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Abstract

Self-fluxing Ni-based coatings (NiCrFeBSiC) were deposited through gas-flame spray-
ing and evaluated in three conditions: as-sprayed, flame-remelted, and furnace-heat-
treated (1025 ◦C/5 min). Phase analysis (XRD) revealed FeNi3 together with strengthening
carbides/borides (e.g., Cr7C3, Fe23(C,B)6); post-treatments increased lattice order. Cross-
sectional image analysis showed progressive densification (thickness ~805 → 625 → 597 µm)
and a drop in porosity from 7.866% to 3.024% to 1.767%. Surface roughness decreased
from Ra = 31.860 to 14.915 to 13.388 µm. Near-surface microhardness rose from 528.7 ± 2.3
to 771.6 ± 4.6 to 922.4 ± 5.7 HV, while adhesion strength (ASTM C633) improved from
18 to 27 to 34 MPa. Wettability followed the densification trend, with the contact an-
gle increasing from 53.152◦ to 79.875◦ to 89.603◦. Under dry ball-on-disk sliding against
100Cr6, the friction coefficient decreased and stabilized (0.648 ± 0.070 → 0.173 ± 0.050 →
0.138 ± 0.003), and the counterbody wear-scar area shrank by ~95.6% (0.889 → 0.479 →
0.0395 mm2). Wear-track morphology evolved from abrasive micro-cutting (as-sprayed)
to reduced ploughing (flame-remelted) and a polishing-like regime with a thin tribo-film
(furnace). Potentiodynamic tests indicated the lowest corrosion rate after furnace treatment
(CR ≈ 0.005678 mm·year−1). Overall, furnace heat treatment provided the best structure–
property balance (lowest porosity and Ra, highest HV and adhesion, lowest and most
stable µ, and superior corrosion resistance) and is recommended to extend the service life
of NiCrFeBSiC coatings under dry sliding.

Keywords: self-fluxing alloys; gas-flame spraying; NiCrFeBSiC; heat treatment; steel
AISI 1045

1. Introduction
Modern mechanical engineering often faces the need to develop new structural mate-

rials with high-performance properties for operation in harsh technological conditions—
under high friction, exposure to various external environments, and thermal loads. These
operating conditions often lead to wear and tear on equipment parts, which in turn lead to
frequent repairs, replacement of worn parts, and an increase in the cost of manufactured
products, which, accordingly, leads to economic losses [1–3].

However, despite this, manufacturing parts entirely from expensive wear-resistant
materials leads to a sharp increase in cost and difficulties in processing parts. The solution
to this problem is to apply wear-resistant coatings to the surface of the part, as well as to
restore worn parts, thereby significantly increasing their service life [1].
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The restoration of shafts and rotors remains a pressing issue due to erosion, cavita-
tion, corrosion and abrasive wear in the energy and hydropower industries. Traditional
repair technologies include argon arc/surfacing welding, spraying and machining with
replacement of parts when repair is not feasible. The use of coatings preserves the struc-
tural properties of the base, reduces replacement costs and shortens equipment downtime.
Coatings are used as an alternative or supplement to weld overlay in the repair of hy-
dro turbine blades and other shafts where it is necessary to reduce metal exchange with
the base and preserve the geometry of the part [4–6]. Wear damage to shafts is often re-
paired by overlay welding or coating; self-fluxing nickel systems (Ni-Cr-B-Si, Ni-Cr-B-Si-C,
Ni-Cr-Fe-B-Si-C, Fe-Cr-Mo-C-B, Fe-Cr-Mo-Si-B modifications) offer an economical alterna-
tive with high wear resistance and the possibility of heat treatment. Fe-containing systems
are an economical alternative, demonstrating increased hardness and wear resistance,
but are inferior to Ni coatings in terms of corrosion and thermal stability [7,8]. Ni series
coatings are characterised by high corrosion resistance and stability at temperatures up to
900 ◦C. Self-fluxing nickel alloys are usually widely modified with ceramic additives (WC,
TiB2, TiCrC, etc.); such compositions are available in the form of powders for spraying,
welding wire or pastes for laser cladding. NiCrBSi forms a Ni–Cr matrix with dispersed
boride/carbide phases that provide hardness and wear resistance; the addition of WC/Co
or TiB2 increases hardness and wear resistance but may increase roughness and the friction
coefficient [9–12].

Gas-thermal (including plasma) coatings based on Ni-Cr-Fe-B-Si-C are used to increase
the wear resistance of machine parts. NiCrFeBSiC is actively used to increase the wear
resistance of parts operating under conditions of intense friction, such as elements of coal-
fired boilers, heat exchange equipment, turbines, tools, extruders, plungers, rolling mill
rolls, and agricultural machinery. Among the various Ni-based alloy coatings, NiCrBSi
is a self-fluxing alloy due to the presence of B and Si, which enhance the metal’s ability
to self-flux, making it favorable for coating deposition, and form hard phases with Ni,
such as Ni3B [13–15]. In addition, chromium can further enhance its corrosion resistance
and wear resistance through the precipitation of hard particles. NiCrBSi alloys with good
glass-forming ability provide even higher mechanical strength, excellent corrosion and
wear resistance, low hardness, and good elasticity, which makes them widely used in
engines, piston rods, and boilers due to their high resistance to wear and corrosion [16–18].

