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A B S T R A C T

Introduction. The granulometry (particle size distribution) of the starting powders significantly influences 
the hardness and strength of compacted tungsten carbide (WC) metalloceramic materials, but this effect has not 
been extensively studied in the context of WC/Fe-Ni-Al coatings. The purpose of this work is to investigate 
the influence of the granulometry of the starting WC powder introduced into the non-localized electrode on the 
kinetics of mass transfer, chemical composition, cross-sectional microstructure of WC/Fe-Ni-Al coatings, and their 
corrosion and tribological properties. Methods. WC/Fe-Ni-Al coatings were deposited on 45 steel substrates using 
the electrospark deposition (ESD) method with a non-localized electrode. The electrode comprised iron granules 
(Ø = 4 mm), Ni and Al powders, and WC powders with varying particle sizes. X-ray diffraction (XRD) analysis 
revealed that the coatings consisted of tungsten carbide, tungsten semicarbide (W₂C), intermetallic phases (Al₈₆Fe₁₄), 
ferronickel (FeNi), and body-centered cubic (BCC) phases (AlNi, AlFe). Results and discussion. It was determined 
that, with an increase in the WC powder particle size fraction in the electrode, the coating matrix composition 
became enriched with aluminum, while the iron concentration decreased from 60 to 30 at.%. The lowest values for 
hardness, wear resistance, and oxidation resistance were observed for the sample obtained using WC nanopowder. 
The microhardness of the coating surface ranged from 4.39 to 9.16 GPa. The oxidation resistance of the coated 
samples at 700 °C increased monotonically with increasing WC powder particle size. The study found that the use 
of WC powder with a particle size fraction of 20 to 40 µm resulted in the best performance in terms of hardness, 
wear resistance, and oxidation resistance of the WC/Fe-Ni-Al coatings at 700 °C. The application of these coatings 
increased the oxidation resistance of 45 steel by 11.6 times and wear resistance by 44 to 80 times, suggesting their 
potential for use in high-intensity applications.
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Introduction

Recently, NiAl coatings have attracted attention due to their excellent resistance to high-temperature 
oxidation [1, 2]. The application of NiAl coatings in high-temperature environments has gained wide 
attention due to their ability to form a dense and stable Al2O3 scale [1]. It is known that the hardness, wear 
resistance, and compressive yield strength of NiAl-based alloys increase with an increase in iron content 
up to 20 at.% [3]. In the study [4], Fe75Ni15Al10 and Fe56Ni14Al30 coatings were obtained on the surface 
of low-carbon steel using the method of gas flame spraying of a mixture of iron, nickel, and aluminum 
powders. It has been shown that increasing the concentration of aluminum in Fe-Ni-Al coatings improves 
their oxidation resistance.
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At the same time, a cursory literature analysis shows that the wear resistance of Fe-Ni-Al composites is 
still significantly inferior to that of metalloceramic composites (MMCs). Therefore, reinforcing Fe-Ni-Al 
compositions with ceramic powder particles presents a promising strategy to significantly increase their 
hardness and wear resistance while maintaining high oxidation resistance.

Tungsten carbide (WC) is often considered as a reinforcing component of MMCs due to its high hardness 
and good wettability with metal melts [5–7]. The Fe-Ni-Al composition exhibits exceptionally high 
oxidation resistance but relatively poor wear resistance, while hard tungsten carbide is easily oxidized at 
high temperatures. Therefore, reinforcing the Fe-Ni-Al matrix with tungsten carbide allows for the creation 
of a WC/Fe-Ni-Al composite coating that combines high oxidation resistance and wear resistance.

