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INTRODUCTION

Rail transport constitutes a key element of 
transportation infrastructure, playing a vital role 
in the socio-economic development of a coun-
try. It is characterized by high capacity, energy 
efficiency, and the ability to operate in diverse 
climatic conditions, which gives it an advantage 
over other modes of transport [1, 2].

Railways serve as a fundamental logistical 
link, supporting the operations of strategic sectors 
of the economy such as heavy industry, energy, 
and agriculture [3, 4]. The significant volume of 
freight transported, along with high demands for 
punctuality and safety, necessitates maintaining a 

high level of technical efficiency in rolling stock. 
The technical condition of railcars, particularly 
the integrity and reliability of their structural com-
ponents, has a direct impact on transport efficien-
cy. Under typical railway operating conditions – 
including dynamic loads, vibrations, temperature 
fluctuations, and exposure to moisture and cor-
rosive substances – many components undergo 
accelerated wear. This leads to increased operat-
ing costs, a higher risk of failures, and a reduced 
level of safety [5, 6]. A particularly damage-prone 
component is the center plate unit, which is re-
sponsible for transferring vertical loads from the 
car body to the bogie and allows the bogie to ro-
tate relative to the body while negotiating curves. 
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This element is subjected to intense cyclic me-
chanical loads as well as environmental factors, 
which contribute to its wear and corrosion. An 
additional issue is the limited accessibility of the 
center plate unit, making inspection, lubrication, 
and replacement difficult. As a result, it represents 
a critical point in the wagon’s structure, and its 
degradation can lead to serious hazards, includ-
ing derailments and structural damage. The ef-
fects of prolonged exposure to adverse operating 
conditions can be clearly observed in real-world 
examples. Figure 1 shows a typical case of com-
bined mechanical and corrosive wear observed in 
the center plate unit of a freight car after covering 
140,000 kilometers.

In light of the aforementioned challenges, 
increasing the corrosion and wear resistance of 
the center bowl assembly is a current direction of 
research. Improving the protective properties of 
this component can significantly enhance the reli-
ability and safety of freight rail transport, reduce 
maintenance costs and frequency, and extend the 
service life of freight cars. This directly translates 
into improved efficiency and stability of the entire 
railway sector.

Due to the central role of the center bowl 
assembly in the structure of freight cars [7], nu-
merous efforts are being undertaken to extend its 
service life. These strategies vary depending on 
the predominant damage mechanisms. In many 
studies, friction in the contact zones is identified 
as the main cause of wear. In response, technolog-
ical solutions are proposed to reduce it – such as 
the use of lubricants [8] and polymer liners [9–11] 
with varying physical and mechanical properties.

Innovative engineering solutions aimed at 
modernizing the center plate are presented in 

[12, 13]. The primary goal of these approaches 
is to reduce wear intensity. In [12], a design is 
presented that allows for assembly without weld-
ing, enabling reduced maintenance time, lower 
operating costs, and the elimination of thermal 
stresses. Meanwhile, the studies described in [13] 
focus on optimizing the shape of the center plate 
by ensuring continuous contact with the cooper-
ating side surfaces. This solution allows for more 
uniform load distribution, reduces edge contact, 
and eliminates horizontal plane clearance, result-
ing in reduced contact stresses, improved body 
stability, and increased operational durability of 
the component.

In addition to abrasive wear, corrosion has a 
significant impact on the degradation of center 
plate assemblies [14]. Due to their structural char-
acteristics and operating conditions, these com-
ponents are particularly susceptible to the effects 
of corrosive environments [15]. Corrosion not 
only leads to the loss of mechanical properties but 
also contributes to operational damage and main-
tenance issues [16].

Research on corrosion mechanisms is high-
ly dependent on the type of material. While the 
corrosion behavior of high-alloy [17, 18] and 
low-carbon steels [19–21] has been analyzed 
under laboratory conditions, the construction of 
freight cars predominantly uses low-alloy struc-
tural steels, such as S235JR, S235JRG2, and 
S355JR according to EN 10025-2, which are func-
tionally equivalent to the previously used 20GL, 
20FL, and 20GFL under GOST standards. Their 
anticorrosive properties have been described in 
numerous studies [22–26], identifying grades 
with enhanced corrosion protection. However, 
due to structural limitations of the center plate 

Figure 1. Example of mechanical and corrosion wear of the center plate unit of a freight car after 140,000 km in 
operation: (a) central bowl; (b) center plate
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assembly, replacing the base material is often im-
practical. A more feasible approach is the use of 
protective coatings. Among the most promising 
methods are coatings made from metal powders 
[27, 28], various metal-ceramic coatings based on 
WC [29], microplasma spraying of coatings from 
heat-resistant nickel wire with laser melting [30], 
graphene-enhanced composites [31], and hybrid 
systems based on alkyd paints with the addition 
of 5 wt.% polyaniline [32, 33]. It is worth not-
ing, however, that most of these methods focus 
primarily on corrosion protection or improving 
mechanical properties.