The technologies for applying protective coatings are undoubtedly one of the fun-
damental directions in the development of materials. A distinct group of technologies,
referred to as “thermal spraying”, relies on melting and subsequently depositing solid
materials onto a pre-prepared surface in the form of a dispersed stream. The broad
spectrum of materials employed enables the use of such technologies across diverse in-
dustrial sectors. At present, NiCrBSi composite coatings can be rapidly deposited using
thermal spraying methods, including atmospheric plasma spraying (APS), arc spraying
(AS), flame spraying (FS), and high-velocity oxy-fuel spraying (HVOF) [19–22]. In this
study, flame spraying was selected as the primary technology for self-fluxing coatings of
the Ni–Cr–Fe–B–Si–C family due to its technological rationale and practical applicability.
Unlike HVOF and APS, the flame spraying process enables the “spraying → fusing”
sequence to be carried out within a single unit and with the same flame, eliminating
the need for part transfer or equipment adjustment. The mobility of the equipment
and its modest infrastructure requirements enable field and large-scale repairs—such as
those of shafts, rollers, and bearing seats—under conditions where the use of stationary
chambers is impractical or unfeasible.

This study focuses on coatings produced through the flame remelting technique. In
cases where wear and corrosion resistance are needed at low to moderate temperatures,
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nickel-based self-fluxing alloys are widely employed [23]. The formation of protective
coatings with alloys of this type is generally performed in two steps: deposition (spraying)
of the feedstock material (most often in powder form), followed by subsequent or simul-
taneous remelting of the deposited layer. Remelting enhances the density of the sprayed
layer by eliminating the pores and voids that inevitably form during deposition while also
establishing a strong metallurgical bond between the coating and the substrate. Under
optimal remelting parameters and an appropriate balance of alloying elements, it is possible
to obtain uniform coatings with minimal defects and the desired functional properties. Pro-
cesses such as deoxidation, degassing, nucleation, and grain growth occur during remelting,
and the final structure of the coatings, along with their properties, is largely determined
by the efficiency of these processes. As the remelting of coatings is similar to the melting
of bulk alloys, certain structural control methods known and applied in metallurgy can
likewise be effectively employed in the technology of remelted coatings [24].

To ensure the required tribotechnical properties of melted coatings based on Ni-Cr-
Fe-B-Si-C, the heat treatment process must be carried out strictly at a specific temperature
(in the range of 1000–1373 K) since these materials are eutectic alloys and are highly
sensitive to thermal exposure parameters [25,26]. Melting can be carried out using
various methods, including spraying followed by melting with a gas flame, in a furnace,
and using laser melting.

In articles [13–26], the properties and characteristics, as well as phase transforma-
tions during flame heating of self-fluxing NiCrBSiC coatings, were well studied. Most
prior studies focus on the wear mechanisms of the coated specimen only, whereas self-
fluxing NiCr(B)Si(C) coatings are typically used to repair shafts operating against a mat-
ing component. Wear-resistant coatings based on nickel-containing self-fluxing alloys
(Ni-Cr-Fe-B-Si-C) are widely used to restore and protect parts operating under conditions
of friction and corrosion. Despite a significant number of studies devoted to the inves-
tigation of phase transformations, structure and mechanical properties of such coatings
after surfacing and heat treatment, most studies are limited to analysing the behaviour
of the coating itself. However, real operating conditions involve the coating working in
conjunction with a mating surface, where wear and damage develop simultaneously on
both mating surfaces. The insufficient study of the patterns of joint wear of the coating
and the counterbody material significantly complicates the prediction of the durability of
restored parts and the selection of optimal operating modes for them.

The novelty of the present research lies in evaluating NiCrFeBSiC coatings within
a two-element tribosystem (“coating–counterbody”), which better reflects actual service
conditions. Unlike earlier studies that primarily analyzed coating degradation, we inves-
tigate both interacting surfaces under identical dry ball-on-disk conditions (100Cr6 steel
ball). This approach allows us to reveal not only coating damage mechanisms but also
counterbody wear phenomena, including material transfer, third-body formation, and
transitions between micro-cutting, micro-ploughing, and oxidative glaze. To the best of our
knowledge, such a combined tribological assessment of both elements of the pair has not
yet been systematically reported for self-fluxing Ni-based coatings.

2. Materials and Methods
AISI 1045 structural carbon steel was selected as the substrate material. This steel is

often used in industry for the manufacture of shaft gears, crankshafts and camshafts, gears,
spindles, tyres, cylinders, cams and other normalised, improved and surface heat-treated
parts that require increased strength. According to ASTM A108, [27] AISI 1045 steel has the
following composition (Table 1).
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Table 1. Chemical composition of 1045 steel.

