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Abstract

The promising potential of porous metallic materials for railway applications (e.g., con-
ductive materials, materials for braking systems) is due to their unique combination of
low density, high specific surface area, and high energy absorption capabilities. Porous
multi-phase silicide coatings (FeSi, SiCNy) provide a synergistic effect, doubling surface
hardness and establishing a stable diffusion barrier. The article proposes a comprehensive
approach to replacing materials for critical railway transport components, involving the
development of a base material and a barrier coating. The use of widely available induction-
melting components to produce a base material with superior mechanical properties is
demonstrated. The material exhibits high static strength and hardness while maintain-
ing acceptable impact toughness and ductility. To enhance wear, corrosion, and scale
resistance, technology for forming a barrier layer via silicide coatings is proposed. The
coating formation technology enables the regulation of porosity through the formation
of nitrogen-containing phases. It is shown that pores can serve as “containers” for fillers
that impart functional properties to the coatings (e.g., adjusting the friction coefficient
or electrical conductivity). The new base material-barrier coating system can serve as a
foundation for the sustainable production of critical rolling stock parts and other devices
for railway transportation systems.

Keywords: multi-element alloy; hardness; microstructure; barrier layer; silicides; porosity

1. Introduction

Porous metals are a versatile class of functional materials characterized by a metallic
matrix with a stochastic or ordered porous structure that can be fabricated using a variety
of industrial technologies for both load-bearing and structural applications [1,2]. Porous
alloys inherit the excellent physicochemical properties of the alloy, such as specific stiffness
and specific strength, good biocompatibility, and corrosion resistance [3]. At the same
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time, the presence of pores also confers several unique experimental properties, including
ultra-low density (weight reduction), high specific surface area, and good permeability
to liquids [4,5]. These materials have found widespread use in various industries, in-
cluding mechanical engineering [6-10] and especially railway applications [11-15], due
to their unique ability to combine low specific gravity with the important mechanical
properties of solid materials [2]. Various methods are used to manufacture large, com-
plex parts, including powder metallurgy [16-19], investment casting [20,21], and additive
manufacturing [22-24]. Among the additive manufacturing methods, several specialized
technologies have become widely used for developing porous metal structures. These
include powder sintering, including selective laser melting and electron beam melting,
which provide unprecedented accuracy in determining the internal architecture of lattice
materials [25,26]. Despite their precision, these additive processes require highly sophis-
ticated in-process monitoring, such as acoustic emission tracking, to detect defects and
ensure structural integrity across complex toolpaths. This complexity drives the need for
the more affordable and accessible bulk manufacturing methods proposed in this study. In
addition, direct energy deposition is often used for the repair and fabrication of large-scale
railway components due to its high deposition rate and the ability to process functionally
graded materials [27,28]. Deposition methods such as electrodeposition and chemical
vapor deposition also play a significant role in coatings’ cellular frameworks or in creating
ultra-thin metal foams with a high surface area-to-volume ratio [29,30]. However, these
methods are expensive, have low throughput, and are unsuitable for manufacturing large-
scale complex structures [31,32]. Lately, there has been new research into manufacturing
large-sized products using the wire arc welding method [33]. In this case, the issues of
material selection [9,34], systemic alloying [35-37], and the rational choice of experimental
design [38—40] are tools for optimizing multi-purpose problems and research [41-44].

Brake pads, as key safety elements in high-speed rail systems, fundamentally deter-
mine braking performance, operational reliability, and the service life of components. In
modern rolling stock, including locomotives and trams, porous materials are becoming in-
creasingly vital for critical components such as brake pads. Their superior heat dissipation
and vibration-damping properties significantly enhance braking performance while reduc-
ing noise pollution in urban environments [45,46]. According to a comprehensive review
by Xiao et al. [46], the evolution of railway brake disc materials has shifted from traditional
grey cast-iron and forged steel to advanced lightweight composites such as aluminum
matrix composites and carbon-carbon composites to meet the demands of high-speed and
heavy-haul trains. Although traditional ferroalloys offer proven reliability [47], their high
density and susceptibility to thermal fatigue at extreme temperatures limit their use in
rolling stock [48-50]. In this context, porous materials and architectural cellular structures
are emerging as a highly promising direction for brake disc manufacturing. They offer a
unique combination of significantly reduced weight, improved thermal energy dissipation
due to increased surface area, and superior vibration damping compared to solid mate-
rials [51]. Integrating porous structures into the disc design can effectively mitigate the
“brake fade” effect during prolonged braking cycles, providing a sustainable path toward
more efficient and quieter urban and high-speed rail systems [52,53].

For the sustainable development of machinery manufacturing, including the pro-
duction of critical railway components, the continuous modernization of the structural
materials database is essential. A vital aspect is the selection of materials and their versatil-
ity [54], which enables minimizing the number of technological processes, reducing the
range of materials used, and streamlining quality control operations.
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As railway transport is a large-scale industry, the development of materials—especially
for critical applications such as pantographs—provides an ideal platform for implementing
standardized and advanced solutions [55].

Since the materials science solution to the problem of replacing older materials with
more advanced ones involves developing a base material and a coating that will contact the
process medium or counter-material, the work is divided into two parts: developing a new
alloy and engineering a barrier coating technology for this alloy. Thus, a “base material—-
barrier coating” system is formed. First, the aspects of the base material formulation
are discussed. Driven by rapidly growing industrial demand for various structural and
functional metallic materials, new technologies have enabled the development of new alloy
steels and alloys. Both the number of primary alloying elements and their proportion in the
total mass of materials have gradually increased. Some steel and alloy grades, primarily
stainless, heat-resistant, and high-strength, already contain 4-5 controlled main alloying
elements with a mass of up to 30-40%; high-strength aluminum alloys contain 3—4 elements
with a mass of up to 10-15%; brass and bronze are up to 40 and 15%, respectively. The
idea of multi-component alloys is that five or more metallic components, taken from equal
or nearly equal molar fractions, can form single-phase crystalline phases. Component
concentration levels distinguish multicomponent alloys from traditional alloys, where one
component serves as the base while the others are present in small amounts as alloying
additives [56,57]. In such metallic materials, multicomponent solutions form as the result of
the tendencies towards atomic ordering, decomposition, or segregation [56-58]. As a result,
conditions will be provided for the formation of solid-soluble phases and nanostructures
during the solidification process [59,60].