Due to the specific operating conditions in 
which the central plate assembly of a freight car 
operates, there is a clear need to develop engineer-
ing solutions that simultaneously ensure high cor-
rosion resistance and increased operational dura-
bility. The complex geometry of this component 
promotes the accumulation of corrosion products, 
which leads to accelerated abrasive wear.

The aim of this study was to enhance the cor-
rosion resistance of the central plate assembly by 
applying an advanced composite coating based 
on an iron-chromium-nickel (FeCrNi) alloy, en-
riched with 3 wt.% chromium carbide (Cr₃C₂). 
The coating was deposited onto a steel substrate 
using laser cladding technology.

The objective of the research is to character-
ize the microstructure and electrochemical prop-
erties of the coating, with particular emphasis on 
corrosion potential, corrosion current density, 
and impedance resistance under simulated atmos-
pheric conditions and high humidity, typical of 
railway operation.

It is assumed that the implementation of coat-
ings with optimized functional properties will sig-
nificantly reduce the corrosion rate, increase me-
chanical resistance, and extend the service life of 
central plate assemblies, while also reducing the 
frequency of unplanned maintenance downtimes. 
The research findings may serve as a foundation 
for the implementation of innovative material 
solutions in the design and maintenance of freight 
rolling stock, with particular emphasis on the 
modernization of key load-bearing components.

The novelty of this work lies in the use of 
laser cladding technology to produce function-
al composite coatings based on FeCrNi with the 
addition of Cr₃C₂, specifically adapted to the dy-
namic loading and environmental exposure con-
ditions characteristic of railway operation. Im-
portantly, the application of advanced impedance 

analysis and equivalent circuit modeling enabled 
an in-depth understanding of the coating’s barrier 
properties and the stability of the passive layer. 
The methodology employed integrates modern 
materials engineering with the practical require-
ments of railway infrastructure, offering a new 
paradigm in the design of multifunctional, dura-
ble protective coatings for structural components 
subjected to extreme operational loads.

MATERIALS AND METHODS

In response to the identified operational chal-
lenges, a composite protective coating was de-
veloped using commercially available metallic 
powders with a purity above 99.0%. The metallic 
matrix is composed of an iron-chromium-nickel 
powder, selected due to the synergistic combina-
tion of the beneficial properties of its constituents. 
Iron provides adequate mechanical strength and 
good machinability, chromium contributes to cor-
rosion resistance by promoting the formation of a 
protective Cr₂O₃ oxide layer on the surface, while 
nickel stabilizes the alloy structure, reduces re-
sidual stresses generated during the cladding pro-
cess, and improves the adhesion of the coating to 
the steel substrate.

To enhance the coating’s stability to mechani-
cal wear, 3 wt.% of Cr₃C₂ particles were added 
to its composition. The reinforcing particles were 
uniformly dispersed throughout the metallic ma-
trix, contributing to the formation of a homo-
geneous microstructure with low porosity. This 
morphology reduces the risk of crack initiation 
and the occurrence of local defects that could 
compromise the mechanical integrity of the coat-
ing. The chemical composition of the coating is 
given in Table 1. The chemical composition pre-
sented in Table 1 refers to the nominal composi-
tion of the feedstock powder mixture, which was 
prepared prior to laser cladding using commer-
cially available metallic powders with a purity 
exceeding 99.0%.

The individual elemental percentages (Fe – 
59%, Cr – 8%, Ni – 30%, Cr₃C₂ – 3%) were de-
termined based on:
	• manufacturer specifications for each powder 

(provided in the material certificates);
	• controlled weighing and blending of the pow-

ders in precise proportions using a powder 
feeder system calibrated by mass flow rate.
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Although the final composition of the coating 
was not measured directly after cladding via, the 
homogeneous microstructure and uniform distri-
bution of phases indicate that the chemical integ-
rity of the blend was preserved during deposition.