According to a literature analysis, metalloceramic WC/Fe-Ni-Al coatings have previously been applied 
using techniques such as flame spraying [8], plasma-arc powder spraying [9], and electrospark deposition 
(ESD) [10]. Electrospark deposition (ESD) is a surface hardening technology that uses low-voltage, high-
current electrical discharges to melt and transfer material from the working electrode to the substrate 
surface, significantly increasing the surface hardness and wear resistance. ESD technology offers notable 
advantages such as process simplicity, low cost, low residual stresses, and minimal substrate deformation, 
making it a highly effective method for producing coatings on metals and alloys [11]. The high temperature 
generated during the spark discharge process melts the electrode material, resulting in a uniform and dense 
coating, and the metallurgical bond ensures high adhesion of the coating to the substrate. The ESD method is 
employed in various applications: to improve the physical and chemical properties of metallic materials by 
applying refractory metals and their compounds; to expand the scope of application of composite materials 
by creating wear-resistant and oxidation-resistant layers on their surface; and to alter the chemical and 
phase composition of the surface in a controlled manner by processing in the presence of a reactive gas 
(e.g., nitriding of a titanium alloy) [12].

The use of a non-localized electrode (NE) for ESD facilitates the automation of the coating application 
process, including on curved parts, and enables the use of powders as the primary coating constituent [13]. In 
a previous study, WC/Fe-Ni-Al coatings with a high ceramic content were produced by the ESDNE method 
using a NE consisting of nickel and aluminum granules, and αWC powder with an average particle size of 
1 μm [10]. In the field of compact WC-Co metalloceramic materials, the particle size of tungsten carbide 
has a significant effect on the hardness and strength of sintered products [14, 15]. However, the influence 
of the WC powder particle size on the properties of metalloceramic coatings has not been systematically 
investigated.

Aim of the study is to investigate the influence of the particle size distribution (granulometry) of the 
initial WC powder introduced into the non-localized electrode on the kinetics of mass transfer, chemical 
composition, cross-sectional structure of WC/Fe-Ni-Al coatings, and their corrosion and tribological 
properties.

To achieve the stated aim, the following tasks were accomplished:
– preparation of various tungsten carbide powder fractions via grinding in a planetary ball mill and sieve 

analysis;
– investigation of the influence of the particle size distribution of the initial tungsten carbide powder 

used in a non-localized electrode on mass transfer, composition, and structure of the coating;
– establishment of the relationship between the coating’s structure and its properties: roughness, 

wettability, hardness, wear resistance, and oxidation resistance.

Methods

The working electrode for the ESD was a non-localized electrode consisting of iron granules and Ni, 
Al and WC powders (Table 1). Iron granules were obtained by cutting welding wire (SV-08AA) with a 
diameter of 4±0.1 mm into cylinders with a length of 4±0.5 mm. The tungsten carbide powder fractions 
ranged from 80 nm to 40 µm. The most dispersed fraction was nanostructured WC powder (99.95%) with 
an average particle diameter by volume D [4.3] of 0.8 μm, produced by Hongwu (China) (Fig. 1, a, b).  
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To prepare larger fractions, WC powder (TU 6-09-03-360-78) with particle size of 1 ≤ WC ≤ 40 μm was
used, which was separated through 40 μm and 20 μm sieves using a vibrating table. The particle diameter
of the powders was measured using the arbitrary secant method according to ASTM E112-12. The average 
particle size of aluminum and nickel powders was 18.0±10.3 µm and 11.3±6.4 µm, respectively (Fig. 1, c). 
X-ray diffraction (XRD) patterns revealed that as the WC particle diameter decreased, a monotonic decrease 
in reflection intensity and an increase in reflection width were observed, consistent with the Scherrer equa-
tion (Fig. 1, g).

The substrate (cathode), made of grade 45 steel in the form of a cylinder (d = 12 mm and h = 10 mm), 
was immersed in a mixture of granules and powders with the end surface facing down. Thus, the coating
was formed on the end and side surfaces of the substrate, with a total covered area of 2.88 cm2. An IMES-
40 generator was used as a source of current pulses. The device settings were as follows: pulse duration –
100×10−6 s, frequency – 103 Hz, pulse current amplitude – 170 A at an open circuit voltage of 25 V.

