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Abstract

This study focuses on improving the wear resistance of cutting tools and extending their
service life under intense mechanical, thermal, and radiation loads in nuclear power plant
environments. This research investigates the potential of electrospark alloying (ESA) using
W–Zr–B system electrodes obtained from disks synthesised by spark plasma sintering (SPS).
The novelty of this work lies in the use of SPS-synthesised W–Zr–B ceramics, which are
promising for nuclear applications due to their high thermal stability, radiation resistance
and neutron absorption, as ESA electrodes. This work also establishes the relationship
between discharge energy, coating microstructure and performance. The alloying electrode
material exhibited a heterogeneous microstructure containing WB2, ZrB2, and minor zirco-
nium oxides, with high hardness (26.6 ± 1.8 GPa) and density (8.88 g/cm3, porosity < 10%).
ESA coatings formed on HS6-5-2 steel showed a hardened layer up to 30 µm thick and
microhardness up to 1492 HV, nearly twice that of the substrate (~850 HV). Elemental
analysis revealed enrichment of the surface with W, Zr, and B, which gradually decreased
toward the substrate, confirming diffusion bonding. XRD analysis revealed a multiphase
structure comprising WB2, ZrB2, WB4, and BCC/FCC solid solutions, indicating the for-
mation of complex boride phases during the ESA process. Tribological tests demonstrated
significantly enhanced wear resistance of ESA coatings. The results confirm the efficiency
of ESA as a simple, low-cost, and energy-efficient method for local strengthening and
restoration of cutting tools.

Keywords: electrospark alloying; W–Zr–B electrodes; SPS; coatings; phase composition;
microstructure; hardness; steel
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1. Introduction
Metal-cutting tools (MCTs) are essential for the effective mechanical processing of

materials in a variety of industries. The high performance, precision and reliability of
these tools directly impact the quality of equipment manufacturing and repair, thereby
influencing the economic efficiency of enterprises. MCTs are particularly important in the
production and maintenance of high-tech systems, which require greater precision and
stability in processing.

Mechanical processing is widely used in the automotive, aerospace, defence, medical,
electronics and other industries. The use of MCTs in nuclear energy is of particular interest,
especially during the repair and dismantling of nuclear power plants (NPPs) [1–3].

The use of tools in elevated radiation environments presents significant challenges.
Materials and processing technologies must be adapted. During repair work in radiation
zones, tools are subjected to mechanical, thermal, and ionising radiation loads, which can
alter their properties over time. This requires enhanced radiation resistance, thermal stabil-
ity, and reliability. Tools must meet stringent demands, including high wear resistance, heat
resistance, resistance to radiation-induced degradation, and thermal stability to prevent
deformation. They must also be adaptable to remote control or automated systems, which
is critical in areas with elevated radiation backgrounds.

In such conditions, tools must be made to last. This is achieved by using materials
with high hardness and heat resistance. Some of the materials used include high-alloy tool
steels, hard alloys, ceramics and superhard composite materials [4,5]. Functional coatings
are widely used to reduce the coefficient of friction and prevent thermal wear [6–8]. Thus,
improving the MCTs used to repair parts that operate in conditions of radiation exposure
is a technical and strategic task. It enhances nuclear safety and equipment reliability.
Developing tools that can withstand extreme conditions improves the effectiveness of
repair work and extends the service life of critical NPP equipment.

During the dismantling and repair of equipment used in nuclear power facilities,
particular attention is given to selecting MCTs that can operate effectively in conditions
involving an increased radiation background, temperature loads, and contact with acti-
vated structural materials. The majority of research focuses on improving tool materials,
processing methods, and creating multifunctional, wear-resistant coatings.

Traditionally, high-speed steels (HSSs) containing tungsten, molybdenum, vanadium,
chromium have been used as the main material for manufacturing MCTs. These steels offer
a balance of hardness and toughness, maintaining mechanical strength at temperatures of
up to 650 ◦C. This makes HSSs suitable for tools operating at moderate speeds, particularly
in intermittent cutting conditions or when machining complex surfaces. HSSs with special
coatings are now preferred due to limited wear resistance of cast steels. Nitrides, carbides,
borides, oxides are among the most common coating materials used to improve the perfor-
mance of cutting tools. The most widely researched and industrially implemented coatings
include titanium nitride (TiN), titanium carbide (TiC), titanium carbonitride (TiCN), alu-
minium oxide (Al2O3), titanium boride (TiB2), diamond-like carbon (DLC), and boron
nitride (BN), and composite multilayer structures such as CrAlSiN (CrAlBN). These coat-
ings significantly improve wear resistance, microhardness, thermal stability and corrosion
resistance [9–13].