The composite coating was obtained through 
single-layer deposition of a powder mixture onto 
the surface of steel substrates using laser cladding 
technology. The process was carried out with the 
use of a robotic laser system, TruLaser Robot 
5020 (Trumpf).

The following parameters were applied: laser 
power – 2.0 kW; head traverse speed – 240 mm/
min; powder feed rate – 4.5 rpm; transport gas 
flow rate – 6 l/min; shielding gas flow rate – 16 
l/min. The final thickness of the coatings did not 
exceed 4 mm, which allowed for achieving a lay-
er with suitable functional characteristics without 
adverse effects of excessive substrate heating.

For corrosion resistance testing, samples with 
dimensions of 15 × 15 × 4 mm were prepared, en-
suring an adequate surface area for uniform expo-
sure to the corrosive environment. After cutting, 
the samples underwent preparatory treatment in-
volving sequential grinding with abrasive papers 
of grit sizes ranging from P320 to P2000, fol-
lowed by polishing using diamond suspensions 
until a mirror-like surface finish was achieved. 
The cutting process was performed on a Struers 
Secotom-10 precision cutter, which minimized 
the thermal impact on the material’s microstruc-
ture and preserved its original morphological fea-
tures for further analysis.

To evaluate microhardness, smaller samples 
(5 × 5 × 5 mm) were prepared to allow for lo-
calized measurements. To facilitate subsequent 
preparation stages and to protect the edges of the 
samples from mechanical damage, the specimens 
were embedded in a cold-curing polymer resin. 
These prepared samples were mounted in cy-
lindrical molds, providing stable support during 
further grinding and enabling the formation of a 
uniform, homogeneous analytical surface.

The applied sample preparation methods en-
abled the achievement of high-quality test sur-
faces, allowing for precise assessment of corro-
sion and mechanical properties essential for the 
comprehensive characterization of the coatings 

produced by laser deposition. To assess the cor-
rosion properties of the tested coatings, a series 
of electrochemical tests were conducted, includ-
ing open circuit potential (OCP) measurements, 
potentiodynamic polarization curves, and elec-
trochemical impedance spectroscopy (EIS). The 
analyses were performed in a synthetic corrosive 
environment, i.e., an aqueous solution of 3.5 
wt.% NaCl, at room temperature. The experi-
ments were carried out using an Atlas 0531 po-
tentiostat (Atlas-Sollich, Poland), equipped with 
a frequency response analysis (FRA) module.

A standard three-electrode setup was used 
for the tests, in which a saturated calomel elec-
trode served as the reference electrode, a plati-
num foil was used as the counter electrode, and 
the tested coating was used as the working elec-
trode. The active surface area of the sample was 
limited to 1 cm². During the recording of poten-
tiodynamic polarization curves, the sample was 
polarized in the frequency range from 100 kHz 
to 0.01 Hz relative to the open circuit potential, 
with a scan rate of 1 mV/s. The amplitude of 
the sinusoidal signal was 10 mV. The obtained 
impedance spectra were presented in the form 
of Bode and Nyquist plots, which allowed for a 
comprehensive analysis of the electrochemical 
characteristics of the coatings.

To study the changes in the macro- and mi-
crostructure of the samples before and after expo-
sure to the corrosive environment, a stereoscopic 
microscope (model NIKON SMZ 1500, manu-
factured by Nikon, Tokyo, Japan) and a scanning 
electron microscope (SEM, NovaNanoSEM 450, 
FEI Company Japan Ltd., Tokyo, Japan) were 
used. SEM studies were carried out in low vacu-
um mode at a pressure of 100 Pa at acceleration 
voltages of 10 and 15 keV.

In order to assess the influence of the con-
tent of powder components on the mechanical 
properties of composite coatings, microhardness 
measurements of the manufactured samples were 
carried out. The tests were performed according 
to the ISO 6507-4:2018 standard [34] using the 
Vickers HV0.3 method at a load of 2.94 N. The 
microhardness parameters were determined by 
the sizes of the indenter indentation diagonals.

