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Abstract: The electrodes for electrospark deposition (ESD) were fabricated from hot-pressed blanks composed of a mechanically alloyed 

powder mixture of R6M5K5 high speed steel. This mixture was enriched with a 40 % addition of heat-resistant MoSi2–MoB–HfB2 ceramics, 

produces through the self-propagating high-temperature synthesis method (resulting in the R6M5K5-K electrode), as well as variant without 

any ceramic addition (resulting in the R6M5K5 electrode). We examined both the composition and structure of the electrode materials and 

the coatings derived from them, identifying the characteristics of mass transfer from hot-pressed electrodes to substrates of 5KhNM die steel 

under various frequencies and energy conditions during processing. The R6M5K5 electrode consists of an α-Fe-based matrix incorporating 

dissolved alloying elements and contains discrete particles of ferrovanadium, tungsten carbide, and molybdenum. The R6M5K5-K electrode, 

in addition to the α-Fe-based matrix, includes borides and carbides, as well as hafnium oxide. The use of the R6M5K5 electrode resulted in 

a consistent weight increase in the cathode throughout the entire 10-minute processing period. In contrast, the application of the ceramic-

enhanced electrode led to weight gain only during the initial 3 min of processing. Subsequently, ESD produced coatings of 22 and 50 μm 

thickness on the surface of 5KhNM steel using R6M5K5 and R6M5K5-K electrodes, respectively. The introduction of SHS ceramics escalated 

the roughness (Ra) of the surface layers from 6 to 13 μm and the hardness from 9.1 to 15.8 GPa. The coating from the R6M5K5 electrode was 

composed of austenite (γ-Fe) and exhibited high uniformity. Conversely, the coating from the R6M5K5-K electrode consisted of a diverse 

matrix with both crystalline and amorphous iron, an amorphous phase rooted in the Fe–B alloy, and scattered phases of HfO2, HfSiO4, 

Fe3Si, and Fe3B. High-temperature tribological testing at 500 °C in an air atmosphere showed that the coatings possess a friction coefficient 

of 0.55–0.57 when coupled with a counterbody of AISI 440C steel. The integration of heat-resistant ceramics notably enhanced the coating's 

wear resistance, increasing it by a factor of 13.5.

Keywords: electrospark deposition, powder high speed steel, tool steel, ceramics, silicides, borides, oxides, self-propagating high-temperature 

synthesis, wear resistance.
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Introduction

During operation, die tools subjected to high tem-

peratures face rapid wear and crack propagation due to 

thermal effects, friction, adhesion, and micro-cracks, 

among other causes [1—4]. Consequently, tools require 

frequent replacement, leading to workflow disruptions 

and significant economic costs.

Electrospark deposition (ESD) of wear-resistant 

coatings using various electrode materials has proven 

to be an effective method to restrain rapid wear and ex-

tend the service life of die tools [5; 6]. These materials 

include graphite [7; 8], metals [9; 10], alloys [11; 12], 

ceramics [13; 14], and hard alloys [15; 16]. The broad 

spectrum of electrode materials available allows for the 

selection of an appropriate composition to tailor the 

coating for a specific functional requirement. Further-

more, the application of high-energy modes expands 

the capabilities of the method, facilitating the restora-

tion of worn tool surfaces [17]. The production of elec-
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Аннотация: Получены электроды для электроискровой обработки (ЭИО) из горячепрессованных заготовок механически леги-

рованной порошковой смеси быстрорежущей стали марки Р6М5К5 с 40 %-ной добавкой жаростойкой керамики MoSi2–MoB–

HfB2, полученной методом самораспространяющегося высокотемпературного синтеза (электрод марки Р6М5К5-К), и без добав-

ки (электрод Р6М5К5). Изучены состав и структура электродных материалов и сформированных из них покрытий. Определены 

особенности массопереноса горячепрессованных электродов на подложках из штамповой стали 5ХНМ при варьировании ча-

стотно-энергетических режимов обработки. Электрод Р6М5К5 состоит из матрицы на основе α-Fe, в которой растворены ле-