A large number of works are aimed at studying the structure, phase composition, and
mechanical and physical properties of various cast multicomponent equiatomic alloys,
mainly the AICrFeCoNiCu system, as well as comparing these alloys with traditional ones
and exploring their applications. In many studies on cast multicomponent alloys, the
influence of chemical composition was investigated, mainly by adding various chemical
elements to the initial cast multicomponent alloys of the AICrFeNiCu or AlICrFeCoNiCu
systems, and the effects on structure and mechanical properties were examined. Thus,
based on the results of works [59-62], performed mainly by the methods of X-ray structural
phase analysis and scanning electron microscopy, it can be stated that the variation of the
composition near the initial multicomponent alloy, in particular, changing the Al content
in the range of x = 0 + 3 and, in turn, all the others, affects the phase and chemical
composition of the alloy and the process of dendrite growth. Moreover, the authors
believed that both dendrites and interdendritic regions underwent decomposition, which
is especially pronounced in alloys with a high Al content > 1. It was assumed that spinodal
decomposition occurs in the dendrites and that a eutectic reaction with the formation of a
mixture of FCC and BCC phases occurs in the interdendritic regions. Interestingly, this was
based solely on SEM observations of pearlite-like, modulated lamellar microstructures and
on X-ray diffraction data indicating a dual-phase (FCC + BCC) state [62].

Discussion of the stability or metastability of phases in multicomponent alloys began
soon after the concept of multicomponent alloys was introduced [63] and continues to the
present day. The predecessors of multicomponent alloys are bulk amorphous alloys, the
so-called metallic glasses. These materials may also contain a large number of components
in proportional concentrations, and upon crystallization from the melt, they form a single
phase [64]. However, this phase is amorphous and metastable; it exists only because,
during rapid cooling, atoms do not have sufficient time to form a crystalline structure and
become “frozen” in a disordered state as their mobility drops sharply with decreasing
temperature. When heated, this phase devitrifies, that is, transforms into a crystalline state,
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sometimes disintegrating into several phases. Unlike metallic glasses, multi-component
alloys form simple crystal structures upon crystallization: FCC, BCC, or HCP [65,66]. Atoms
of different types are arranged randomly in the crystal lattice sites, i.e., multicomponent
alloys are ordered substitutional solid solutions. The disordered position of all atoms in the
crystal lattice sites leads to the increased configurational entropy of such a phase, which
gave this class of materials its name. Due to differences in the atomic sizes of various
metals, the crystal lattice of multicomponent alloys is highly distorted. Therefore, the
structure of such phases can be considered intermediate between stable crystalline phases
with a relatively low equilibrium concentration of defects, including impurity atoms, and
metastable metallic glass, in which long-range order is absent. Due to their structural
features, multicomponent alloys exhibit low diffusion coefficients, corrosion resistance,
increased plasticity at low temperatures, and other special properties that can be very
useful for many promising materials [65-68].

Along with the size factor, Hume-Rothery formulated three more criteria for the
formation of solid solutions. The second criterion, called the electrochemical factor [69],
states that the electronegativity of atoms (the ability of atom components of a solid solution
to attract an electron) must be close. If they differ significantly, the solid-solution regions
narrow, and chemical compounds are predominantly formed (specifically intermetallics in
metallic systems).

The third and fourth criteria are that the expansion of the solid solution region is
facilitated by identical or similar valences and even identical crystal structures of the
elementary metal components. The Hume-Rothery rules for multicomponent metals were
supplemented by the enthalpy criterion. Based on the analysis of experimental data, the
following limiting values of the enthalpy of mixing of elements are proposed, at which a
disordered solid solution is formed [70]: (—15...—11.6) < AHix < (3.2-5) kJ/mol.

The specific chemical composition and structural features of multicomponent alloys
lead to four so-called “main” or “core” effects that determine the unique properties of these
materials: the high-entropy effect, lattice distortion effect, sluggish diffusion effect, and the
“cocktail effect” [68,69].

It is also important to note that in multicomponent alloys, not only are simple (FCC,
BCC, HCP) solid-soluble multicomponent phases prone to formation, but also the formation
of nanoscale phases is observed [71]. Electron microscopy images, particularly dark-
field ones, reveal a large number of nanoprecipitates within the matrix grains. In fact,
nanophases have been observed in the matrix of multicomponent alloys using appropriate
high-resolution methods, primarily Transmission Electron Microscopy (TEM).

The formation of nanoscale precipitations can be accompanied by a slowdown in the
kinetics of decomposition. During diffusion-controlled transformations in a supersaturated
matrix, new phases form via nucleation and growth, requiring the co-diffusion of different
atoms. It can be considered that in multicomponent alloys the decomposition of super-
saturated multicomponent solutions of substitutional elements will occur, firstly, under
conditions of formation of a very large number of nuclei, and secondly, under conditions of
their strong competition for further growth or, in other words, inhibited kinetics, which
will ultimately lead to the formation of multicomponent nanophases. It is assumed that the
liquid phase with a low aluminum content solidifies, forming dendritic and interdendritic
solid-solution phases, which then and later form nanostructures [71].

In [72], the effect of Mn addition at an equiatomic ratio with other elements in a
multicomponent alloy of the AlICrFeCoNiCu system was studied. As it turned out, the
Mn addition can change the microstructure and properties of multicomponent alloys.
Regarding the mechanical properties of the AICoCrCuFeNiMn alloy, manganese detrimen-
tally affects the performance. Because it promotes the precipitation of coarse Cr-enriched
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phases, the alloy exhibits lower strength and compressive yield strength than the original
AlCoCrCuFeNi composition [73].