The surfaces of the samples were cleaned and 
prepared with special care before testing in order 
to eliminate the influence of possible contamina-
tion on the accuracy of the results. The measure-
ments were carried out using a microhardness 
tester model QNESS 10/60 M manufactured by 

Table 1. Composition of composite coating
Fe, % Cr, % Ni,% Cr3C2, %

59.0 8.0 30.0 3.0
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ATM Qness GmbH (Mammelzen, Germany). 
This device provides a high level of accuracy due 
to stable control of the applied load and reliability 
of the measurement process.

Five measurements were performed on each 
sample at different points on the surface, which 
allows taking into account the heterogeneity in 
the distribution of microhardness over the coating 
plane. For each sample, the arithmetic mean of the 
three most representative values was calculated, 
which eliminates the influence of single anomalies.

RESULTS AND DISCUSSION

Corrosion tests

Results of the open circle potential (OCP) study

During the study, an analysis of the values of 
the open corrosion potential was conducted for 
coating samples, each of which was character-
ized by its own time interval of stabilization. The 
studies allowed us to quantitatively evaluate the 
anticorrosive efficiency of the coating. The calcu-
lation was performed within ±100 points around 
the characteristic moment of stabilization. The 
calculation results are presented in Figure 2.

The electrochemical stability of the analyzed 
coating was further confirmed through a statisti-
cal analysis of the OCP over time. The time re-
quired to reach a relative potential stabilization 
phase, approximately 304 seconds, indicates rapid 

stabilization of the electrode–electrolyte system, 
which is important for the effective formation of a 
coating on the material surface. The average OCP 
value, determined to be −0.449 V, suggests a rela-
tively passive character of the surface following 
the initial period of corrosive activity. However, 
because the time axis in Figure 2 is presented on 
a linear scale, the dynamics of this stabilization 
process are not easily discernible. A logarithmic 
time scale would better illustrate the slowdown in 
potential change, allowing clearer identification 
of the quasi-steady-state region.

The standard deviation of the recorded sig-
nal, amounting to 0.063 V, indicates a low level 
of potential fluctuations over time, which can be 
interpreted as evidence of a stable electrochemi-
cal state of the material in the examined corrosive 
environment. This small deviation of the OCP 
values from the average confirms the uniformity 
of surface reactions as well as good adhesion and 
coherence of the protective coating, which trans-
lates into a reduction of local corrosion cells and 
increased stability of the system to electrochemi-
cal degradation.

Results of potentiodynamic polarization

To assess the electrochemical activity of the 
tested coating, a potentiodynamic polarization test 
was conducted. Figure 3 presents the obtained 
Tafel curves, from which the main electrochemi-
cal parameters were determined: the corrosion 
potential (Ecorr) and the corrosion current density 

Figure 2. Open corrosion potential of composite coating
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(icorr). These indicators are quantitative measures 
of the material’s stability to corrosion degradation.

The polarization curve clearly shows well-
defined anodic (orange points) and cathodic (blue 
points) branches, which allows for the determi-
nation of key electrochemical parameters such 
as the corrosion potential (E_corr) and corrosion 
current density (I_corr). Based on the intersection 
of the extrapolated linear portions of both branch-
es, the following values were determined: E_corr 
= –0.46 V and I_corr = 2.83 × 10⁻⁶ A/cm².

The corrosion potential value indicates the 
tendency of the tested material to corrode in the 
given environment. The negative E_corr value 
suggests a relatively high thermodynamic ten-
dency for oxidation. On the other hand, the low 

corrosion current density indicates good corro-
sion resistance of the material, which may result 
from surface passivation or the effective perfor-
mance of a protective coating.

Results of electrochemical impedance 
spectroscopy

To evaluate the anti-corrosion properties of the 
composite coating, a Bode curve was constructed 
using electrochemical impedance spectroscopy 
(EIS). The results are presented in Figure 4.

The impedance modulus |Z| decreases with 
increasing frequency (Figure 4(a)). Such be-
havior is typical of capacitive or diffusion-con-
trolled systems. This indicates partially effective 

Figure 3. Tafel curves

Figure 4. Bode curves: (a) experimental results; (b) model
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passivation. The Bode plot shows that the addition 
of Cr₃C₂ enhances passivation and reduces sur-
face reactivity, but makes it more heterogeneous, 
reinforcing capacitive-diffusive processes. Figure 
4b shows that the selected model effectively rep-
licates the observed drop in impedance and phase 
behavior. In the mid-frequency range, a phase 
shift and a resistance maximum are observed due 
to inductance and the additional resistances R1/
R2. The CPE parameters allow for an accurate de-
scription of non-ideal capacitive processes (sur-
face roughness, porosity, etc.). The CPE exponent 
n is less than 1. The proposed model appropri-
ately describes all the characteristic segments of 
the experimental curves, including the influence 
of inductance, diffusion, and surface effects, and 
can be recommended for analyzing similar sys-
tems. As evidence of the above, the RMS error for 
the absolute value of |Z| is approximately 0.642 
Ohm·cm², and the RMS phase error is approxi-
mately 1.17°. This confirms the high accuracy of 
the models. The model and its parameters will be 
presented below.