T a b l e  1

Composition of non-localized electrode and coating designations

Designation  
of coatings

Proportion 
of granules, 

vol.%

Proportion  
of Al powder, 

vol.%

Proportion  
of Ni powder, 

vol.%

Proportion  
of WC powder, 

vol.%

WC powder  
fraction, µm

WСn
93.80 2.05 1.35 2.80

0.08 ≤ WC ≤ 0.1
WС20 1 ≤ WC ≤ 20
WС40 20 ≤ WC ≤ 40

                               a                                                                                         b

                               c                                                                                         d
Fig. 1. SEM image of WCn fraction powder particles (a) and the results of its BET analysis (b); 

integral distribution of Ni, Al, WC20, WC40 powders (c) and X-ray diffraction patterns  
of WC powders (d)
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The coatings were applied in an argon flow at a rate of 0.3 m3/hour to protect the electrodes from 
oxidation. The total coating time for one sample was 10 minutes. A more detailed description of the 
laboratory setup for automatic coating application using the ESDNE method with powders is given in the 
study [16].

The weight gain of the substrate was measured on a laboratory scale (Vibra HT120) (10−4 g) every  
120 s of ESDNE treatment. The phase composition of powders and prepared samples was studied by X-ray 
diffraction. For this purpose, a multifunctional X-ray diffractometer DRON-7 (NPP Burevestnik, Russia) 
with Cu-Kα radiation (λ = 1.54056 Å) was used in this work. For metallographic examination of the 
microstructure and chemical microanalysis of samples with coatings, a scanning electron microscope Vega 
3 LMH (Tescan, Czech Republic) equipped with a microanalyzer (EDS) X-max 80 (Oxford Instruments, 
UK) was used. The surface roughness of the coatings was measured using a 296 profilometer (USSR). For 
each sample, 10 roughness measurements were taken and average values were calculated. To determine 
wettability, the “sessile drop” method was used. A drop of distilled water was applied to the horizontal 
surface of the coating, and the contact angle with the surface at a temperature of 25 °C was determined 
from the drop profile [17]. For each sample, 5 measurements of wettability were performed, and average 
values were calculated. Microhardness was determined using the restored indentation method using a 
PMT3-M microhardness tester. Microhardness measurements were carried out using the Vickers method 
with a loading force of 1.96 N and an exposure time of 12 s. On each sample, 20 indentations were made,  
20 measurements of the microhardness value were carried out, and the average values were calculated. 
Tests for the coefficient of friction and wear of samples were carried out using the “pin-on-disk” scheme 
[18–20] under a load of 25 N at speeds of 0.47 and 1.89 m/s for 10 minutes. Discs (d = 50 mm) made of 
high-speed steel M45 (60 HRC) were used as the counterbody. For each sample, at least 4 measurements 
were made, the average data sets were calculated, and the average values of the friction coefficient were 
determined. To determine wear resistance, at least 6 measurements were taken for each sample. To study 
cyclic oxidation resistance, samples of Steel 45 and samples with coatings that had a cubic shape with a  
6 mm edge were used in the experiment. The samples were kept in a muffle furnace in cycles of ~6 hours 
at a temperature of 700 °C, and then placed in a desiccator to cool, and then weighed. The experiment was 
carried out for 100 hours.

Results and Discussion

When testing new compositions of non-localized electrodes, it is necessary to monitor the cathode 
weight gain during processing to establish the specific weight gain, as it characterizes the volume of 
material transferred to the substrate. Negative weight gain values indicate that a coating will not form. 
At the moments of voltage pulse application, electrical discharges occurred at the points of electrical 
contact between the granules and the substrate. This was accompanied by the transfer of metal from  
the melt pool of the granule to a pool on the surface of the substrate. Particles of Ni, Al, and WC powders 
located on the surface of the substrate or granules in the discharge impact area were wetted by the molten 
metal and incorporated into the melt pool on the substrate, forming a coating. With increasing processing 
time, the weight gain of the substrate gradually increased for all samples (Fig. 2, a). After 10 minutes  
of processing, the average values of the total specific weight gain of the cathode ranged from 2.74  
to 4.76 mg/cm2, with the WC40 sample exhibiting the minimum value. The total weight gain values 
for the WСn and WС20 samples were very close, whereas the weight gain rate for W40 was noticeably  
lower. This may be due to the low specific surface area of large particles. The low surface area results 
in a lower specific surface free energy, which may not be sufficient for reliable particle attachment  
to the granule and cathode surfaces, potentially limiting the incorporation of such particles into the 
coating.