Steel Grade C Cu Mn As Ni P S Si Fe

1045 0.47 0.28 0.78 0.07 0.20 0.035 0.040 0.27 97.85

A carbon steel bar made of AISI 1045 steel with a diameter of 50 mm was cut into
discs with a thickness of 5 mm. The surface was mechanically treated through grinding
with sandpaper with a grain size of up to P600. To improve the adhesion of the applied
coating, the surface of the discs was additionally treated through abrasive blasting using
electrocorundum (Al2O3) with a particle size of 40 µm. After sandblasting, the average
roughness profile Ra was 1.419 µm (arithmetic mean value for 3 samples). After sandblast-
ing, the abrasive and dust residues were removed by blowing with compressed air. In
order to remove organic and inorganic contaminants (oils, oxide films), the samples were
cleaned in an ultrasonic bath using technical-grade ethanol. The duration of ultrasonic
cleaning was 10 min at a frequency of 40 kHz and a solution temperature not exceeding
35 ◦C. Before applying the coating, the samples were preheated to temperatures of
200–250 ◦C using gas flame heating to improve adhesion to the substrate. The surface
temperature was controlled using a RoHS DT8016E (Shenzhen Yibai Network Technology
Co., Ltd., Shenzhen, China) infrared pyrometer with a measurement range of −50 ◦C to
1600 ◦C and an accuracy of ±2 ◦C. Morphology of self-fluxing NiCrFeBSiC powder in
Figure 1.

 

Figure 1. Morphology of self-fluxing NiCrFeBSiC powder.

A Metal Coat gas-flame spraying unit was used to apply the coatings, employing a
6PM-II powder gun (Metal Coat, Jodhpur (Raj.), India) and an MPF700 powder dispenser
(Metal Coat, Jodhpur (Raj.), India). A general view of the equipment and a diagram of
the gun are shown in Figure 2. The principle of operation of this equipment is to melt
particles by burning a gas mixture consisting of acetylene and oxygen. Compressed air
is used to transport the powders and cool the barrel. Air from the compressor passes
through a filter built into the outlet pressure regulator to prevent contamination of the
powders with motor oil particles. The gas mixture supply is controlled and regulated by
gas flow meters and a compressed air control unit. A powder supply adjustment function
is also provided to reduce consumption. The particle flow rate and flame temperature were
measured using a Tecnar Accuraspray 4.0 high-speed camera (Tecnar Automation Ltd.:
Saint-Bruno-de-Montarville, QC, Canada).
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Figure 2. Scheme of the installation for flame spraying.

The spraying parameters were selected so that the porosity of the coatings did not
exceed 10% (ISO/TR 26946:2011) [28]. The spraying mode is shown in Table 2.

Table 2. Gas flame spraying parameters for obtaining coatings.

Operation gas
Oxygen 25 NLPM

Acetylene 15 NLPM

Powder carrier gas Air 37 NLPM

Spraying distance 200 mm

Spray time 30 s

The preheating of the AISI 1045 steel base was carried out using the flame gas method
to a low tempering temperature of 200–250 ◦C. After preheating, the microhardness of AISI
1045 steel was determined using the Vickers method at 15 different surface points. Before
heating, the average microhardness of AISI 1045 steel was 196.7 ± 5.3 HV0.3, while after
heating, it was 298.6 ± 5.7 HV0.3. This pretreatment was carried out immediately before
spraying to improve the adhesion of the substrate to the sprayed material. Heating helps to
improve the microstructure of the coating, promotes more uniform spraying of the material
and reduces internal stress in the coating.

The heat treatment of the coatings was carried out using two methods at a temperature
of 1025 ◦C for 5 min: (1) gas flame heating; (2) heating in a furnace (Figure 3). The
morphology of the coatings was studied using a SEM 3200 scanning electron microscope
(KYKY Technology Co., Ltd., Beijing, China), equipped with an attachment for an electron
probe for local microanalysis: a Brooker energy-dispersive spectrometer (EDS).

X-ray diffraction (XRD) analysis of the original powder and coatings was carried
out on a PANalytical X’PERT PRO diffractometer (PANalytical, Almelo, The Netherlands)
using CuKα radiation. X-ray diffraction was carried out using the following parameters:
the angle ranged from 10 to 90◦ with a step of 0.02◦ and an exposure of 0.5 s [29].
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Figure 3. Schematic of the heat treatment of NiCrFeBSiC coatings.

