet the requirements of
various engineering and industrial uses.

4. Conclusion

Fe compacts with Mn concentrations of 5, 10, 15, and 20 wt% were successfully
synthesized using mechanical milling and SPS techniques. The resulting alloy exhibits a
composition characterized by BCC, FCC, and HCP structures, contingent upon the Mn
content. A notable trend is observed in which the relative density of the alloy increases
with increasing Mn concentrations. At 10 wt% Mn, the formation of a triplex struc-
ture—comprising BCC, FCC, and HCP phases in mass fraction ratios of 77.2%, 14.7%,
and 5.5%, respectively, with 2.7% MnO—leads to the highest recorded hardness of approx-
imately 595.34 Hv. Conversely, a decline in the alloy’s hardness is noted with a reduction
in the alpha phase fraction and a corresponding increase in FCC and HCP phases at 15
and 20 wt% Mn. This illustrates the complex interplay between phase composition and
mechanical properties in Mn-containing Fe alloys.
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