A reference EIS measurement on the un-
coated substrate material was not performed 
in the current work. Future studies will include 
comparative electrochemical impedance analysis 
to quantify the improvement in charge transfer 
stability, coating capacitance, and barrier proper-
ties relative to the base steel. Figure 5 shows the 
impedance spectra (Nyquist plots) for the tested 

coating, demonstrating a similar general mor-
phology characteristic of a typical Randles-type 
equivalent electrical circuit.

The curves are semicircular in shape, indicat-
ing the dominance of charge transfer stability and 
double-layer capacitance in the investigated sys-
tems. Due to visible deviations and low-frequen-
cy distortion, precise numerical fitting should be 
interpreted with caution (Figure 5). Additional 
repetitions and averaging will be performed in 
follow-up experiments to improve spectral clarity 
and reproducibility.

The experimental curve exhibits an irregu-
lar semicircular shape, with clear disturbances 
and instabilities in the mid-frequency range. The 
initial increase in –Im(Z) at low frequencies in-
dicates the dominant influence of capacitive ele-
ments (such as the double layer and passivation 
effects). The flattening of the curve in the central 
part suggests the presence of additional relaxation 
processes, such as ion diffusion or adsorption. 
The presence of a second arc or deviation may in-
dicate an additional electrochemical process, e.g., 
a secondary reaction or the influence of a porous 
surface structure.

The lower end of the curve approaching the 
real axis (Re(Z)) indicates a reduced influence of 
reactive components at high frequencies and the 
dominance of electrode stability.

The theoretical model (red line) reflects 
the general trend of the experimental curve, 

Figure 5. Nyquist curves
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especially in the high- and mid-frequency range, 
but shows some discrepancies at low frequencies 
and in the shape of the lower arc. This may result 
from simplifications in the model or from system 
non-stationarity (e.g., local degradation, micro-
reactions in the coating). Nevertheless, the model 
accounts for the main processes occurring at the 
phase boundary and allows for the extraction of 
significant electrochemical parameters.

A reference Nyquist measurement of the un-
coated steel substrate is not included in the present 
study. Future work will incorporate side-by-side 
EIS analysis to quantitatively assess the protec-
tive effect of the FeCrNi–Cr₃C₂ coating relative to 
base material impedance parameters.

The model results presented in Figures 4 and 
5 were obtained based on the same equivalent cir-
cuit, which is shown in Figure 6. The high-fre-
quency part of the spectra demonstrates similar 
Rs values, indicating consistent electrolyte con-
ductivity across all measurements.

The model parameters for the equivalent cir-
cuit (Figure 6) are given in Table 2.

The selected parameters of the equivalent 
circuit model, presented in Table 2, were used to 
construct the curves shown in Figures 4 and 5. 

The obtained modeling results are in good agree-
ment with the experimental data.

Corrosion rate
The value of corrosion rate V in mm/year is 

calculated as:

	 𝑉𝑉 = 0.00327 × 𝐽𝐽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐸𝐸𝑊𝑊
𝜌𝜌   (1) 

 
	 (1)

where:	 0.00327 is a constant (to convert units); 
Jcorr is corrosion current density, µA/cm²;  
EW is equivalent weight, g/equiv, ρ is al-
loy density, g/cm³.

The results are presented in Table 3, which 
now includes reference values from literature for 
uncoated low-alloy steels (e.g., S235JR or 20GL 
equivalents) under similar test conditions (3.5% 
NaCl solution). The corrosion rate of the compos-
ite coating is nearly ten orders of magnitude low-
er than that of uncoated structural steels exposed 
to identical chloride-rich environments. This con-
firms that the FeCrNi–Cr₃C₂ system effectively 
suppresses electrochemical degradation, primar-
ily through the formation of a passive Cr₂O₃-rich 
surface and the structural stability imparted by 
Cr₃C₂ ceramic reinforcement.