Tribological tests of the coatings using the “ball-on-disk” scheme. A 100Cr6 steel ball
with a diameter of 6 mm was used as a counterbody, the load was 10 N, the rotation speed
was 5 cm/s, the radius of curvature was 2 mm, and the friction path length was 200 m. The
specific wear rate (W, mm3/N·m) was calculated based on the cross-sectional area of the
worn track according to the following (Equation (1)).

w =
A ∗ (2πr ∗ N)

F ∗ L
(1)

A—cross-sectional area of the worn track, mm2;
r—track radius, mm;
N—number of revolutions;
F—load, N;
L—friction path, m.
The potentiodynamic curves were recorded using a CorrTest CS310 potentiostat

(CorrTest Instruments Corp., Ltd., Wuhan, China) with a three-electrode cell, as shown in
Figure 4. The scanning rate was 0.5 mV/s with a scanning range from −0.8 V to +0.8 V.
A 3.5% HCl solution was used as an electrolyte. The working electrode was a platinum
mesh; saturated silver chloride electrodes were used as an auxiliary electrode and a refer-
ence electrode. The results obtained from the current and potential measurements were
calculated CorrTest CS310 potentiostat software version 6.3.1128.1, which were used to plot
the polarization curve, which generally provides information on the corrosion potential,
corrosion current and passivation behavior [30,31].
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Figure 4. Schematic diagram of the Potentiostat CS310 setup for conducting an electrochemical
corrosion experiment [29].

Adhesion strength tests were performed according to ASTM C633.15080 [32] on a
WDW-100 kN (Jinan Testing Equipment IE Corporation, Jinan, China) tensile testing
machine using a self-leveling load module direction. Samples with a diameter of 25.4 mm
and a thickness of 7 mm were prepared for adhesion testing. Before spraying, the samples
were sandblasted and cleaned in an ultrasonic bath in alcohol. The stretching speed was
0.020 mm/s. The maximum load at the point of coating detachment was recorded and
divided by the bonded surface area, which yielded the adhesion strength values reported
in the table. Each value represents the average of three independent tests (Equation (2)).

∂ =
Fmax

A
(2)

∂—adhesion strength of the coating, MPa;
Fmax—maximum load at coating detachment, N;
A—bonded surface area of the specimen, mm2.
The wettability of the surface was evaluated using the sessile drop method, in accor-

dance with ISO 19403-2:2024—‘Paints and varnishes—Wettability—Part 2: Determination
of the surface free energy of solid surfaces by measuring the contact angle’ [33]. The
tests were conducted on samples that were pre-cleaned of contaminants using ultrasonic
cleaning and solvents. Distilled water was used as the test liquid, which was applied to the
surface using a pipette. The contact angle between the drop and the surface was measured
using a goniometer, and drop images were captured with a camera equipped with an image
analysis system. The contact angle was measured immediately after placing the drop, and
three repeated measurements were taken for each surface to ensure accuracy. The obtained
data allowed for the determination of the material’s hydrophilicity or hydrophobicity based
on the contact angle value.

The hardness of the samples was measured using the Vickers method in accordance
with the international standard ISO 6507-1:2018 [34]. A diamond indenter with a 136◦

apex angle was applied to the material surface with a specified load. After the load was
applied, an indentation was left on the surface of the sample, which was measured using a
microscope. The two diagonals of the indentation were measured, and the average diagonal
length was calculated based on these measurements.

3. Results
To study the microstructure and elemental composition of the coating based on NiCr-

FeBSiC, energy-dispersive X-ray spectral analysis (EDS) was carried out as part of scanning
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electron microscopy (SEM). The results are presented in Figure 5 in the form of element
distribution maps and a summary table of mass fractions [35–38].

 

Figure 5. Map of distribution of elements on the surface of coatings made of self-fluxing
NiCrFeBSiC powder.

According to the quantitative analysis, the powder consists predominantly of nickel
(61.99 wt.%), which forms the basis of the alloy. A significant proportion is occupied by
chromium (12.22 wt.%), which provides corrosion resistance and high-temperature strength.
The presence of silicon (5.86 wt.%), boron (4.63 wt.%), and carbon (5.28 wt.%) imparts
self-fluxing properties to the material, promoting the formation of a dense coating during
flame spraying. The minor oxygen content (3.20 wt.%) is associated with partial surface
oxidation of the particles.

Elemental mapping confirms their uniform distribution within the powder structure.
Nickel, chromium, and silicon are distributed the most uniformly, indicating the homo-
geneity of the initial material. The close spatial association of boron and silicon indicates
the possibility of forming eutectic compounds, which ensure fusibility and good spreading
of the coating.

The samples treated through flame heating using the SF2 gun and those subjected
to furnace heat treatment (SF3) were compared with the reference samples that were not
heat-treated (SF1), as well as with the initial NiCrFeBSiC powder (Powder). The X-ray
diffraction patterns of the above-described samples are shown in Figure 6. The most intense
peak may correspond to the FeNi3 phase. The Ni2B, FeSi2, and Fe23(C,B)6 phases were
also identified with high probability. These two phases are most frequently mentioned in
the relevant studies [34–37]. Within the framework of the study of X-ray spectra of the
Ni-Cr-Fe-B-Si-C powder and the remelted layer, comparative analyses of the diffraction
patterns were carried out, which, while sharing common features, also demonstrated
certain differences. Despite the similarity of the diffraction patterns of the powder and the
coating, it was found that the Ni peaks in the remelted layer were slightly shifted to the left
compared to the powder state, indicating an increase in the lattice parameter of the Ni solid
solution in the remelted layer. The calculated lattice parameters of the Ni solid solution for
the clad layer and the initial powder are 3.57 Å and 3.55 Å, respectively. This increase in
the lattice parameter can be explained by the dissolution of Fe in Ni occurring during the
laser treatment of the coating, which leads to a dilution of the initial composition.
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Figure 6. XRD spectra of the powder and NiCrFeBSiC coatings: (SF1) without heat treatment; (SF2)
after flame heating with a gas-flame torch; (SF3) after furnace heating.