гирующие элементы, и нерастворенных частиц феррованадия, карбида вольфрама и молибдена. Электрод Р6М5К5-К содержит 

матрицу на основе α-Fe, бориды и карбид, а также оксид гафния. При использовании электрода Р6М5К5 наблюдался устойчи-

вый привес на катоде за все 10 мин обработки. В случае электрода с добавкой керамики привес отмечался в первые 3 мин леги-

рования. В результате ЭИО на поверхности стали 5ХНМ были сформированы покрытия толщиной до 22 и 50 мкм для Р6М5К5 

и Р6М5К5-К соответственно. Введение СВС-керамики способствовало росту шероховатости (Ra) поверхностных слоев с 6 до 

13 мкм и твердости с 9,1 до 15,8 ГПа. Покрытие из электрода Р6М5К5 состояло из аустенита (γ-Fe) и характеризовалось высокой 

однородностью. Покрытие из электрода Р6М5К5-К представляло собой гетерогенную матрицу на основе кристаллического и 

аморфного железа, аморфной фазы на основе сплава Fe–B и дисперсных фаз HfO2, HfSiO4, Fe3Si и Fe3B. Высокотемпературными 

трибологическими испытаниями при температуре 500 °C на воздухе выявлено, что покрытия обладают коэффициентом трения 

0,55–0,57 в паре с контртелом из стали AISI 440С, а введение добавки жаростойкой керамики способствовало увеличению изно-

состойкости покрытия в 13,5 раза. 

Ключевые слова: электроискровая обработка, легирование, порошковая быстрорежущая сталь, инструментальная сталь, кера-

мика, силициды, бориды, оксиды, самораспространяющийся высокотемпературный синтез, износостойкость.
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trodes by consolidating powdered components enables 

the incorporation of the aforementioned materials, 

which are often runoff products, thereby significant-

ly improving the prospects for industrial application 

[18—21]. 

Wear-resistant and heat-resistant electrode materials 

are essential for hardening the surfaces of dies operating 

at elevated temperatures. In this context, heterophase 

ceramic composite MoSi2—MoB—HfB2, derived from 

self-propagating high-temperature synthesis (SHS), 

merits particular attention due to its highly homoge-

neous component distribution within the mixture [22; 

23]. Although electrospark coatings produced from 

this ceramic are extremely hard and heat-resistant—an 

important attribute for hardening high-temperature 

tools—they are also characterized by a low deposition 

rate and inadequate wear resistance in high-tempera-

ture tribological tests [23]. To improve mass transfer in 

the discharge arc and to bolster the wear resistance of 

the coatings, cermet electrodes, comprising a metallic 

binder and a refractory component, are employed. High 

speed steel (HSS), known for its red-hardness (the abi-

lity to maintain hardness at elevated temperatures) and 

high wear resistance, is a suitable choice for the binder 

[24; 25]. Additionally, the use of HSS not only enhanc-

es wear resistance at high temperatures but also reduces 

costs and streamlines the electrode production process 

by lowering the sintering temperature.

The aim of this study was to fabricate electrodes from 

hot-pressed blanks of mechanically alloyed powder mix-

ture of R6M5K5 high speed steel with MoSi2—MoB—

HfB2 ceramics, and to investigate the characteristics of 

electrospark coating formation on 5KhNM die steel.

Materials and methods

The widely used R6M5K5 steel was selected as the 

binder. It was fabricated in the Activator-4M planetary 

ball mill (PBM) (CJSC “Activator”, Novosibirsk) from 

elemental powders by mixing Fe, W, Mo, Co, Cr, C, and 

ferrovanadium FVd50U0.5 (FVd) with the following ra-

tio, wt.%: 6.0 W; 5.0 Mo; 5.0 Co; 4.0 Cr; 0.9 C; 4.0 FVd 

(2.0 V); with the remainder being Fe. The characteristics 

of the powders are presented in Table 1.