The test results confirm the potential use of 
Cr₃C₂ in Fe-Ni-Cr alloys where increased me-
chanical or wear stability is desired without com-
promising electrochemical stability. These find-
ings reinforce the suitability of this coating for 
protecting critical railway components from long-
term corrosion in harsh operational conditions.

Microhardness tests

The results of measuring the average micro-
hardness of the studied coatings are shown in Fig-
ure 7. The results of the average microhardness 
measurements of the tested coatings indicate a 
significant influence of Cr₃C₂ content on the coat-
ing’s microhardness. The addition of carbide to 
the coating leads to a noticeable improvement in 
mechanical properties.

The coating exhibits significantly higher 
microhardness, ranging from 390 to 420 HV. 
This means it is nearly twice as hard as all three 

Figure 6. Electrical equivalent circuit used to set EIS 
for coating

Table 2. Model parameters for the equivalent circuit
Parameter Fitted parameter (with Units)

Rs 18.74 Ohm·cm²

R1 4.25 Ohm·cm²

L 0.324 H

R2 4.17 Ohm·cm²

CPE Y 0.000273 S/ cm²

Table 3. Corrosion rate comparison between coated and uncoated materials
Sample Icorr, µA/cm² EW, g/equiv ρ, g/cm³ Corrosion rate, mm/year

FeCrNi–Cr₃C₂ coating 2.83 × 10⁻³ 61.4 7.9 7.20 × 10⁻5

Uncoated steel 20–30 × 10⁻³ ~56–60 ~7.8 ~4.7–7.6 × 10⁻4
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compared steel grades (20GL, 20FL, 20GFL – 
140–220 HV). Such high hardness indicates ef-
fective structural strengthening of the material, 
which may result from the presence of ceramic 
phases such as Cr₃C₂ or from the dispersion of hard 
reinforcing particles within the coating matrix. 
High hardness also suggests substantially greater 
stability to plastic deformation, wear, and micro-
damage, making the coating particularly suitable 
for mechanically demanding applications.

SEM analysis results

The SEM analysis results presents cross-sec-
tional high-resolution images (Figure 8, a) and EDS 
elemental maps (Figure 8, b) to evaluate the micro-
structure and composition of the coated surface.

This backscattered electron image (Figure 8, a) 
shows a cross-sectional view of the FeCrNi–Cr₃C₂ 
coating. The image reveals a dense and uniform 
layer with good adhesion to the steel substrate.

Figure 7. Results of measuring the average microhardness of the studied coatings

Figure 8. Electron image (BSE mode) (a); EDS layered image (b)
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Bright regions correspond to metallic matrix 
phases, while dark, irregularly shaped inclusions 
represent ceramic Cr₃C₂ particles.

No significant porosity or cracking is visible, 
confirming process stability. The composite EDS 
layered image (Figure 8, b) presents an overlay 
of Fe, Cr, and Ni elemental distributions across 
the cross-section. A homogeneous distribution of 
alloying elements is evident. Iron is mainly con-
centrated in the matrix and the steel substrate. 
Its uniform distribution confirms the dominance 
of Fe in the bulk and cladded layers. Areas with 
lower Fe content correspond to Cr₃C₂ inclusions. 
Chromium shows strong presence throughout the 
coating, particularly around carbide particles.

Nickel is uniformly distributed in the matrix, 
contributing to solid-solution strengthening. Ni 
enhances the structural integrity of the coating 
and improves adhesion. Its consistency supports 
metallurgical bonding without phase separation.

Figure 9 shows the microstructures of the 
coating in SEM analysis after corrosion attack. 
This allowed us to identify differences in the mor-
phology and extent of corrosion damage.

The SEM image of the coating reveals a com-
plex, clearly heterogeneous microstructure, in-
dicative of the multiphase nature of the material. 
Numerous dark inclusions with irregular shapes 
and varying sizes are distributed across the entire 
surface. The black inclusions observed in the SEM 
images after exposure to the corrosive environment 
are interpreted as localized corrosion products, 
likely composed of iron and chromium oxides or 

hydroxides that have formed in micro-defect re-
gions of the coating surface. The gray regions rep-
resent the FeCrNi metallic matrix, which remains 
mostly intact due to its passivation properties. This 
distinction is important to highlight zones of local-
ized electrochemical degradation, which provide 
insight into the coating’s corrosion behavior.