Hard alloys with a cobalt matrix remain a widely used class of cutting material in
industry. They are extremely hard, with a hardness of 1400–1600 HV, and highly heat-
resistant, with a melting point of 900–1000 ◦C. Cobalt forms long-lived radioactive isotopes,
creating a demand for alternative, cobalt-free tool materials that offer high mechanical
properties while minimizing radioactive isotope formation [14].
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In response, research into alternative coating materials has been actively pursued.
Focus areas include tungsten-based compounds with ferromagnetic or nickel bonds
(WC–Fe, WC–Ni, WC–FeNi) [15]; titanium and boronitride matrices (TiC–FeCr, Ti(C,N)–Fe,
cBN–Al–TiN) [16,17]; ceramics (Al2O3, Si3N4, ZrO2); and super-hard materials (PCBN,
PCD) [18–21].

Due to its high density, tungsten exhibits excellent gamma radiation shielding [22].
However, pure tungsten is less efficient as a neutron absorber. Adding boron enhances neu-
tron protection, while transition metal borides, particularly tungsten borides, combine high
hardness, thermal and chemical stability, and effective gamma/neutron shielding [23–27].

Alloying tungsten borides with tantalum, niobium, or zirconium increases hardness
and improves plasticity, fracture toughness, and thermal stability above 650 ◦C, even
under thermal shock [28–30]. Tungsten borides doped with zirconium are promising
for protective coatings. They can be synthesized via spark plasma sintering [31,32], RF
magnetron sputtering [33], RFMS–PLD [34], and HiPIMS [35]. Coatings of W0.84Zr0.16B2.5

on Inconel 617 showed high hardness, though helium ion implantation reduced hardness
due to bubble formation and swelling.

Studies of W–Zr–B thin films revealed a nanostructured microstructure, high hardness,
high elastic modulus (~270 GPa) and stable substrate adhesion [33], retaining mechanical
properties at elevated temperatures and in aggressive environments. This makes them
suitable for cutting tools in dismantling, decontamination, and nuclear reactor repair oper-
ations. However, these methods face practical limitations in production due to equipment
requirements, deposition rates, and complex geometries [35].

The technology of electrospark alloying (ESA) becomes particularly significant. It
is a pulsed surface modification method involving short-term, localised energy transfer
between the electrode and the substrate via an electric spark. This pulsed effect results in
local melting, ultra-fast cooling, and the formation of dense, nanostructured, and amor-
phous layers that adhere strongly to the substrate. ESA is used to successfully deposit solid
phases, particularly TiB2, ZrO2, CrN, WC and FeNiCrB, which significantly improve the
mechanical, tribological and corrosion properties of tool materials [36–38]. ESA also offers
practical advantages in challenging production environments: it can strengthen areas with
limited access, essential for repairs. Compared to other coating methods, ESA stands out
for its cost-effectiveness, energy efficiency, environmental friendliness, mobile equipment
and straightforward process control [39]. This makes it highly relevant for rapid restoration
or strengthening of tool surfaces without dismantling equipment.

Despite research on boride- and tungsten-based materials and coatings, W–Zr–B
prepared via ESA remains largely unexplored. ESA enables rapid, localized deposition of
dense layers on complex geometries, which is difficult with conventional methods. This
technology combines the high hardness, thermal stability, and corrosion resistance of the
coatings with practical advantages such as cost-effectiveness, mobility, and suitability for
in situ repair of nuclear equipment. Therefore, developing W–Zr–B coatings using ESA is
crucial for improving tool performance in nuclear applications.