The analysis of the peaks in the diffraction pattern showed the following:

- The decrease in the intensity of diffraction peaks during spraying indicates that the
coating obtained using the spraying method became more amorphous compared to
the initial powder. This may occur due to limited cooling and rapid formation of
the coating, during which large crystalline structures do not have time to form. This
may also indicate the presence of micropores, which reduce the amount of crystalline
phases observable in X-ray diffraction.

- The increase in intensity after flame remelting compared to the sprayed layer may
indicate the onset of crystallization and structural stabilization of the material. The
flame remelting process leads to local heating of the coating, which promotes a more
complete formation of crystalline phases. However, the intensity is still lower than that
of the initial powder, indicating the presence of a considerable amount of amorphous
or microcrystalline regions.

- A significant increase in intensity after furnace heating indicates a more complete
crystalline transformation of the material. At the high temperatures that can be
reached in the furnace, the formation of a more stable and ordered crystalline structure
is promoted. The increase in peak diffraction intensity at this stage may indicate crystal
growth and an enhancement in lattice ordering. This is particularly noticeable with
respect to the Ni peaks, which are broadened in the case of the coating. The broadening
of the peaks may be associated with distortion of the crystalline structure caused by
the rapid cooling of the material during the laser treatment, which is characteristic of
thermally treated coatings, as demonstrated in the work of Li et al. (2001) [23].
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This phase behavior is consistent with data from the literature, which indicate
that heat treatment promotes the formation of stable strengthening phases in Ni-based
coatings [11,39–42].

Figure 7 clearly shows that subsequent heat treatment significantly reduces the coating
thickness, as well as the number and size of pores. This trend occurs due to better fusion of
particles and filling of pores with molten material [42–44]. The highest porosity is recorded
in sample (SF1), which did not undergo additional heat treatment. A high porosity value
indicates the presence of a large number of unmelted particles. In the coating (SF2), which
underwent short-term flame heating, a significant decrease in porosity by almost 2.5 times
is observed compared to the untreated coating. This indicates a partial compaction of
the structure of the near-surface layers of the coatings and the self-fluxing process under
the influence of temperature (Figure 7B). Minimum porosity is observed in sample (SF3),
heated in a furnace. The furnace provides more uniform and long-term heating, which
contributes to active self-fluxing and improved adhesion between the coating particles. As
a result, the structure becomes denser and more homogeneous (Figure 7C) [20,33,45].

 

Figure 7. Investigation of porosity (bottom row) and thickness (top row) of NiCrFeBSiC coatings in
cross section: (A) without heating—SF1; (B) flame heating—SF2; (C) furnace heating—SF3.

Figure 7 presents cross-sectional SEM micrographs (upper row) showing the coating
thickness after different heat treatment regimes and the corresponding binarized images
(lower row) used for porosity evaluation. The as-sprayed coating (Figure 7A) has a thickness
of ~805 µm with a porosity level of 7.866%, while after gas-flame heating (Figure 7B)
and furnace treatment (Figure 7C), the thickness slightly decreases (625 µm and 597 µm,
respectively) due to densification, and the porosity reduces significantly to 3.024% and
1.767%. These quantitative results confirm that heat treatment promotes compaction of the
coating structure, closure of pores, and improvement of microstructural homogeneity.

A decrease in the Ra parameter from 31.860 µm (without treatment) to 13.388 µm
(furnace treatment) (Table 3) demonstrates a clear trend towards an improvement in the
quality of the coating surface with the use of heat treatment (Figure 8). SEM micrographs
confirm that heat treatment promotes compaction of the structure, reduction in porosity and
leveling of the surface. The obtained data indicates a significant influence of heat treatment
on the morphological and tribological properties of the coatings and also emphasizes the
advantage of uniform heating in a furnace compared to gas-flame heating.
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Table 3. Mechanical, tribological, and surface properties of the coatings.

Samples Adhesion Strength, MPa Microhardness,
HV0.05

Wettability,
◦ Friction Coefficient Roughness, µm

SF1 18 528.7 ± 2.3 53.152 0.648 ± 0.070 31.860 ± 0.290

SF2 27 771.6 ± 4.6 79.875 0.173 ± 0.050 14.915 ± 0.047

SF3 34 922.4 ± 5.7 89.603 0.138 ± 0.003 13.388 ± 0.016

 

Figure 8. Micrographs of the surfaces (top row) and corresponding surface roughness profile graphs
(bottom row): (A) without heat treatment—SF1; (B) after flame heating—SF2; (C) after furnace
heating—SF3.