The lower-magnification image (Figure 9a) 
shows the general surface condition and distri-
bution of corrosion-affected zones. The higher-
magnification image (Figure 9b) allows a closer 
examination of corrosion morphology, including 
the interaction between corroded areas and the 
surrounding matrix. Together, these images illus-
trate the localized nature of corrosion, the effec-
tiveness of the coating in limiting its spread, and 
the structural integrity of the matrix.

These inclusions most likely correspond to 
Cr₃C₂, intentionally added to enhance the me-
chanical strength of the coating through disper-
sion strengthening. Their irregular yet well-inte-
grated morphology suggests an effective anchor-
ing mechanism within the matrix, which posi-
tively influences wear and microcrack protection.

Distinct dendritic structures or crystallization 
texture patterns are visible between the matrix 
areas and the inclusions, which may result from 
rapid cooling processes or differences in the ther-
mal conductivity of the phases. Such morphology 
promotes increased mechanical stiffness and may 
indicate a gradient microsegregation structure.

The microstructure of the coating demonstrates 
a high quality of dispersion strengthening, which 

Figure 9. SEM analysis of the surface of the coating after corrosion: (a) 350x; (b) 410x
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translates into excellent mechanical stability and 
potential durability under tribological conditions.

The presence of numerous hard particles, 
evenly distributed within the matrix, suggests an 
effective combination of structural and protec-
tive functions of the coating. The complex mi-
crostructure may be advantageous in applications 
with high mechanical demands, such as compo-
nents of freight cars operating under heavy loads 
and in corrosive-abrasive environments.

CONCLUSIONS

This study presents the results of research on 
the application of a composite coating based on a 
FeCrNi alloy with the addition of 3 wt.% Cr₃C₂, 
aimed at enhancing the corrosion and mechanical 
stability of the center plate assembly in freight cars. 
The coating was applied using laser cladding tech-
nology with metallic powders, which enabled the 
formation of a dense layer with a uniform micro-
structure and low porosity. The coating was thor-
oughly characterized in terms of microstructure, 
microhardness, and electrochemical properties 
under simulated corrosive environment conditions.

Electrochemical analyses (OCP, potentiody-
namic polarization, EIS) demonstrated that the 
developed coating exhibits a stable corrosion po-
tential, low corrosion current density, and high 
impedance at low frequencies, indicating effective 
protection against ion penetration and electrode 
reactivity. The analysis of Nyquist plots confirmed 
that the system’s behavior can be described using 
an extended Randles model, incorporating capaci-
tive, diffusive, and inductive elements.

The microhardness of the coating reached 
values of 390–420 HV, representing a signifi-
cant improvement compared to the base low-al-
loy steels (20GL, 20FL, 20GFL – 140–220 HV). 
SEM observations revealed the presence of hard 
Cr₃C₂ particles uniformly distributed within the 
FeCrNi matrix, contributing to improved stability 
to wear and microdamage.

However, several limitations of this work 
must be acknowledged:
	• electrochemical testing was performed only 

on the coated sample; no reference measure-
ments were taken on the uncoated substrate, 
limiting the ability to quantitatively evaluate 
the coating’s relative performance;

	• the OCP measurement duration was sufficient 
for observing early passivation trends but 

may not fully reflect long-term stabilization 
behavior;

	• some irregularities in the impedance data sug-
gest the need for repeated trials and signal re-
finement to improve modeling accuracy.

In comparison to alternative coating tech-
nologies–such as graphene-enhanced polymer 
systems or alkyd-based composites with polyani-
line (as discussed in the introduction)–the pro-
posed metallic-ceramic coating provides superior 
mechanical performance, thermal stability, and 
structural integrity under dynamic loading con-
ditions. While polymer-based coatings offer ad-
vantages like lightweight and easier application, 
their long-term wear behavior and load-bearing 
capacity are often insufficient for heavily loaded 
mechanical interfaces such as the center plate.

The application of the FeCrNi–Cr₃C₂ com-
posite coating has the potential to significantly 
improve the corrosion resistance and mechanical 
properties of a critical component for the opera-
tional safety of freight cars. The research results 
indicate that the proposed solution may contrib-
ute to extending service life, reducing mainte-
nance costs, and increasing the reliability of rail-
way structures.
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