In [74], unique studies of the chemical composition at the nanoscale were carried out
using the multicomponent alloy AICoCrFeNi. The local distribution of atoms of chemical
elements with atomic-spatial resolution was established using the CamecaAtomProbe
(3D-AP) three-dimensional atomic tomograph, and several different clusters containing
different elements were found inside the BCC matrix. Thus, nanophases demonstrate their
complex, nontrivial nature even in multicomponent alloys.

The corrosion resistance of multicomponent alloys was discussed in [75], where the
behavior of multicomponent alloys in the FeCoNiCrCux system in a 3.5% sodium chloride
solution was studied. The main cause of corrosion in these alloys was copper. With an
increase in the amount of copper in the metal, the corrosion resistance dropped significantly,
while in the absence of Cu, this metal (FeCoNiCr) was only at the level of simple stainless
steel in terms of corrosion resistance.

Boron can be used in multicomponent alloys because it is closer in atomic radius
and electronegativity to other metalloids—carbon, nitrogen, etc. Boron does not form
compounds (or has not been experimentally established) with alkali metals Ag, Au, Zn, Cd,
Hg, Ga, In, T1, Sn, Ge, Pb, As and Sb. At the same time, it is known that in some cases alloys
can be obtained, for example, for alkali metals with boron, which correspond to the ratio
of components of one or another hypothetical compound. For other metals, compounds
with boron are known, which have some properties that are interesting for new branches
of science and technology.

1.1. Siliconizing

Industrial demands for increasing the durability of heat units and pipelines in petro-
chemicals particularly exacerbate the need for silicide layers: carburization and coking
of the inner surfaces of reactor furnace coils lead to brittleness, cracking, and emergency
shutdowns; siliconizing of the internal surfaces of pipes is considered an affordable way to
block carbon diffusion and inhibit iron-catalyzed coking [76].

Modern research also demonstrates that obtaining a silicon-enriched surface signifi-
cantly increases the corrosion resistance, fire resistance, and wear resistance of steel parts
and that one of the economically feasible methods is packaging (solid-phase) siliconizing in
powder media [77]. Siliconizing (siliciding) is a thermochemical treatment process in which
silicon diffuses into the surface layer of ferrous alloys [78,79]. This results in the formation
of a silicide diffusion zone characterized by enhanced heat and corrosion resistance, high
hardness, and superior wear resistance. Such coatings belong to the group of diffusion
coatings. They are considered an economically advantageous solution for high-temperature
oxidation and aggressive environments, especially compared to barrier coatings applied
by physicochemical deposition methods [78]. Siliconizing in general is a diffusion process
with the sequential formation of intermetallic phases (FeSi, FeSiy, FesSi, etc.), the kinetics of
which are determined by temperature, silicon activity in the saturation medium, and the
composition of the base [78].

Pack (solid-state) siliconizing is one of the most accessible and technologically straight-
forward methods for producing diffusion silicide layers on steels and cast irons. The
process is based on the use of powder mixtures containing silicon or ferrosilicon as a silicon
donor, as well as activators (mainly ammonium chloride, other halides, and/or fluxing
additives) and inert fillers (oxide-silicate materials, aluminosilicates, quartz sand, etc.).
Such mixtures provide stable gas transport activity and maintain uniform contact between
the powder phase and parts [78].
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A key advantage of this method is its capability to treat complex-shaped compo-
nents, including internal cavities, threaded sections, thin-walled housings, and even pre-
assembled units, provided the thermal stability of the structure is maintained. After the
siliconizing cycle, significant surface cleaning is usually not required—the mixture residues
are easily removed mechanically or by weak abrasive streams. This makes the method
attractive for large-scale production of medium-precision parts, as well as repair and
restoration operations.

The process is carried out in sealed steel containers or retorts filled with a powder
mixture. Typical process parameters are summarized in Table 1.

Table 1. Typical process parameters.

Parameter Value
Temperature 1100-1200 °C
Duration 2-12h
Layer formation rate ~0.1 mm/4 h at 1100 °C

Saturation with silicon occurs mainly by the solid-state diffusion of atomic Si, which is
formed from the activated powder phase. Silicon diffuses into the substrate, sequentially
forming the FeSi and FeSij phases as a function of depth and thermal exposure duration. To
reduce porosity and prevent uncontrolled oxide formation, gas-activated media are used,
primarily in the form of NH4Cl-activated compositions. Dissociation of NH4Cl generates
HCI, which participates in the reverse gas transport cycle Si = SiCly, which accelerates the
transfer of silicon to the metal surface and contributes to the stability of the process. After
siliconizing, the parts are cooled together with the retort, usually in an inert or weakly
chlorine-containing atmosphere. In practice, cooling with chlorine gas to a temperature of
~2200-100 °C is used, after which the retort is unloaded and the parts are finally cooled on
a metal grid or in an air stream [80].

Siliconizing with the participation of solid reagents and halide activators (including
NH4(l) is characterized by a complex combination of diffusion, chemical, and transport
processes. At elevated temperature, NH4Cl sublimates to form HCI, which reacts with
silicon to produce volatile chlorosilanes (SiCly, SiCly, etc.). These gaseous compounds
are transported in the “powder—steel substrate surface” gap, where they decompose with
the release of atomic Si. This mechanism provides catalyzed and accelerated transfer of
silicon, not only its solid-phase diffusion, which significantly increases the growth rate
of the silicide layer and levels the microstructure. For steel 40, it was established that the
main phase in the diffusion silicide layer is the intermetallic compound FeSi—its content
reaches ~75.7%, which corresponds to the optimal equilibrium structure for the conditions
of iron-containing alloys at medium and high siliconizing temperatures. Additionally,
secondary phases were identified (Table 2).

Table 2. Phase composition and structure of the diffusion zone.