The aim of this paper is to develop a hard and therefore wear-resistant, functional
coating based on the W–Zr–B system. This will be synthesised using the spark plasma
sintering (SPS) method and deposited on a metal-cutting tool made of high-speed steel
(HSS). The preparation of coatings will be carried out using electrospark alloying in ambient
air. The resulting layers will then be researched in terms of their microstructure, phase
composition and operational characteristics. This will take into account the requirements
for tools used in repair and dismantling work at nuclear power facilities.
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2. Materials and Methods
Using a Turbula® T2F shaker-mixer (WAB, Muttenz, Switzerland) and the mixtures

of 74.1 wt% tungsten (99.9% pure, APS: 25 µm), 11.6 wt% zirconium (99.8% pure, APS:
250–350 µm), and 14.3 wt% amorphous boron (95%) powders were mixed for 30 min.
An HP D 25/3 (FCT Systeme, Frankenblick, Germany) furnace was used to sintering
the resulting powder mixtures under vacuum. The parameters of the SPS process were
earlier described in details in [40] and were: sintering temperature 1650 ◦C, heating rate
200 ◦C/min, holding time 25 min, compacting pressure 50 MPa. There were disks made
that were two inch (~50 mm) in diameter and about 3.5 mm thick. The sintered targets
were then cut by the electro-discharge machining (EDM) method to obtain the electrodes
for ESA process.

The specimens obtained by SPS method was measured by Archimedes method to
obtain the real density. Scanning electron microscope in back scattering electron mode
(SEM-BSE) was used for microstructure/composition observation. The exact chemical
composition was measured with Energy Dispersive Spectroscopy (EDS) with 10 kV acceler-
ating voltage.

HS6-5-2 steel was used as the substrate, the chemical composition of which is presented
in Table 1. The samples were heat-treated after being hardened at 1200–1240 ◦C with oil
cooling, then tempered at 540–570 ◦C to achieve a hardness of 64–67 HRC. The samples
had dimensions of 10 × 10 × 10 mm. The dimension of electrodes were: diameter 4 mm,
length 20 mm.

Table 1. Chemical composition wt% of steel HS6-5-2 (1.3339): EN 4957-2000.

C Si Mn P S Cr Mo W V

0.8–0.88 max 0.45 max 0.4 max 0.03 max 0.03 3.8–4.5 4.7–5.2 5.9–6.7 1.7–2.1

Electrospark alloying was performed on the “Elitron 52-A” (Experimental Plant of
the Institute of Applied Physics, Academy of Sciences of Moldova, Chisinau, Moldova)
unit in manual mode at discharge energies of 0.36 and 0.90 J, ensuring surface alloying
productivity at a level of 1.0–1.3 cm2/min (Table 2). Additional treatment was applied
using the same electrode and reduced discharge energy (Wp = 0.05 J) to reduce surface
roughness after ESA.

Table 2. Operating modes of the “Elitron 52-A” unit.

Type of
Generator

Capacitance,
C, µF Voltage, U, V Frequency,

Hz
Pulse

Duration, s
Discharge

Energy, Wp, J
Productivity,

cm2/min

Transistor–
thyristor (TT)

120
100 100 10−7–10−8 0.36

1.0–1.3300 0.90

Figure 1 shows a scheme of the ESA process and photographs of the samples after
treatment, illustrating their appearance after treatment. Three samples were fabricated and
tested for each ESA mode.

The surface roughness was examined using a Talysurf stylus scanning profilometer
(Taylor Hobsson, Leicester, UK), in accordance with the standard method. This enabled
roughness profiles to be recorded, from which the arithmetic mean deviation from the
mean line was calculated. To obtain adequate statistics, five measurements were performed
on each sample. Definitions and parameters for the determination of surface texture by
profile methods are compliant with the standard ISO 21920-2:2021. Surface roughness was
determined as the mean of five measurements per sample.
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(a) (b) 

Figure 1. ESA process scheme (a) and samples after treatment (b). Red arrows indicate the movement
of the electrode.

The surface morphology and cross-sectional microstructure of the obtained samples
were examined using a scanning electron microscope (SEM, JSM-6010PLUS/LV, JEOL,
Akishima, Japan), and the elemental composition of the coatings was analyzed by energy-
dispersive X-ray spectroscopy (EDS) to evaluate diffusion processes and elemental dis-
tribution within the modified layer. For microstructural analysis, the specimens were
sectioned transversely and prepared using standard metallographic procedures, including
sequential grinding, polishing and etching [41]. Metallographic tests were conducted using
stereometric metallography methods.