X-ray diffraction (XRD) analysis revealed that the structure of the coatings contains tungsten carbide 
(WC), tungsten subcarbide (W2C), body-centered cubic (BCC) phases, an intermetallic compound (Al86Fe14), 
and an FeNi solid solution (Fig. 2, b). BCC phases may be represented by intermetallic compounds AlNi 
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and AlFe, the reflections of which overlap on the 2θ scale. The W2C phase formed as a result of tungsten 
carbide decarburization during interaction with molten iron in a melt pool, according to reaction 1:

	 2WC + 3Fe = W2C + Fe3C	 (1)

Thus, the prepared coatings exhibit a metalloceramic structure, where the metal binder is composed 
of aluminides and ferronickel, while tungsten carbides serve as reinforcing phases. The X-ray diffraction 
patterns of coatings obtained using micron-sized powders differ significantly from those obtained using 
nanopowders. Specifically, tungsten carbide (WC) is the most abundant phase in the WC20 and WC40 
coatings, whereas ferronickel and the Al86Fe14 aluminide are present in higher concentrations in the WCn 
coating (Table 2). Furthermore, the concentration of the W2C phase is lowest in the WCn coating compared 
to the other samples.

                                   a                                                                                               b
Fig. 2. Mass transfer of samples during coating deposition (a) and XRD analysis of the obtained 

coatings (b)

T a b l e  2

Results of semi-quantitative phase analysis of coatings in accordance  
with Fig. 2, b

Samples
Concentration, vol.%

WC BCC W2C FeNi Al86Fe14

WCn 19.5 20.5 3.9 40 16.1

WC20 32.3 23.6 20.9 15.6 7.5

WC40 31.0 28.4 30.0 6.4 4.6

Cross-sectional images of the MMCs coatings are shown in Fig. 3, a–d. The average coating thickness 
was very similar, ranging from 24.3 to 26.1 µm. The coating structure consists of a Fe-Ni-Al matrix and 
grains in the micron and submicron ranges. The Wn coating appears homogeneous without micron-sized 
inclusions (Fig. 3, a). At higher magnification, diamond-shaped crystallites with sizes ranging from 0.16 
to 0.47 µm are observed in the Wn coating, uniformly distributed throughout the coating layer (Fig. 3, b). 
Given the low concentration of the W2C phase in this coating (Fig. 2, b), it is reasonable to assume that 
the diamond-shaped crystallites are tungsten carbide. In the W20 and W40 coatings, both micron- and 
submicron-sized carbide grains are observed. Elemental mapping results reveal that the micron-sized 
inclusions are enriched in tungsten and carbon (Fig. 4). The difference in size and non-uniform distribution 
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                                 a                                                                                       b

                                 c                                                                                       d
Fig. 3. SEM images of the cross-section of coatings: WCn (a, b), WC20 (c) and WC40 (d)

Fig. 4. Mapping of the WC20 coating area
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of the white micron-sized inclusions in the WC20 and WC40 coatings suggest that they are original tungsten 
carbide WC particles. The cross-sectional images clearly show that the size of micron-sized WC inclusions 
increases with an increase in the WC powder fraction in the electrode. The diameter of the micron grains was 
smaller than the median particle diameter in the original W20 and W40 powders (Fig. 1, c, d). This suggests 
that the original powder particles were agglomerates of carbides, which disintegrated into fragments when 
wetted by the Fe-Ni-Al melt in the discharge pool and dissolved upon interaction with iron. The submicron 
inclusions in Fig. 4 likely formed via WC crystallization from the melt, as they resemble the diamond-
shaped inclusions of the WCn sample, and reaction 1 is reversible. Micron inclusions could also act as 
WC crystallization centers, growing further during crystallization of the melt microbath after the discharge 
ceased. The distribution of aluminum, nickel, and iron is uniform, indicating a homogeneous composition 
of the coating matrix. The light grey areas in Fig. 4 are likely the result of tungsten carbide decarburization, 
as described in Eq. 1.