Phase Contents Function

It carries the main load and exhibits high hardness and

FeSi ~75.7% chemical resistance.

It is formed in the presence of NH4Cl and a
SipCNy ~19.6% nitrogen-containing environment; it is associated with layer
densification and porosity reduction.

It arises due to Al impurities and reactions with the filler; it

AlsFe ~4.8% improves adhesion and doping of the subsurface zone.
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The presence of SipCNy and AlsFe phases is attributed to the use of a refractory
mortar-type inert filler containing oxides and aluminosilicate components, as well as the
chemical activity of NH4CI decomposition products. Such co-phases serve as “densifiers”
of the potentially porous FeSi matrix, reducing intergranular porosity and increasing the
mechanical integrity of the layer—an important effect for elements operating under changes
in temperature and loads [81].

1.2. Properties of Silicide Layers
1.2.1. Corrosion and Heat Resistance

Silicide layers provide a significant gain in oxidation resistance at 1000 °C due to
the formation of a protective SiO, film; for steel with 0.4% carbon, the mass gain/loss at
1000 °C for 10 h was the lowest in silicided samples (~8.44 g/m?), which is better than in
boronized (x<42.21 g/mz) and even thin CrN films (/~84.42 g/m2 at ~10 um) [81].

Additional research on other metal systems confirms the universal mechanism: the
presence of silicon in the surface layer leads to the formation of a dense, glassy SiO,
film that acts as a diffusion barrier to oxygen, significantly reducing mass transfer rates
at 800-1100 °C. For example, for Al-Si diffusion coatings on tungsten obtained by pack
cementation, cyclic tests at 1000 °C showed that a dense double oxide layer of SiO; + Al,O3
is formed on the surface; the oxidation rate of the coated sample is lower than that of pure
W, and the coating retains its integrity after multiple thermal cycles [82].

A similar effect is observed for silicide coatings on hard alloys: Si-based layers de-
posited by the pack method on cemented tungsten carbide (WC-Fe—Cr) increase its ox-
idation resistance by approximately three orders of magnitude and remain stable up to
1200 °C. The authors attribute this to the formation of an Fe-enriched silicide top layer,
passivated by a thin SiO; film that prevents further oxidation of the substrate [83].

For austenitic steel 316L, it has been shown that pack cementation with Al and Si
saturation forms diffusion layers of the “silicide-aluminide” type, which, upon cyclic
oxidation in air and water vapor at 700-900 °C, oxidize according to a parabolic law, with a
significantly smaller specific mass change than uncoated steel; the oxide film is denser and
less prone to spalling, which reduces the risk of metal exposure and accelerated failure [84].

Separately, duplex chromium-silicified coatings on heat-resistant austenitic steel have
been shown to effectively improve oxidation resistance in hot steam (=873 K) over long-
term tests (over 1000 equivalent hours): the layer containing Cr and Si maintains its
integrity. It prevents rapid oxide growth compared to the uncoated steel [85]. These results
are in good agreement with experiments on steel with 0.4% carbon: silicide layers with the
FeSi phase and accompanying nitride-silicate co-phases act as a high-temperature barrier,
ensuring minimal mass gain at 1000 °C.

1.2.2. Hardness, Wear, Adhesion

For steel samples with 0.4% carbon, the silicide layer with a thickness of 100-200 um
had high microhardness and kept sharp edges without spalling after machining—an
indirect sign of good adhesion strength [82].

Modern research has shown that silicide coatings typically have a microhardness
higher than that of the substrate, due to the presence of hard intermetallic phases (FeSi,
FeSiy, TiSiy, etc.) and additional strengthening components, such as SiC. For cemented
tungsten carbide, it was found that the silicide layer obtained by pack saturation with silicon
is approximately 20% harder than the base material; the authors attribute the increased
hardness to the formation of finely dispersed SiC blades in the iron silicide matrix [84].

For austenitic 316L steel, with combined diffusion aluminizing and siliconizing, it
has been shown that the microhardness of the outer layer can reach ~1200 HV against
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approximately 490 HV in the substrate, i.e., a more than twofold increase. At the same
time, the layer remains continuous, without noticeable cracks at the “coating-base” inter-
face, indicating good adhesion, more typical of diffusion than of “overlay” coatings [83].
Independent research on diffusion Al-Si and Cr-Si coatings on heat-resistant steels shows
not only increased hardness but also a significant increase in wear resistance under high-
temperature friction conditions. Due to the combination of hard silicide and aluminide
phases, as well as the formation of stable oxide films during operation (5iO,/Al,O3), the
friction coefficient and wear rate are reduced, lowering the risk of layer delamination under
cyclic thermal loads [83].

Thus, the data for 0.4% carbon steel are consistent with the general trend: silicide
layers exhibit increased hardness, retain sharp-edge geometry after processing, and, thanks
to the diffusion forming mechanism, exhibit high adhesive strength, which is critical for
operation under abrasive and thermally cyclic loads.

This article aims to investigate the effects of additional boron alloying at concentrations
ranging from 0 to 6 wt. % on the microstructure and mechanical properties of the base
material, a multi-element alloy (Cr7M3Ni2SiB), and to examine the phase composition,
microstructure, and scale resistance of the porous silicon-nitride coating.

2. Materials and Methods
2.1. Base Material

To obtain experimental samples of the base material, a powder charge was prepared.
In our case, the charge consisted of chemically pure boron carbide B4C, activator NaF,
and metal shavings (C = 0.11%, Cr = 6.5%, Mn = 2.72%, Si = 1.3%, Ni = 1.6%, S = 0.053%,
p = 0.05%, Fe-ball). Experimental melts differed in the amount of boron carbide in the
charge. The charge components were measured to an accuracy of 0.01 g. Table 3 shows the
charges for experimental melts.

Table 3. Content of boron-containing substance in the charge.