The phase composition was examined using X-ray diffraction (XRD) with a AXRD
Benchtop diffractometer (PROTO Manufacturing Ltd., Windsor, ON, Canada) using CoKα

radiation lamp (λ = 0.17902 nm).
In order to examine changes in hardness under the influence of the processes carried

out, a Wilson VH1102 microhardness tester (Buehler, Lake Bluff, IL, USA) was used. Mea-
surements were performed on the cross-sections of the samples using the Vickers method.
The maximum applied load was 20 g. Hardness was measured at five different points on
each of three samples, and the average value and standard deviation were calculated.

Wear resistance was evaluated using a Micro Combi Tester MCT3 (Anton Paar,
Corcelles-Cormondrèche, Switzerland) by performing a reciprocating wear test. An Al2O3

corundum ball with a diameter of 6 mm was used for the test, which moved cyclically
across the surface of the sample. A constant normal load of 5 N was applied to all speci-
mens. The ball traversed the surface at a linear speed of 600 mm/min, with a total sliding
distance of 10 m.

3. Results and Discussions
3.1. The Structure and Properties of Electrode Material

Figure 2 shows an SEM-BSE image of a fragment of a W-Zr-B disc sintered using SPS.
Since the powders were not ground but only mixed using the Turbula® T2F shaker-mixer
that operates on Schatz’s geometric theory, employing a three-dimensional motion (rotation,
translation, and inversion) to mix materials in a contained vessel, then the shape of the
grains corresponds to the shape of the powders used. At the same time, a clear difference in
the contrast between individual grains is visible. Because tungsten has the highest atomic
mass, areas with a high content of this element appear the brightest in SEM-BSE images.
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In the case of boron, the grains are the largest and appear black. The third colour (dark
gray) represents areas with a high zirconium content. This indicates that the discs contain
areas where amorphous boron, which has not reacted with the transition metals (TM)
tungsten and zirconium, can be observed. This may be due to the fact that a surplus of
boron was used for sintering compared to the stoichiometric content, i.e., TMB2.5 instead
of TMB2. The number of fields with the tungsten-rich phase is significantly greater than
with the zirconium-rich phase. This is due to the number of individual elements, i.e.,
Zr/Zr + W = 0.24. It should be noted that using this composition and similar sintering
conditions, Garbiec et al. obtained sinters with the highest hardness, i.e., 26.6 ± 1.8 GPa. In
addition, this material showed electrical conductivity up to 3.961·106 S/m, which is similar
to cemented carbides WC–Co [40]. The conclusions obtained from the analysis of SEM-BSE
images are confirmed by the EDS analysis presented in Figure 3.

 
Figure 2. Scanning electron microscope in back scattering electron mode (SEM-BSE) observation of
SPS-ed W-Zr-B targets microstructure.

The density of the obtained discs determined by the Archimedes method is
8.88 g/cm3, which in comparison to the theoretical value of 10.43 g/cm3 determined
for the W0.75Zr0.25B2 compound with the P63/mmc (194) structure [33] gives a porosity of
the order of 15%. Considering that the sinters were made with an excess of 2.5 of (TMB2.5)
boron instead of 2 (TMB2), and the theoretical calculations used a stoichiometric value of
2, the theoretical density values are overestimated due to the atomic mass of boron (10.8)
being significantly lower than the masses of the other components. Reducing the theoretical
density also reduces the porosity below 10%.

The XRD analysis presented in Figure 4 shows that in addition to the WB2 phase
(P63/mmc), ZrB2 (P6/mmm) is present in the sinters. However, no peaks from crystalline
boron were observed, confirming that the grains of this element observed in Figures 2 and 3
did not crystallize during sintering. Theoretical calculations performed by Mazdziarz et al.
show that a stable W0.76Zr0.24B2 phase may exist [33]. This is also confirmed by analysis
of chemical composition maps, where zirconium is also present in places where tungsten
occurs. However, since the solubility of zirconium in the WB2 crystal lattice is limited and
the solubility limit as determined by PXRD is 10 at.% for Zr [29], the use of 24 at.% Zr
relative to tungsten also allows for the synthesis of crystalline ZrB2. Despite their high
hardness, the obtained discs are coherent and do not crumble, which allowed them to be
used to obtain electrodes for ESA.