Tribological tests were conducted to test the wear resistance of the coatings. The results
are shown in Figure 9. According to the results of tribological tests with dry friction, it
was found that subsequent heat treatment reduces the friction coefficient; thus, thermal
gas-flame heating and furnace treatment reduced the friction coefficient by 6 times on
average for both types of treatment.

The cross-sectional area values (A) were determined from profilometric measurements
(see Figure 9). Based on these, the calculated wear rates for each sample are summarized
below (Table 4):

Table 4. Wear rate values of tested samples determined from worn track cross-section analysis.

Sample Name Sample Wear Rate [mm3/(N·m)]

SF1 0.001694 ± 0.000085

SF2 4.102 × 10−6 ± 0.205 × 10−5

SF3 3.458 × 10−6 ± 0.173 × 10−6

The tribological performance of the investigated samples was evaluated based on the
evolution of the coefficient of friction (COF), the cross-sectional area of the worn track, and
the calculated specific wear rate (Table 4). Figure 9 presents the COF curves for samples
SF1, SF2, and SF3 over a sliding distance of 200 m, as well as the corresponding SEM
micrographs of the worn surfaces.

For the uncoated substrate (SF1), the COF curve shows an initial running-in stage
followed by a gradual increase and stabilization in the range of 0.648 ± 0.070. The worn
track section reached 26,9674.6 µm2, and the calculated wear rate was 0.001694 mm3/N·m,
indicating intensive material removal. SEM observations confirm severe abrasive wear,
characterized by wide grooves and plastic deformation along the sliding direction.
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Figure 9. Results of tribological tests of the coatings using the “ball-on-disk” configuration under dry
sliding conditions: (SF1) without heat treatment; (SF2) after flame heating; (SF3) after furnace heating.

In contrast, the sample SF2 with a remelted coating exhibited a substantially lower
COF during the first 150 m of sliding 0.173 ± 0.050, followed by a slight increase towards
the end of the test. The worn track section was reduced to 6529.2 µm2, resulting in a
wear rate of 4.102 × 10−5 mm3/N·m. The worn surface shows signs of microfracture
and localized particle pull-out, but the overall damage is markedly less than in SF1. This
suggests that flame remelting improved the coating densification and bonding, thereby
enhancing its wear resistance.

The best tribological performance was observed for sample SF3 subjected to furnace
heat treatment. The COF remained remarkably stable at 0.138 ± 0.003 throughout the
entire test, with no pronounced running-in stage. The worn track section was the smallest
(550.4 µm2), corresponding to a wear rate of only 3.458 × 10−6 mm3/N·m. SEM analysis
revealed a smooth surface with minimal abrasive grooves and a dense microstructure.

Overall, the results demonstrate that the application of NiCrFeBSiC coatings signifi-
cantly improved the wear resistance of the steel substrate, with the extent of improvement
depending strongly on the post-treatment method. While both remelting and furnace heat
treatment reduced wear compared to the uncoated substrate, the latter provided the highest
protection, reducing the wear rate by almost three orders of magnitude relative to SF1.

Microgrooves formed during friction, as well as cracks, are clearly visible on the
coating surface after flame heating (Figure 10). Microgrooves in this context are the result
of local abrasive interaction of the counterbody with surface inclusions or coating irreg-
ularities, leading to the cutting out of microparticles and the formation of long traces on
the surface. Such areas are often formed in zones where hard phases (carbides, borides)
partially protrude above the softer matrix and serve as abrasives during friction. Cracks
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are formed both along the particle boundaries and within the binder phase, indicating a
brittle nature of destruction [45,46].

Figure 10. Results of tribological tests using the “ball-on-disk” configuration under dry sliding condi-
tions: (A) without heat treatment—SF1; (B) after flame heating—SF2; (C) after furnace heating—SF3.

After furnace treatment, the wear track surface appears more uniform and denser.
Although traces of microgrooves are also present, they are less randomly distributed and
have a smaller depth and length. Localized layering was also observed, probably occurring
along the boundaries of fused particles or between zones with different phase densities.
However, the overall surface condition confirms a lower degree of wear. This correlates
with the low and stable friction coefficient (0.138 ± 0.003) and indicates a microabrasive
but plastically adaptive wear mechanism.

The presented EDS map confirms that the wear track zone is a product of intensive in-
teraction between the coating and the counterbody, accompanied by mechanical destruction
and thermal-oxidative effects. The main source of iron in the track zone is the counterbody
(for example, a ball made of 100Cr6 steel or equivalent structural steel) (Figure 11). During
friction, especially with local heating, the counterbody material migrates to the coating
surface. Iron, wearing off from the counterbody, is subject to surface oxidation, as a result
of which iron oxides are formed in the track. The formation of such oxide friction products
is typical for the oxidative wear regime, in which oxide films are formed on the surface.
These films can temporarily reduce the friction coefficient, but when they are destroyed,
they become a source of abrasive particles that accelerate wear [47].