Sample Metal Shavings, Amount of B4C in Activator NaF,
Identification wt.% the Charge, wt.% wt.%
1 92.64 5.66 1.70
2 88.3 9 2.70
3 86.09 10.7 3.21

A VCHG-60/0.44 high-frequency tube generator (Beijing Jingyi Precision Machinery
Co., Ltd., Beijing, China) was used to heat the charge-filled crucible. Melting was performed
within the inductor (Figure 1). The melting temperature was estimated by an infrared
pyrometer and was approximately 1600 °C.

Figure 1. Melting the charge in the graphite crucible.

https:/ /doi.org/10.3390/su18094512
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Subsequently, the melt was poured from the crucible into a refractory mold (Figure 2).

Figure 2. Molten charge.

The samples were cast in the shape of 610 mm diameter, 60 mm high cylinders.
Two high-boron-content samples were annealed at 1100 °C for 6 h, followed by slow
furnace cooling.

2.2. Siliconizing Materials
The following materials were used in the siliconizing process:

Metal samples from the experimental alloy;

Silicon powder;

Activator: ammonium chloride (NH4Cl);

Mortar (refractory mortar): finely ground refractory mixture designed for bonding
refractory products in masonry and for filling joints, typically after the addition
of water.

Ll ol

2.3. Siliconizing Method

For siliconizing, the test samples were placed in a small container filled with silicon
powder (Figure 3a) to prevent external gases from entering the furnace. The assembled
container was placed in a tray and loaded into the chamber furnace (Figure 3b).

(b)

Figure 3. Siliconizing process: (a) large container with samples; (b) container in the furnace.

https://doi.org/10.3390/su18094512
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2.4. Elemental Analysis

We used the SPECTROLAB LAVM 11 (SPECTRO Analytical Instruments GmbH,
Kleve, Germany) device to determine the elements in the obtained samples.

2.5. Metallographic Examination

For metallographic examination, a cross-section was prepared from samples using
standard metallographic procedures. The samples were small cylinders with diameters
up to 10 mm and heights up to 20 mm. First, the surface was ground using a water-
cooled abrasive wheel (CORMAK M300S (CORMAK, Biata Podlaska, Poland)), followed by
sequential manual sanding using waterproof sandpaper with grit sizes ranging from P100
to P5000. The surface was then polished using a felt wheel with a water-based chromium
oxide suspension (Bainpol-VT (Chennai Metco Pvt. Ltd., Chennai, India)), rinsed and dried.
Etching was carried out using the standard method in a 4% nitric acid solution in ethyl
alcohol. To observe and record the microstructure, a metallographic microscope, “ZEISS
AXIO Vert. A1” (Axio Vert.Al; Carl Zeiss Microscopy GmbH, Jena, Germany), was used
at different magnifications (from 50 x to 1000 x). The sizes of structural components were
measured using the Digimizer 4.6.1 program.

2.6. Hardness and Microhardness Measurement
Hardness was measured using the TK-2M (HRC) device (Ivanovo plant of testing

devices, Ivanovo, USSR). Microhardness was measured on the PMT-3 device (Tochpribor,
Ivanovo, USSR) at a load of 100 g and 200 g; exposure time: 10 s.

2.7. X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was performed on a DRON-4 diffractometer (JSC IC
Bourevestnik, St. Petersburg, USSR) using digital data acquisition and copper radiation.
The diffraction patterns were analyzed using the Match! 4 software.

3. Results

3.1. Study of Boron Addition to Cr7Mm3Ni2SiB Multi-Element Alloy
3.1.1. Elemental Composition of the Obtained Melts

Several experimental melts were obtained, which differed mainly in the amount of
boron-containing substance added to the charge. In this case, it should be noted that the
proportional ratio of the amount of boron-containing substance and flux was maintained in
all experimental melts.

After elemental analysis, the following elemental composition of the samples was
obtained (see Table 4).

Table 4. Elemental composition of the samples.

Element Content in Melt, wt.%

Sample/Item C B Cr Mn Si Ni S P
1001 40001 +001 4001 4001 4001 +0.001 o001 re(Base)
Metal component
of the charge 0.08 - 6.5 2.7 1.3 1.6 0.053 0.05 Remainder
(initial)

1 0.03 0.05 6.4 26 1.1 1.6 0.051 0.039  Remainder
2 0.05 0.285 6.3 2.5 1.0 15 0.05 0.037  Remainder
3 0.06 6.3 6.1 2.1 0.9 1.3 0.039 0.036  Remainder
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According to Table 4, after annealing, the amounts of carbon and boron decreased
slightly because these elements have high diffusivity; therefore, decarburization and de-
boronization occurred. The levels of harmful impurities, sulfur and phosphorus decreased
with increasing boron content in the melt, indicating the refining effect of boron. The
mechanism of refining action can be explained using the example of sulfur. Boron forms a
low-melting sulfide, B2S3, with sulfur, which sublimes at 250 °C. Since boron is a surface-
active element, it actively displaces harmful impurities during melting; therefore, a decrease
in sulfur and phosphorus is observed.

Thanks to elemental analysis, the amount of boron in each melt was determined.
Therefore, knowing the boron-containing substance levels for each charge as well as the
amount of boron in the melt (Tables 3 and 4), it was possible to construct a graph (Figure 4).

The amount of boron in the melt, % by weight
w
1

Amount of B C in the mixture, % by weight

Figure 4. Dependence of the amount of boron-containing substance in the charge on the amount of
boron in the melt.

From the graph, it can be concluded that a non-linear increase is observed. This means
that the growth rate of boron in the melt is proportional to the value of the amount of
boron-containing substance itself in the charge.

3.1.2. Metallographic Examinations

Metallographic examinations of the first sample (150 g of metal shavings + 15 g (B4sC
+ NaF)) and 0.05% boron showed that its overall structure consists of dendrites, primary
pearlite-type crystals, and eutectics (Figure 5).

The obtained structure is closer to that of conventional steels during primary crystal-
lization because a minimum amount of boron was introduced into the alloy, resulting in a
minimal effect on structural changes.