According to the obtained data, the main phase is tungsten diboride (WB2), with
lattice parameters a = 2.983 Å and c = 13.879 Å, and the sample also contains a hexagonal
phase of zirconium diboride (ZrB2) with lattice parameters a = 3.165 Å and c = 3.520 Å.
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Additionally, due to the high temperatures reached during sintering, a small amount of
zirconium oxide (Zr3O) was formed, with lattice parameters a = 5.6295 Å and c = 15.5925 Å.

  
(a) (b) 

 

 

 

 
(c) (d) 

Figure 3. EDS maps of exemplary SPS-ed target sample (W0.76Zr0.24B2.5) (a) SEM micrographs,
(b) boron, (c) tungsten, (d) zirconium distribution.

Figure 4. X-ray diffractograms of the alloying electrode.

Quantitative phase analysis showed that the main phase, WB2, accounts for around
72 wt%. The ZrB2 phase accounts for around 23 wt%, while the zirconium oxide (Zr3O)
content does not exceed 5% by wt. (Table 3).
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Table 3. Phase composition (wt%) of the alloying electrode.

WB2 ZrB2 Zr3O

72 23 5

3.2. Study of Surface Topography of Samples After ESA

Analysis of the surface topography of samples after ESA showed that its characteristics
depend significantly on the treatment mode, particularly the discharge energy. At low
energies (0.36 J), a relatively uniform, thin layer with small microprotrusions forms (see
Figure 5a). This surface has relatively low roughness, which is associated with the limited
volume of molten metal involved in the transfer and rapid crystallisation process (see
Figure 6a).

  
(a) (b) 

Figure 5. Coating morphology on HS6-5-2 steel after ESA at discharge energies: (a) 0.36 J, (b) 0.90 J.

As the discharge energy increases, the thermal effect on the microvolume of the surface
intensifies, resulting in melting and even local evaporation of the substrate and electrode
material. This results in deeper craters and a developed micro-relief structure. During
rapid cooling, some of the molten metal droplets are ejected beyond the discharge zone,
while others solidify to form uneven layers. This leads to an increase in the height of
micro-irregularities, and consequently an increase in roughness parameters (see Figure 5b).

Considering that after ESA samples at discharge energies of 0.36 J and 0.90 J possess
high roughness, additional processing was performed at Wp = 0.05 J. The roughness indi-
cators after these treatments for both modes remain similar: Ra = 7.5146 µm at Wp = 0.36 J
and Ra = 7.7075 µm at Wp = 0.90 J. Despite the similar Ra values, noticeable changes in sur-
face topography reflect the mechanism of coating formation by the ESA method, including
differentiated material accumulation and formation of a special structure (Figure 5).

The effect of roughness on the performance of metal-cutting tools is ambiguous.
Increased roughness can negatively affect geometric accuracy, wear resistance, cutting edge
stability and contribute to stress concentration and the formation of microcracks. However,
a more developed surface can provide an increased contact area, which contributes to the
retention of lubricating and cooling media in the cutting zone. This has a positive effect on
the thermal regime of cutting and reduces wear intensity.

In view of this, it is advisable to carry out additional processing operations after elec-
trospark alloying, such as grinding, surface plastic deformation methods, laser processing,
magnetron sputtering, etc. These operations allow roughness parameters to be optimised
and a functionally effective surface layer to be formed.

As shown in papers [39,42,43], ESA-based hybrid technologies offer a synergistic effect
by combining the high hardness and wear resistance of hardened layers with the controlled
roughness and increased durability of parts.
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(a) 

(b) 

Figure 6. Surface roughness profilograms for steel HS6-5-2 samples after the ESA at discharge
energies: (a) 0.36 J, (b) 0.90 J.

3.3. Microstructural Analysis of ESA Coatings

Figure 7 shows the microstructure of the samples after ESA under different conditions,
as well as the microhardness distribution in the obtained coatings.