The components were mixed for 30 minutes with the 

drums rotating at a rate of 800 rpm. The main fraction 

of finished HSS mixture exhibited a grain size of 3—

20 μm, with an average particle size of 10 μm.

Heterophase ceramics with a composition of 60 % 

(90%MoSi2—10%MoB) plus 40 % HfB2 were synthe-

sized using the method outlined in [22]. The SHS sin-

tered material was pulverized in a rotary ball mill to 

produce a powder with a particle size of less than 40 μm. 

This powder, constituting 40 % of the mix, was com-

bined with the HSS powder in a PBM Pulverisette 5/2 

(“Fritsch”, Germany) for 60 minutes, with the drums 

rotating at a speed of 300 rpm.

The final composition of the powder mixture was 

as follows, wt.%: 3.6 W; 3.0 Mo; 3.0 Co; 2.4 Cr; 0.54 C; 

1.2 V; 21.6 MoSi2; 2,4 MoB; 16.0 HfB2; the remainder 

being Fe.

Blanks made of R6M5K5 steel (R6M5K5 elect-

rode) and the HSS mixture with heterophase ceramics 

(R6M5K5-K electrode) were produced by hot press-

ing (HP) at a temperature of 1000 °C, under a pressure 

of 50 MPa, with a holding time of 3 minutes using the 

DSP-515 SA press (“Dr. Fritsch Sondermaschinen 

GmbH”, Germany) in a graphite mold of 50 mm di-

ameter. Electrodes measuring 20—50 mm in length 

and having a cross-section of 5×5 mm were fashioned 

by wire electrical discharge machining of the hot-

pressed blanks on the ARTA 200-2 EDM machine 

(JSC “Scientific Industrial Corporation Delta-Test”, 

Fryazino).

The ESD process was performed using Alier-Metal 

30 and Alier-Metal G53 setups (SPA “Metal” LLC — 

Table 1. Characteristics of powders used in the preparation of the R6M5K5 powder mixture

Таблица 1. Характеристики порошков, использованных для получения порошковой смеси Р6М5К5

Powder brand Element GOST/TS Particle size, μm Purity, %

PZhRV 2.200.26 Fe ТS 14-5365-98 <120 99.24

PVCh W ТS 48-19-57-91 1–5 99.99

PMCh Mo ТS 14-22-160-2002 40–60 99.90

PК-1 Co GOST 9721-79 <50 99.95

ERKh-1 Cr GOST 5905-2004 <50 99.99

FVd50U0.5 V GOST 27130-94 <50 99.00

P-803 C GOST 7885-86 <20 99.90
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SCINTI S.R.L., Russia — Moldova) under varying fre-

quency and energy treatment conditions, the specifics of 

which are detailed in Table 2.

The deposition of the coating was achieved through 

the alternating localized impact of pulsed discharge on 

all areas of the processing surface of 5KhNM steel sam-

ples. This was done by having the anode repeatedly pass 

over the same cathode area in an argon environment.

The kinetics of mass transfer — specifically, the 

anode erosion (ΔAi) and the cathode’s specific weight 

gain (ΔKi) — for the R6M5K5 and R6M5K5-K elec-

trodes was determined using a gravimetric method on a 

KERN 770 analytical balance (KERN, Germany) with 

an accuracy of 10–5 g. The electrodes were weighed 

after treating an area of 1 cm2 for 1 minute, with the 

treatment continuing for a total of 10 minutes. The to-

tal cathode weight gain, SDKi, was calculated using 

the formula [26]:

ΣΔКi = ΔК1 + ΔК2 + … + ΔК10, (1)

where ΔКi is the cathode weight gain for the i-th minute 

of alloying, g; i = 1, 2, ..., 10.

The total anode erosion ΣΔАi was calculated simi-

larly.

The microstructure of the fabricated electrodes and 

coatings was examined using a S-3400N scanning elec-

tron microscope (SEM) (“Hitachi High-Technologies 

Corporation”, Japan), equipped with a NORAN System 

7 energy-dispersive spectrometer for X-ray microanaly-

sis (“Thermo Scientific”, USA). 