When enlarging the image, it is seen that, compared to the second sample with a thin
eutectic, the eutectic in the first sample is more irregular (Figure 6).

Also, during the second sample study, a pore was detected in the structure, a char-
acteristic defect in castings of this composition. An example of such a defect is shown in
Figure 7.

Thus, during crystallization, heterogeneous phase growth and possible porosity are
realized, which significantly limit the use of the alloy composition in melt No. 1 for
practical applications.
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Figure 5. General view of the structure of sample No. 1 (x50).

Figure 6. Eutectic in the first sample (x500).

Figure 7. Pore in sample No. 1 (x50).

As a result of melting the charge of composition No. 2, 100 g of metal shavings + 15 g
(B4C + NaF), a sample of primary crystallization was obtained, the general structure of
which is shown in Figure 8.

https://doi.org/10.3390/su18094512
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Figure 8. The general structure of sample No. 2 after the primary crystallization (x200).

According to the image in Figure 8, it is possible to distinguish 3 structural components
conditionally. The first is clearly defined grains, which are similar in shape to dendrites;
however, because boron reduced the interfacial surface energy, the grains assumed a more
rounded shape. The average grain size is 20.71 um. The second structural component is
black inclusions located along the grain boundaries. Presumably, these black inclusions are
boron segregations. The average segregation size is 5.77 pm. The third component is the
eutectic, observed between the grains. The average size of the eutectic plates is 2.73 pm.

Thus, as a result of melting from charge No. 2, a high-quality sample without pores
and a more optimal microstructure were obtained as compared to the first case. The main
structural components have a fairly fine, rounded shape; the eutectic component occupies
a small microvolume and has very dispersed phase components.

After annealing at 1100 °C for 6 h, followed by cooling with a furnace to 300 °C for
15 h, the sample with the composition of charge No. 2 had the following general structure
(Figure 9).

Figure 9. Microstructure of melt No. 2 after annealing (x100).

Figure 9 shows that the eutectic morphology changed somewhat.
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As a result of melting the charge of composition No. 3, 50 g of metal shavings + 10 g
(B4C + NaF), we obtained a sample of primary crystallization, the general structure of
which is shown in Figure 10.

Figure 10. General view of the structure of sample No. 3 (x50).

From Figure 10, it is clear that many boron carbide particles in the alloy did not have
time to react, so we can conclude that we reached the limit content of the boride component,
and its further increase is unnecessary.

If you enlarge the image of the structure, you can see that there are grains and there
are interlayers of another phase between the main matrix phase (Figure 11).

Figure 11. Interlayers between the main matrix phase (x500).

Annealing at 1100 °C results in only minor changes in the microstructure (Figure 12).
The microstructure of sample No. 3 resembles the microstructure of high-strength
cast iron.
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Figure 12. Microstructure of sample No. 3 after annealing (x200).

3.1.3. Mechanical Properties

Hardness measurements, tensile tests, and impact toughness testing were performed
on three samples after primary crystallization with different composition of the charge: the
first sample—150 g of metal shavings + 15 g (B4C + NaF); the second sample—100 g of
metal shavings + 15 g (B4C + NaF); the third sample—50 g of metal shavings + 10 g (B4C +
NaF) (Table 5).

As shown in Table 5, the primary crystallized samples after casting have a fairly
high hardness, approximately equal to that of hardened tool steels. After annealing, the
hardness of the samples decreases but remains quite high. This is evidence that the obtained
structures are quite stable even at 1100 °C for 6 h. At the same time, the decrease in hardness
during annealing improves the alloys” ductility.

Table 5. Mechanical properties.

Sample
Mechanical 2 3
Characteristics 1 2 (After 3 (After
Annealing) Annealing)
Hardness, HRC 54-60 62-64 55-58 58-63 50-56
Tensile strength,  (730;760;760)  (1740; 1810; 1820) ~ (1730; 1780; 1770) ~ (1830; 1780; 1820) ~ (1740; 1770; 1740)
MPa 750139 17903 1760139 181073 1750129
Yield strength, (420; 470; 460)  (1500; 1530; 1500) ~ (1450; 1490; 1470)  (1640; 1610; 1640)  (1420; 1450; 1420)
MPa 450139 151013 1470 £ 20 1630730 1430 =+ 10
o, (10; 8; 9) (12;9;9) (19; 15; 17) (10; 12; 11) (16; 14; 15)
Elongation, % 9+1 1012 1742 1141 1541
Impact strength 1 Can. Con. . 0.
(KCU), ] /em? (39; 41; 37) (40; 42; 42) (76; 82; 79) (42; 44; 43) (74; 79; 78)
39+1 41+1 79 +3 43+1 7713

On sample No. 2, after primary crystallization, the microhardness of the structural
components was measured (at a load of 100 g). The microhardness of clearly defined grains
is 7390 MPa, the eutectic has a microhardness of 4430 MPa, and the microhardness of the
dark region is 2730 MPa.

The microhardness of the first sample was measured at a load of 200 g. The fol-
lowing results were obtained: the microhardness of the eutectic is 8860 MPa, and the
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microhardness of the dendrites is 6750 MPa. In the first sample, the eutectic has a higher
micro-hardness than the dendrites. In the second sample, the grains, in contrast, have a
higher microhardness than the eutectic structure.

The microhardness of sample No. 3 after annealing was measured on two structural
components at a load of 200 g. The first component is the matrix phase, with a microhard-
ness of 14,180 MPa, and the second is the phase between the grains, with a microhardness
of 6050 MPa. Judging by the microhardness, we can conclude that the phase between the
grains is a solid solution of boron in the alloy, and the grains themselves are Fe,;B boride.

To compare the obtained microhardness measurement results, all data are presented
in Table 6.

Table 6. Microhardness measurement results.