 
   (a)        (b)       (c) 

Figure 7. Microstructures (a,c) and microhardness distribution (b) of coatings after ESA at discharge
energies: (a) 0.36 J, (c) 0.90 J.

Metallographic analysis revealed the presence of a so-called ‘white layer’ [43], which is
characteristic of electrospark coatings and not susceptible to chemical etching. Depending
on the treatment mode, its thickness ranges from 10 to 30 µm (see Table 4). The surface
layer exhibits a maximum microhardness of 1125.9–1492.1 HV, which is similar to values
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characteristic of electrodes synthesised by the SPS method. The obtained hardness values
are much higher compared to coatings in the form of Fe-TiB2 composites obtained by the
TIG method (606 HV0.1) [44] or WC-Fe composite coatings fabricated by the laser wire
cladding method (577.9 HV0.2) [45].

Table 4. Qualitative parameters of coatings.

Discharge
Energy, J

Roughness, µm Strengthened Layer
Continuity, %

Ra Rz HV h, µm

0.36 7.5146 42.8326 1125.9 10–20 75

0.90 7.7075 44.1509 1492.1 15–30 90

During ESA, in addition to the transfer and deposition of electrode material on the
surface, complex physicochemical processes occur. The studies [46,47] shows that during
electrospark treatment of iron-based alloys, there is a significant reduction in the size of
substructure blocks, an increase in defect density, and an increase in micro-distortions in
the heat-affected zone. Similar processes may occur with the materials under study, which
could explain the formation of a ‘white layer’ with high hardness.

A diffusion zone is located beneath the hardened surface layer that forms during
the ESA process. Due to localised heating within the intercritical temperature range (i.e.,
between Ac1 and Ac3 (Acm)), this zone experiences partial (incomplete) phase reformation
and intensive diffusion of alloying elements. Consequently, a transition zone with a
modified microstructure is formed, characterised by partial dissolution and redistribution
of carbides, a small proportion of austenitised areas, and a relatively fine-grained structure
following rapid cooling [48].

As can be seen in Figure 7b, the microhardness of the diffusion zone decreases grad-
ually from the upper (‘white’) layer to the metal substrate. This microhardness gradient
indicates a gradual change in properties and demonstrates the presence of a strong adhe-
sive (metallurgical) bond between the coating and the substrate. This reduces the risk of
delamination under load and promotes a more uniform distribution of stresses.

SEM analysis enabled the surface layer structure to be visualised after ESA (see
Figure 8). The images show a multilayer structure comprising an upper doped layer
with pronounced uneven morphology, a transitional diffusion zone and the underlying
metal substrate. The upper layer shows the hardened craters and irregularities that are
characteristic of electrospark treatment. In contrast, the diffusion zone has a denser, more
homogeneous structure, with signs of partial phase reformation. The boundary between
the coating and the substrate is blurred and free from cracks or delamination, which
confirms the formation of a strong adhesive bond. Additionally, microphotographs reveal
fine-grained carbide inclusions distributed in the near-surface region, consistent with the
results of optical microscopy and microhardness testing.

To analyse the diffusion processes that occur during ESA, the elemental composition
of the coating obtained at a discharge energy of Wp = 0.90 J was tested at successive depths
in 5 µm steps (see Table 5). The results demonstrate that the surface layer is enriched in
the main components of the electrode material: tungsten (up to 57.46 wt%), zirconium (up
to 11.69 wt%) and boron (up to 5.78 wt%). Additionally, an elevated carbon presence was
identified near the surface, which is probably a consequence of carbon absorption from the
atmosphere, given that the ESA process was conducted in air. With increasing depth, the
concentration of these alloying elements gradually decreases. They approach the nominal
composition of the HS6-5-2 steel substrate. The detection of substrate elements (Fe, Cr, Mo,
V and Ni) in the coating demonstrates that partial melting and intermixing of the electrode
materials occurred due to the high pulsed temperatures generated during ESA. This results
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in the formation of a diffusion-strengthened layer with a graded elemental distribution,
enhancing the adhesion and overall performance of the coating.

  
(a) (b) 

Figure 8. Structures of coatings after ESA at discharge energies: (a) 0.36 J, (b) 0.90 J.