For the NiCrFeBSiC coating without heat treatment (A ≈ 0.889 mm2, Figure 12A), a
large contact zone with pronounced parallel grooves and ridges along the sliding direction
is observed on the wear scar of the 100Cr6 ball, indicating the predominance of three-body
abrasion under unstable contact conditions (stick–slip mode). The severe wear of the
counterbody indicates that the ball acts as the “weak link” of the pair, with a likely transfer
of coating particles onto the ball and subsequent reverse abrasive action [46–48]. After
flame remelting (A ≈ 0.479 mm2, a reduction in area of ~46% compared to the friction pair
where the coating was not heat-treated, Figure 12B), the wear scar is noticeably smaller and
more homogeneous, with less pronounced grooves. This is associated with densification
and partial remelting of the binder, reduction in porosity, and a more uniform distribution
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of carbide–boride phases. After furnace heat treatment (A ≈ 0.0395 mm2; a reduction
of ~95.6%, Figure 12C), the wear scar is very small: only fine parallel scratches without
spallation are visible, which corresponds to a stabilized friction regime with minimal
counterbody abrasion. This indicates improved tribocompatibility and a smoother, more
stable contact surface of the coating.

 

Figure 11. Energy-dispersive spectroscopy (EDS) elemental map of the wear track surface of the
NiCrFeBSiC coating after furnace heat treatment.

 

Figure 12. Wear scars of the counterbody (100Cr6 ball) after sliding against the NiCrFeBSiC coating
in different coating states: (A) 100Cr6 ball in a friction pair with the coating without heat treatment;
(B) 100Cr6 ball in a friction pair with the coating after flame remelting; (C) 100Cr6 ball in a friction
pair with the coating after furnace heat treatment.

The potentiodynamic curves of all coatings demonstrate a significantly higher corro-
sion potential for Ecorr compared to AISI 1045 steel (Figure 13).

To describe in detail the corrosion behavior of the samples, the corrosion current was
calculated from the slopes of the Tafel sections of the potentiodynamic curves (Table 5) [49,50].

Table 5. Results of measuring the corrosion resistance of self-fluxing NiCrFeBSiC coatings.

Samples Initial
AISI 1045 Steel SF1 SF2 SF3

Icorr (A) 0.69218 0.42371 0.39466 0.38963

icorr (A/cm2) 0.881757962 0.539757962 0.502751592 0.496343949

CR (mm/a) 0.0100873122 0.006174832 0.005751479 0.005678175
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Figure 13. Potentiodynamic curves: (a) base steel; (b) without heat treatment— SF1; (c) after flame
heating—SF2; (d) after furnace heating—SF3.

The data presented in Table 4 and the potentiodynamic graph show a significant
difference in the corrosion resistance of different types of coatings used for steel. The table
shows key parameters such as corrosion current density (Icorr) and corrosion rate (C.R.),
which reflect the behavior of materials in corrosion tests [51]. The furnace-heat treated
coating demonstrates the best performance with an Icorr value of 0.49634 and a corrosion
rate of 0.005678, which is significantly lower compared to other coatings, including AISI
1045 steel and flame-heated and flame-heated coatings. In the potentiodynamic curve
graph, it can be seen that the curve for AISI 1045 steel goes into a more negative area
on the potential axis, confirming its high corrosion activity. This is reflected in the table
data, where the corrosion current density and corrosion rate for steel are maximum. In
contrast, flame-heated coatings show good results, although their corrosion resistance is
still inferior to that of coatings with subsequent furnace heat treatment. This combination of
treatments apparently creates a denser and more corrosion-protected surface that prevents
microcracks and moisture retention, significantly slowing down the corrosion process. In
general, furnace-heated coatings demonstrate the best corrosion resistance of all the studied
options, making it the most promising for use in applications requiring protection from
aggressive environments.

The data obtained by measuring the adhesion strength characterize the bonding force
between the coating and the substrate (base material). This is one of the key indicators of
the quality of coatings obtained by gas-thermal spraying [52]. The results of the adhesion
strength tests are presented in the summary table of results (Table 3). The results of contact
angle tests by the sitting drop method using an optical goniometer are also shown in
Table 3. The data obtained indicates a significant effect of the heat treatment regime on
the wettability of the coating surface. The lowest contact angle (53.152◦) was recorded
for the coating that was not subjected to additional heat treatment. This indicates a high
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surface energy and a possible microporous structure that promotes wetting with oil. During
flame heat treatment, the contact angle increased to 79.875◦, which is explained by the
compac-tion of the structure, partial sintering of particles and a decrease in microroughness.
The highest contact angle (89.603◦) was recorded for the sample subject to heat treatment in
a furnace. This may be due to the formation of a more homogeneous, dense and, probably,
oxidized layer with reduced wettability. Thus, it can be concluded that heat treatment
re-duces wettability, which can be a positive factor when operating coatings under friction
conditions involving oils.