Structural Component Microhardness, MPa 4 10
Eutectic 8860
Sample No. 1 Dendrites 6750
Grains 7390
Sample No. 2 Eutectic 4430
Dark area 2730
. Matrix phase 14,180
Sample No. 3 (after annealing) Intergrain phase 6050

Static strength indicators in all samples are high, except for melt No. 1. Melt No. 1 has
a dendritic morphology of primary crystallization, which causes relatively low indicators
of strength, ductility, and impact toughness. The dispersed eutectic morphology of the
structure in melt No. 2 and the uniform spherical inclusions in melt No. 3 provide a
high combination of properties. We see the preservation of high strength together with a
combination of good indicators of ductility and impact toughness.

3.2. Research of Porous Silicide-Nitrogen Coating
3.2.1. Results of Siliconizing with Simultaneous Nitrogen Saturation

To create a protective barrier, the siliconizing technology with simultaneous nitrogen
saturation was tested on the experimental melts obtained. Saturation was carried out
in a container for 1.5 h at 900 °C, with subsequent slow cooling in a furnace at a rate of
approximately 0.08 deg./s.

Metallographic analysis of the cross-section confirmed the presence of a formed layer
(Figure 13).

During the research, it was found that after the treatment, a two-layer silicide layer
with a total thickness of approximately 295 um formed on the surface, as observed under
microscopic analysis. The outer layer has a thickness of about 173 um and is characterized
by an uneven, porous sintered silicon structure. The inner part of the layer is about 111 um.
It has a light color but a denser structure, with fewer pores. The reduced porosity is due to
the formation of dense compounds and the participation of nitrogen and oxygen.

The transition zone with the pearlite component is saturated with carbon pressed
from the surface and is 200 pm, which generally creates a structural gradient. If we do not
consider the surface technological porous layer of sintered silicon (which can be removed
by etching, grinding, and polishing), the total thickness of the hardened surface zone is at
least 300 um. After siliconizing at 850 °C for 1.5 h, the layer structure shown in Figure 14
was obtained. A two-layer silicide layer with a total thickness of approximately 250 um
was formed on the surface. When siliconizing at 800 °C for 1.5 h, the layer structure shown
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in Figure 15 was obtained. A two-layer silicide layer with a total thickness of approximately
170 um was formed on the surface.

Figure 13. General view of the microstructure of the siliconized layer obtained at a temperature of
900 °C (x200).

Thus, the dependence of the temperature change on the thickness of the silicified layer
can be traced (Figure 16).

Figure 14. Silicide layer and transition zone after treatment at 850 °C (x200).
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Figure 15. Silicide layer and transition zone after treatment at 800 °C (x200).
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Figure 16. Diagram of the dependence of the thickness of the silicide layer on temperature.

3.2.2. X-Ray Diffraction Analysis of Silicide Coatings

Phase analysis was performed for high-power samples. Figure 17 shows a typical
diffraction pattern of a sample after siliconizing.

Figure 18 shows the phase and elemental composition diagram, and Table 7 lists their
values. The decoding data were obtained using Mach!4 software (Crystal Impact, Dr. H.
Putz and Dr. K. Brandenburg GbR, Bonn, Germany) [86].

Table 7. Phase and elemental composition of the sample after siliconizing.

Phase Composition Elemental Composition
Title Quantity, % + 3 Element Amount of Element (wt.%)
SipsOsg 51.1 (@) 39.9
FeSiO3 34.9 Si 31.3
F624N10 14.0 Fe 27.4
N 1.3

https://doi.org/10.3390/su18094512



Sustainability 2026, 18, 4512 19 of 27

Irel

1000
17.11.2025 mag
9004 Calc. (sel. phases) (Rwp=21.8 %)
Background
200 - [96-411-2883] 043 Si24 zeolite MQ-12 (51.1%)
[96-900-5425] Fe O3 Si Ferrosilite (34.9%)
700 - [96-231-0872] Fe24 N10-- (14.0%)
Difference (selected phases)
600+
500
400
300
200+
N LL\LUL\ l 1
i L.Il h.l ] [T B xﬂln.
I III III i “IIII IIIIIIII I IIIIII 1 A
E R THIE T T (O Ty e 1 III\ (AT YO 0 0N N O

4 Ln,lm, N ST TUSE N ~

-700

| | | | | | | | | | | |
20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00 80.00
Cu-Ka (1.541874 A) 2theta

Figure 17. Diffraction pattern of a reinforced coating sample.

Sip4Oyg is a zeolite [87]. Space group Clml: crystal system is monoclinic. Cell
parameters: a = 10.3360 A, b = 15.0177 A, ¢ = 8.8639 A, p = 105.356°. The theoretical
density is 1.804 g/cm?®. The three-dimensional model of the structure built in Diamond
software (version 5, Crystal Impact, Dr. H. Putz and Dr. K. Brandenburg GbR, Bonn,
Germany) is presented in Figure 19 [86].

Phases and Elements (Weight %) calc. by RIR method

Figure 18. Phase and elemental composition diagram of a reinforced coating sample.
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Figure 19. The three-dimensional model of the Siy4Oyg structure. Silicon and oxygen atoms are
represented by grey and red spheres, respectively. Solid orange lines denote Si—O covalent bonds
within the boundaries of the unit cell, while dashed orange lines represent bonds extending to
adjacent cells, highlighting the continuous 3D-framework. The white wireframe indicates the unit
cell volume.

FeSiOs is ferrosilite [88]. Space group Pbca: crystal system is orthorhombic. Cell
parameters: a = 18.3700 A, b =9.0060 A, c = 5.2084 A. The theoretical density is 4.067 g/cm®.
The three-dimensional model of the structure built in Diamond software [86] is presented
in Figure 20.

Figure 20. The three-dimensional model of the FeSiOj structure. The atoms are color-coded as follows:
iron (Fe) in olive, silicon (5i) in grey, and oxygen (O) in red. Solid orange lines show the primary
coordination bonds within the unit cell, forming the characteristic silicate chains and metal-oxygen
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polyhedra. Dashed orange lines visualize the periodic boundary conditions, showing bonds that
connect atoms to their counterparts in adjacent unit cells. The white wireframe outlines the simulation
box/unit cell limits.