Table 5. Distribution of elements in the surface layer of the sample after ESA at Wp = 0.90 J.

 

Po
in

t Elements Mass %

B C Cr Zr W Mo V Ni Fe Total

1 5.78 1.42 1.06 11.69 57.46 1.07 0.09 0.16 21.27 100

2 3.79 1.23 2.2 9.39 46.28 1.23 0.11 0.12 35.65 100

3 4.38 1.35 2.51 6.58 31.85 2.05 0.06 0.21 51.01 100

4 3.04 1.53 4.11 5.03 24.08 3.45 0.58 0.19 57.99 100

5 4.37 1.24 3.15 4.67 43.26 2.32 0.65 0.15 40.19 100

6 3.96 1.25 2.65 3.78 26.39 2.65 0.89 0.15 58.28 100

7 2.18 1.29 2.77 1.76 23.27 3.74 0.76 0.27 63.96 100

8 2.13 1.02 3.72 1.22 25.3 2.73 1.02 0.29 62.57 100

9 1.78 0.9 3.58 0.24 13.24 3.56 1.14 0.6 74.96 100

10 1.53 0.88 3.17 0.27 7.17 3.87 1.86 0.49 80.76 100

11 0.55 0.97 3.13 0.21 5.12 4.72 1.72 0.68 82.9 100

3.4. X-Ray Analysis of ESA Coatings

The phase composition of the obtained coatings is more complex than that of the
electrode used for deposition (see Figure 9). In addition to the ZrB2 and WB2 binary borides
characteristic of the electrode obtained at Wp = 0.36 J, high-boron WB4 phases appear in
the surface layer. This indicates more intense mass transfer of the electrode material and
diffusion of boron, which becomes saturated in the near-surface zone.

Additionally, phases with BCC and FCC lattices were detected, which may be the
result of intensive mixing of the substrate material and the alloying electrode, the forma-
tion of iron-based solid solutions alloyed with tungsten and zirconium, as well as phase
transformation products. These products are formed during rapid cooling of the molten
layer in the cooling process after ESA, which is typical for highly concentrated pulsed
energy sources.

Thus, an increase in discharge energy results in a transition from relatively simple
boride and oxide phases to a more complex, multiphase system involving the formation of
solid solutions and high-boron compounds. This indicates an intensification of diffusion



Materials 2025, 18, 5005 12 of 17

processes and an increase in chemical activity in the discharge zone. This can positively
affect the mechanical properties of coatings.

Figure 9. X-ray diffractograms of ESA coatings obtained at different discharge energies.

3.5. Wear Resistance of ESA Coatings

Reciprocating wear tests were performed to evaluate the wear resistance of the ob-
tained coatings. To reduce surface roughness and stabilise the surface microrelief, the
samples were subjected to grinding after ESA. The surface roughness values are presented
in Table 6.

Table 6. Roughness of samples for tribotechnical testing.

Samples
Roughness, µm

Ra Rz

HS6-5-2 steel without ESA 1.19 8.00

ESA at Wp = 0.36 J 0.46 4.18

ESA at Wp = 0.90 J 0.49 3.61

Figure 10 shows the variation in friction coefficient with increasing sliding distance,
as well as the wear traces after the reciprocating abrasion test. The friction coefficient for
the substrate (HS6-5-2 steel) and the coated samples obtained using the ESA method is
approximately 1.2. There is little difference in the friction coefficient between the steel and
coatings. This similarity is due to the formation of a stable tribological layer (tribofilm) at
the interface where the indenter and the sample come into contact during sliding. This layer
equalises the surface energy of the contact area, providing similar dry friction conditions.
Furthermore, coatings produced by the ESA method exhibit increased microhardness and
a specific structure, which restricts plastic deformation during friction and minimises the
risk of adhesive wear.

The results obtained correlate well with the observed morphology of the wear tracks
(see Figure 10). Following the abrasion test, the wear traces on the treated samples were
barely visible, with only the peaks of the surface asperities remaining. This demonstrates
the high resistance of the coatings to abrasive wear and their consistent tribological perfor-
mance under dry contact conditions.