X-ray diffractometric (XRD) phase analysis of the 

electrodes was conducted using a DRON-4 diffractom-

eter (Research and Production Enterprise “Bourevest-

nik”, St. Petersburg) with CoKα radiation. For the XRD 

analysis of electrospark coatings, a D2 PHASER dif-

fractometer (“Bruker AXS GmbH”, Germany) with 

monochromatic CoKα radiation was utilized. 

The surface topography of the coatings and the pro-

files of the wear tracks were analyzed using a WYKO NT 

1100 optical profilometer (VEECO, USA).

Hardness measurements on cross-sections were 

performed using the method of instrumented indenta-

tion with a NanoHardness Tester (“CSM Instruments”, 

Switzerland), in accordance with GOST R 8.748-2011 

(ISO 14577).

Tribological testing of the coatings was carried out 

in accordance with the ASTM G 99 standard, employ-

ing a pin-on-disk configuration on a High-Temperature 

Tribometer (“CSM Instruments”, Switzerland). A 6 mm 

diameter ball made of AISI 440C steel (equivalent to 

95X18) served as the counterbody. The test conditions 

were as follows: temperature at 500 °C, load at 5N, linear 

velocity at 10 cm/s, counterbody path length at 500 m, 

and track length at 3.76 cm. 

Wear resistance (W) was calculated using the formu-

la:

W = SL/(Hl), (2)

where S is the cross-sectional area of the groove wear, 

mm2; L is the track length, mm; H is the load, N; 

and l is the friction path, m.

The microstructure of the lamella from the coating 

deposited by the R6M5K5-K electrode was examined 

using a JEM-2100 microscope (“Jeol”, Japan) employ-

ing high-resolution transmission electron microscopy 

(HR TEM). The lamella samples were prepared using 

a focused ion beam tool (Quanta 200 3D FIB Instru-

ment, FEI Company, USA). In situ observations were 

also conducted within the transmission electron micro-

scope column at a temperature of 500 °C.

Results and discussion

Characteristics of electrodes

The outcomes of the XRD analysis for the 

R6M5K5-K electrode are detailed in Table 3. Analy-

sis reveals that the electrode comprises an α-Fe-based 

matrix, borides including (Mo,W)2FeB2, Mo3CoB3, and 

HfB, Mo6Fe6C carbide, and hafnium oxide. A notable 

decrease in the lattice constant of the α-Fe phase was 

Table 2. ESD process parameters

Таблица 2. Параметры процесса ЭИО

Mode Setup

Pulsed 

discharge 

current rate, A

Recurrence 

rate, 

Hz

Pulse 

duration, 

μs

Single-pulse 

energy, 

J

Total energy

ΣЕ, 

kJ ·min

1 Alier-Metal 30 170 1500 25 0.1 7.65

2 Alier-Metal 30 170 3000 25 0.1 15.30

3 Alier Metal G53* 200 400 100 0.4 9.60

* Auxiliary generator.
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observed, indicative of silicon dissolution. This disso-

lution is likely to significantly reduce the α-Fe lattice 

constant [27], a finding that aligns with the elemental 

distribution maps shown in Fig. 1. 

According to the SEM and EDS data (Table 4) for 

the R6M5K5-K electrode, the identified structur-

al components include HfB hafnium monoboride; an 

iron-based phase (α-Fe) containing dissolved alloying 

elements from the HSS itself as well as silicon from the 

heterophase ceramics; and a complex carbide of iron and 

molybdenum, Mo6Fe6C. 