According to EDS analysis, the coatings contain tungsten, nickel, aluminum, and iron (Fig. 5, a–c). The 
source of iron is both the granules and the substrate. The concentration of elements remained relatively 
constant throughout the coating thickness. Fluctuations in tungsten concentration can be attributed to the 
presence of tungsten carbide grains in the path of the scanning electron beam. As the powder fraction size 
in the NE increased, the aluminum content in the coating matrix increased, while the iron (Fe) content 
decreased from 58 to 27 at.% (Fig. 5). The formation of the ESD coating inevitably involves the substrate 
as a source of iron. It is worth noting that the use of iron granules results in comparable iron concentrations 
in the coating to those obtained when using Ni and Al granules [10]. This can be explained by the fact 

                                  a                                                                                                b

c
Fig. 5. Metal concentration distribution of across coating height, according to the results  

of EDS analysis: 
a – WCn; b – WC2; c – WC40



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 27 No. 3 2025

T a b l e  3

Thickness, roughness and wettability of coatings

Characteristics
Sampels

WCn WC20 WC40

Thickness, μm 25.19±5.78 24.35±5.68 26.13±6.10

Roughness, µm 8.23±2.17 6.73±0.89 5.87±0.94

Wettability, ° 77.7±1.6 83.6±1.6 82.7±1.6

that powders participate much more intensively in the formation of coatings during ESDNE compared to 
compact electrodes (granules).

The surface roughness (Ra) of the coated samples ranged from 5.87 to 8.23 µm (Table 3). Furthermore, 
the contact angle with distilled water ranged from 77.7 to 83.6°, which is significantly higher than that of 
Steel 45 (54.1±1.4°). Thus, the application of WC/Fe-Ni-Al coatings to components made of Steel 45 will 
increase the hydrophobicity of their surface due to a reduction in surface free energy. This is expected to 
reduce the deposition of contaminants on the surface and, consequently, limit the development of corrosion 
on steel structures.

The microhardness measurements on the coating 
surface revealed values ranging from 4.39 to 9.16 GPa, 
with the WCn sample exhibiting the minimum value 
and the WC20 sample exhibiting the maximum (Fig. 
6). Thus, the application of coatings allows for a 1.7 to  
3.6-fold increase in the hardness of products made of 
Steel 45. The low hardness values of the sample obtained 
using tungsten carbide nanopowder can be attributed 
to the absence of large tungsten carbide inclusions in 
its composition. Moreover, this coating had the lowest 
content of the W2C phase (30 GPa) [21]. The hardness of 
the WC20 and WC40 coatings was nearly identical, but 
significantly higher than that of WCn due to the higher 
content of the W2C phase.

The results of friction tests on WC/Fe-Ni-Al coatings 
under a load of 25 N are shown in Fig. 7, a. During the 
initial 30 m of sliding, a sharp increase in friction force 
was observed, resulting from an increase in the contact 

area between the counter-surfaces due to running-in and smoothing out of roughness asperities. The friction 
coefficient curves of all coatings exhibited an ascending trend in the stable stage, while the friction force 
values of Steel 45 fluctuated around a constant value. This can be attributed to the increased surface roughness 
of the coatings (Table 3). Analysis of the friction coefficient curves revealed that the friction force noise 
level was significantly lower for all samples with WC/Fe-Ni-Al coatings compared to Steel 45. The average 
friction coefficient values of the coatings (0.73–0.83) were 6–18% lower than those of uncoated Steel 45 
(0.88). This can be attributed to the anti-friction properties of WO3, which forms during oxidative wear of 
tungsten carbide [22]. In conclusion, the use of the proposed WC/Fe-Ni-Al coatings allows for the reduction 
and stabilization of the friction coefficient of components made of Steel 45.