The wear depth was calculated based on the volume of material removed by frictional
forces per unit area. Table 7 shows the average values obtained, taking measurement
uncertainty into account. For HS6-5-2 (HSS) steel, the average wear depth was approxi-
mately 1.5 µm. By comparison, a significant reduction in wear intensity was observed after
grinding the surface formed by ESA: the average wear depths were 0.88 ± 0.33 µm and
0.69 ± 0.03 µm, respectively, at Wp = 0.36 J and Wp = 0.90 J.
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Figure 10. Tribological behaviour of ESA coatings.

Table 7. The average wear depth for each sample.

Samples Average Wear Depth, µm

HS6-5-2 steel without ESA 1.52 ± 0.12

ESA at Wp = 0.36 J 0.88 ± 0.33

ESA at Wp = 0.90 J 0.69 ± 0.03

These results suggest that ESA coatings not only exhibit increased microhardness,
but also significantly higher wear resistance. This has important practical implications,
as it extends the service life of tools, improves their operational reliability and reduces
maintenance costs.

4. Conclusions
1. This research confirmed that W–Zr–B system materials are promising for use as coat-

ings for cutting tools designed to operate under conditions of increased mechanical,
thermal and radiation loads. These coatings hold promise for use in repair and
installation operations at nuclear power facilities. Moreover, W-Zr-B ceramics are
characterized by good electrical conductivity, which allows for the effective use of
electrospark alloying (ESA) for the preparation of coatings.

2. The studied electrode materials of the W–Zr–B system, synthesised by the SPS method,
are characterised by a heterogeneous microstructure with areas enriched with tung-
sten, zirconium and excess boron. X-ray analysis confirmed the presence of the main
phases WB2 (~72% by mass) and ZrB2 (~23% by mass), as well as a small amount
of zirconium oxide (~5% by mass) formed as a result of high-temperature sintering.
The samples obtained are characterised by high hardness (26.6 ± 1.8 GPa), density
(8.88 g/cm3) and rationally low porosity (<10%). The preservation of mechanical
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integrity and the absence of brittleness indicate the high structural stability of the
material and confirm its practical application as electrodes for ESA.

3. Coatings on HS6-5-2 tool steel obtained by ESA under different processing conditions
were studied. Surface topography analysis showed that increased discharge energy
forms a more developed micro-relief with craters and micro-protrusions. Despite
similar Ra values (~7.5–7.7 µm), the nature of irregularities varies, reflecting the ESA
coating formation mechanism and indicating opportunities for further optimization
using hybrid techniques.

4. Metallographic analysis revealed the formation of a hardened surface layer (“white
layer”) with a thickness of 10–30 µm and microhardness of 1125.9–1492.1 HV. A dif-
fusion zone beneath the layer shows a gradient decrease in microhardness to the
substrate, indicating strong metallurgical bonding without cracks or delamination.
Elemental analysis confirmed that the coating is enriched with the main components
of the alloying electrode material: tungsten, zirconium and boron. These elements de-
crease in concentration with depth, forming a diffusion-strengthened transition layer.

5. Coatings after ESA have a more complex phase composition compared to the electrode.
In addition to ZrB2 and WB2, WB4 phases and BCC/FCC solid solutions form due
to diffusion and intensive mixing during ESA. Higher discharge energy leads to
multiphase layers with high-boron compounds, reflecting intensified diffusion and
chemical activity.

6. ESA coatings demonstrated superior wear resistance compared to the uncoated HS6-
5-2 steel substrate. The test results showed a significant reduction in wear depth
for the ESA-treated samples, with average values of 0.88 ± 0.33 µm (Wp = 0.36 J)
and 0.69 ± 0.03 µm (Wp = 0.90 J), compared to 1.52 ± 0.12 µm for the uncoated steel,
while the friction coefficient remained approximately 1.2.

7. The results demonstrate ESA is a simple, portable, and energy-efficient method for
local strengthening of cutting tools, producing coatings with high adhesion, increased
hardness, and overall high quality.

8. Further development of this work should be directed towards optimising hybrid
technologies based on ESA (surface plastic deformation, laser treatment, magnetron
sputtering), which will reduce roughness, increase the uniformity of the coating
structure and improve their performance characteristics.
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