Fe;4Nyp is iron nitride [89]. Space group P312: crystal system is trigonal (hexagonal
axes). Cell parameters: a = 9.2150 A, ¢ = 4.3440 A. The theoretical density is 7.695 g/ cmb.
The three-dimensional model of the structure built in the Diamond program is presented in
Figure 21.

Figure 21. The three-dimensional model of the Fe;4Nj structure. Iron (Fe) atoms are indicated by
olive spheres, and nitrogen (IN) atoms are shown as blue spheres. Solid orange lines represent the
interatomic bonds within the unit cell, while dashed orange lines denote boundary bonds connecting
to atoms in adjacent cells, illustrating the periodic nature of the crystal lattice. The white wireframe
box defines the unit cell volume.

Such models are a step toward predicting the properties of individual phases using
neural networks.

We can see that the basis consists of oxide-silicide, iron-silicide-oxide, and nitride
phases, which serve as ready-made barrier layers to counteract high-temperature oxidation.
Previous experiments with oxidation at 1000 °C for 8 h showed no change in sample mass
within 0.001 g. Mass gain begins during tests at 1100 °C and amounts to only 0.003 g.

4. Discussion and Main Limitations of This Research

According to the results of experiments on induction melting and thermal diffusion
saturation of the surface, we have a complex “base material-barrier coating”. The base
material is formed from available elements and has high hardness and thermal stability (it
is resistant to high-temperature annealing while maintaining high hardness).

The surface layer consists of silicide-oxide and nitride phases that are resistant to
high-temperature oxidation, providing a close match in hardness to the base material.
When forming a layer saturated with silicon and nitrogen, the temperature can be varied
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without causing noticeable collective recrystallisation or deterioration of the mechanical
characteristics of the base material.

Preliminary wear tests to determine the friction coefficient have shown that addition-
ally deposited copper silicided surfaces with subsequent annealing have a high level of
wear resistance under dry friction conditions, which corresponds to the operating condi-
tions of electrical contactors, and have a relatively low friction coefficient of 0.19, which
is somewhat better than when rubbing a copper/carbon composite [46]. Of course, scale
and wear resistance properties, as well as the development of mold-filling technology,
require further detailed study. However, the porosity of the silicified coating is a convenient
container for filling with a functional structural component that will dictate the material’s
application range. For example, by filling the coating’s pores with copper, it is possible to
increase electrical conductivity and reduce the friction coefficient, allowing the use of such
a material in electric vehicle contactors. By filling the pores with a different filler to increase
the friction coefficient and by using a thermally stable base, as in the alloys proposed above,
this material can be used in braking systems. The main thesis here is the universality of the
approach to obtaining materials with radically different properties without significantly
complicating technologies or reducing the range of equipment and quality control methods.
Such an approach creates good prerequisites for the stable innovative development of
enterprises, minimizing risks when investing in the implementation of new developments
in real production.

The proposed base material-barrier coating systems align with the strategic goals of
sustainable railway transport development. It can be assumed that, thanks to significant
improvements in mechanical performance, the service life of key components will increase,
helping reduce resource consumption and the frequency of maintenance. Of course, for
practical implementation in the real-world engineering sector, operational testing involving
an analysis of wear at high temperatures is required.

5. Conclusions

Analysis of the obtained experimental test results allows us to draw the following
main conclusions.

1. Utilizing advanced porous metal alloys and multi-material systems in railway
infrastructure represents a sustainable engineering solution that achieves significant weight
savings, enhanced heat flow, and more reliable operations.

2. It was found that the formation of a multi-phase silicide layer (FeSi, SipCNy)
provides a synergistic effect, doubling surface hardness and creating a stable SiO, diffusion
barrier at 1000-1200 °C. This mechanism ensures high adhesion and wear resistance,
offering a resource-efficient and cost-effective alternative to conventional barrier coatings
for high-temperature industrial environments.

3. It was found that when melting a charge with different contents of boron-containing
substances, we obtained alloys with a high boron content and a different structure, which
nonetheless had a sufficiently high hardness in the initial state, which provided sufficiently
high strength and heat resistance. The presence of the Fe;B phase in the structure accounts
for the high hardness.

4. Elemental analysis showed that the samples have different boron contents: the more
boron, the less sulfur and phosphorus, that is, the alloy is purified of harmful impurities.

5. It was established that the dependence of boron on boron-containing substances
is subject to exponential dependence, that is, it is possible to determine how much boron-
containing substance should be given to approximately predict what boron concentrations
can be achieved.
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6. It was established, based on the results of measurements of the microhardness of
individual structural components, that in a multi-element system, there is a formation of
a solid solution based on iron with high microhardness, which is not characteristic of a
conventional solid solution of boron in iron.

7. At a sufficiently high concentration of boron, structures are formed that resemble
the morphology of the structures of high-strength cast irons.

8. The proposed composition of the mixture for saturation with silicon and nitrogen
allows reducing the processing time from 5 h, which was used in previous experiments,
to 1.5 h, considering the warm-up time. That is, the holding time is reduced 3.3 times;
compared with traditional siliconizing, it is reduced 5.3 times.

9. The obtained layer thicknesses show that, in terms of parameters, they are not
inferior to layers obtained by traditional silicification for 8 h.

10. X-ray diffraction analysis revealed the phase composition of the layers, showing
that in the case of steel, oxy-silicide and nitride phases are formed. This can serve as an
effective barrier layer against high-temperature oxidation.

11. The pores in the siliconized layer are containers for a functional filler and, according
to preliminary data, can serve as a flexible and versatile toolkit for creating parts for a
specific purpose. Such parts can be contactors with high conductivity and a relatively low
coefficient of friction if the pores are filled with copper.
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