The wear resistance of the coatings was investigated at linear sliding speeds of 0.47 and 1.9 m/s under 
a load of 25 N. The wear rate of WC/Fe-Ni-Al coatings ranged from 0.61 × 10−6 to 10.91 × 10−6 mm3/
Nm at a speed of 0.47 m/s and from 0.30 × 10−6 to 2.70 × 10−6 mm3/Nm at a speed of 1.89 m/s (Fig. 7, 
b). Therefore, the wear resistance of the developed coatings was 5 to 80 times greater than that of the 

Fig. 6. Microhardness of the coating surface
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                                            a                                                                                              b
Fig. 7. Coefficient of friction at a sliding speed of 0.47 m/s and wear rate of coatings at 0.47 and 1.89 m/s

original Steel 45. At a sliding speed of 0.47 m/s, the wear of the samples was higher than at a higher speed  
(1.89 m/s). This can be attributed to the formation of a self-lubricating tribo-oxide layer, resulting from 
the high instantaneous temperature reached in the friction zone at the higher sliding speed [23, 24]. At 
both speeds, the WCn coating exhibited the lowest wear resistance, while the WC40 coating exhibited 
the highest. The high wear resistance of the WC40 coating can be attributed to the presence of large WC 
inclusions and areas with their accumulation, which prevented the counterbody from interacting with the 
abraded metal matrix of the coating.

Based on the weight gain plots of WC/Fe-Ni-Al coatings and Steel 45 at 700 °C, after 100 hours of 
testing, the weight gain of coated samples ranged from 37.0 to 133.8 g/m2, while that of uncoated Steel 
45 was 429.2 g/m2 (Fig. 8, a). The weight gain of the coated samples increased with increasing powder 
dispersion, increasing by 2.6 times when transitioning from the WC20 sample to the WCn sample. Thus, the 
results indicate that decreasing the diameter of tungsten carbide particles reduces the oxidation resistance 
of the WC/Fe-Ni-Al composition. This may be due to the increased decarburization of WC particles with 
an increase in their specific surface area, leading to a greater introduction of W and C elements into the 

                                    a                                                                                      b
Fig. 8. Graphs of weight gain of WC/Fe-Ni-Al coatings and 45 steel over time at a temperature 

of 700 °C (a) and XRD patterns of coatings after oxidation resistance testing (b)
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Fe-Ni-Al matrix, thereby reducing the barrier properties of the aluminum oxide layer formed during high-
temperature oxidation. The weight gain during the oxidation resistance test results from the fixation of 
oxygen on the surface of the samples in the form of hematite Fe2O3 (Fig. 8, b). In general, the WC20 and 
WC40 composite coatings demonstrated high oxidation resistance at 700 °C. Their use allows for an 8.4 to 
11.6-fold increase in the oxidation resistance of components made of Steel 45.

Conclusions

1. For the first time, the influence of tungsten carbide powder particle size distribution on the production 
of WC/Fe-Ni-Al metalloceramic coatings on Steel 45 using electrospark deposition with a non-localized 
electrode was investigated. Tungsten carbide powder fractions of 1 ≤ WC ≤ 20 μm and 20 ≤ WC ≤ 40 μm 
were prepared via grinding in a planetary ball mill and subsequent sieve analysis.

2. The total weight gain values for samples WСn and WС20 were similar, while the weight gain rate 
was noticeably lower for W40. X-ray diffraction analysis revealed that the deposited coatings consisted 
of tungsten carbide, tungsten subcarbide (W2C), iron aluminide (Al86Fe14), ferronickel (FeNi), and BCC 
phases (AlNi, AlFe). It was shown that increasing the WC powder fraction size in the electrode resulted 
in enrichment of the coating matrix with aluminum, while the iron concentration decreased from 60 to  
30 at.%. The coating structure corresponds to a metalloceramic composite.

3. The surface roughness of the coatings ranged from 5.87 to 8.23 µm, with a minimum value for the 
WC40 sample. The contact angle of the coatings ranged from 77.7 to 83.6±1.6°, with the lowest value 
observed for the sample produced using tungsten carbide nanopowder.

4. The microhardness of the coating surface ranged from 4.39 to 9.16 GPa, with the lowest value 
observed for the sample produced using tungsten carbide nanopowder.

5. This study demonstrated that tungsten carbide particle fractions ranging from 20 to 40 µm provide the 
best wear resistance and oxidation resistance of WC/Fe-N-Al coatings at 700 °C. It was shown that the use 
of such coatings increases the oxidation resistance of Steel 45 by up to 11.6 times and the wear resistance 
by 44 to 80 times.
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