Adhesion strength tests showed that heat treatment has a significant effect on improv-
ing the adhesion of the coating to the substrate. For sample SF1, which was not heat treated,
the adhesion strength was 18 MPa (Table 3). For sample SF2, which was remelted with
a flame, this indicator increased to 27 MPa (Table 3), indicating the positive effect of this
process on the formation of a denser and stronger interphase contact. The highest adhe-
sion strength was recorded for sample SF3, which was heat treated in a furnace, reaching
34 MPa (Table 3).

It is important to note that in all cases, the failure occurred mainly at the interface
between the coating and the substrate, which indicates its critical role in the coating-
substrate system [53]. The increase in adhesion strength after heat treatment is associated
with a number of microstructural factors. First, heating causes partial compaction of the
coating and a decrease in porosity, which contributes to an increase in the effective contact
area. Second, thermal exposure activates diffusion interaction processes at the interface,
leading to a stronger bond between the coating and the substrate. This is particularly
evident in furnace heat treatment, where the effect of temperature ensures the formation of
a more stable interphase zone with improved mechanical characteristics.

Thus, the gradual increase in adhesion strength values from SF1 to SF3 demonstrates
that heat treatment, especially in a furnace, significantly strengthens interphase interaction
and increases the operational reliability of coatings.

Figure 14 shows SEM images of indenter prints obtained as a result of microhardness
tests of NiCrFeBSiC coatings subjected to various types of thermal action. The study of
the prints made it possible to establish a relationship between the type of heat treatment,
the microstructural state and the local hardness of the material. Figure 14A shows an
indenter print on the coating without heat treatment. The formation of cracks and dips in
the print area is clearly visible, which is associated with the presence of pores under the
surface layer [54]. Such local load-bearing instability leads to a decrease in microhardness,
amounting to 528.7 ± 2.3 HV (Table 3). The obtained data indicate high brittleness of
the coating without additional thermal stabilization. Figure 14B illustrates the structure
of the coating after flame heating. In this area, the structure is denser compared to the
untreated sample. The imprint has a symmetrical shape, the number of cracks is reduced.
The microhardness is 771.6 ± 4.6 HV (Table 3), which indicates partial stabilization of
the structure and a decrease in internal stresses. Figure 14C corresponds to the coating
heated in the furnace. Here, minimal damage to the surface around the imprint is observed,
the absence of pronounced cracks and dips, indicating high structural integrity. This is
reflected in the highest value of microhardness—922.4 ± 5.7 HV (Table 3), which confirms
the effectiveness of heat treatment in the furnace for improving the mechanical properties
of the coating.
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Figure 14. SEM images of indenter impressions on NiCrFeBSiC coatings (A) without heat treatment;
(B) after flame heating; (C) after furnace heating.

4. Conclusions
1. Phase composition (XRD): The coatings contain FeNi3 and strengthening car-

bides/borides (e.g., Cr7C3, Fe23(C,B)6); after heat treatment, the lattice becomes more
ordered with an increase in the Ni solid-solution lattice parameter (3.55 → 3.57 Å).

2. Thickness and porosity: Cross-section shows densification (thickness ~805 → 625
→ 597 µm), with porosity reduced 7.866% → 3.024% → 1.767% from as-sprayed to
flame-remelted to furnace-treated.

3. Roughness (Ra): Surface smoothing with post-treatments: 31.860 → 14.915 →
13.388 µm (minimum after furnace treatment).

4. Microhardness: Near-surface HV increases 528.7 ± 2.3 → 771.6 ± 4.6 → 922.4 ± 5.7 HV,
reflecting lower porosity and a stabilized binder.

5. Adhesion strength (ASTM C633): 18 → 27 → 34 MPa; the furnace treatment gives the
highest coating–substrate bonding.

6. Wettability (contact angle): Surface becomes less wettable as density increases: 53.152◦

→ 79.875◦ → 89.603◦.
7. Coefficient of friction (dry, ball-on-disk): µ decreases and stabilizes with post-

treatments: 0.648 ± 0.070 → 0.173 ± 0.050 → 0.138 ± 0.003; furnace treatment shows
the smallest fluctuations.

8. Wear-track morphology: Evolves from pronounced micro-grooves and cracking
(as-sprayed) to a more uniform, “polishing-like” track with a thin tribo-film (furnace).

9. Counterbody wear (100Cr6 ball): Wear-scar area shrinks with coating modification
(0.889 → 0.479 → 0.0395 mm2), confirming improved tribological compatibility.

10. Corrosion resistance (Tafel): Furnace treatment yields the lowest icorr/CR (e.g.,
CR ≈ 0.005678 mm·year−1), outperforming AISI 1045 steel and the flame-remelted
state.

11. Overall: Among the tested routes, furnace heat treatment at 1025 ◦C/5 min provides
the best structure–property balance (minimum Ra and porosity, maximum HV and
adhesion, low and stable µ, enhanced corrosion resistance) and is recommended to
extend the service life of NiCrFeBSiC coatings under dry sliding.
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