Figure 2 displays the SEM image showing the micro-

structure of the electrode composed of HSS R6M5K5, 

alongside the element distribution map. The image re-

veals that the Fe-based matrix is made up of grains rang-

ing from 1 to 2 μm, within which alloying elements (Co 

and Cr) are uniformly dissolved. The matrix contains 

particles of different colors; based on the EDS data and 

the element distribution map, it’s determined that the 

lighter particles are tungsten carbide (WC), produced 

through mechanical alloying, whereas the darker par-

Fig. 1. SEM image of the microstructure of R6M5K5-K electrode (а) and the element distribution map: 

Fe (b), W (c), Mo (d), Si (e), and Hf ( f )

Рис. 1. РЭМ-изображение микроструктуры электрода Р6М5К5-К (а) и карта распределения элементов: 

Fe (b), W (c), Mo (d), Si (e) и Hf ( f )

Table 4. Chemical composition (at.%) of structural components in the R6M5K5-K electrode 

Таблица 4. Химический состав (ат.%) структурных составляющих электрода Р6М5К5-К

Phase C O Si V Cr Co Fe Mo Hf W

HfB* – – 0.4 3.3 0.5 – 11.4 15.4 69.0 –

α-Fe – 6.2 20.9 1.6 1.3 3.3 62.5 3.6 – 0.6

Mo6Fe6C 47.9 – 9.4 1.5 1.7 1.7 22.1 15.2 – 0.2

* The phase was determined based on the XRF results.

Table 3. Phase composition of R6M5K5-K electrode

Таблица 3. Фазовый состав электрода Р6М5К5-К

Phase
Content Lattice 

constant, nmvol.% wt.%

α-Fe 48.4 44.8 a = 0.2844

(Mo,W)2FeB2 23.9 23.9 a = 0.55731

c = 0.3136

Mo6Fe6C 17.2 18.3 a = 1.1022

Mo3CoB3 2.6 2.7 –

HfO2 5.2 6.1 –

HfB 2.2 3.3 a = 0.4568

a

c d

b

e f
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ticles are identified as ferrovanadium (FVd). Both WC 

particles and the undissolved FVd include molybdenum, 

which is known to form a continuous range of solid 

solutions with tungsten (W) and vanadium, suggesting 

a complex interplay of these elements within the elec-

trode’s microstructure [28; 29]. 

Preparation and properties 
of electrospark coatings

Figure 3 illustrates the effect of the ESD duration 

using R6M5K5 and R6M5K5-K electrodes on both 

cathode weight gain and anode erosion. The use of 

the R6M5K5 electrode leads to a consistent increase 

in cathode weight alongside similar rates of electrode 

erosion. A significant correlation was found between 

the increase in total pulse energy and the weight gain 

of the substrate, making mode 2 (ΣЕ = 15.30 kJ·min) 

the preferred option for the R6M5K5 electrode due to 

it resulting in the greatest weight gain over a 10-minute 

deposition period.

Conversely, for the R6M5K5-K electrode, all tes-

ted modes yield nearly identical cathode weight gains, 

which plateau after the first 3 minutes of deposition. 

The limitation in coating thickness can be attributed to 

the buildup of internal stresses, a decrease in the ther-

mal resistance of the coating, and the development of an 

ultra-dispersed structure within it [26].

For the purpose of visually examining the surface 

topography, the surface roughness (Ra) of the coat-

ings deposited over 3 minutes for each of the three 

modes was measured. Figure 4 presents 3D images 

of these surfaces along with their Ra values. It is ev-

ident that the use of the R6M5K5 electrode results 

in a slightly lower surface roughness compared to the 

R6M5K5-K electrode. The analysis of mass trans-

fer and roughness kinetics indicates that mode 2 is 

the most favorable. This mode achieves the lowest 

roughness while ensuring high mass transfer for the 

R6M5K5 electrode and moderate mass transfer for 

the R6M5K5-K electrode.

The coatings applied using mode 2 were examined 

via scanning electron microscopy (SEM). Figures 5 and 

6 illustrate the surface topography and the cross-sec-

tional structure of the coating-substrate interface, re-

spectively. 

Figure 5 demonstrates that the coating deposited 

from R6M5K5 electrode without ceramics represents 

overlaying of spreading drips of melt formed in the 

pulsed discharge arc. There are almost no cracks in the 

coating and micropores are detected in the surface layer. 

The coating is 20—22 μm thick and the transition layer 

is 5—6 μm. According to the XRD data, along with EDS 

(Table 5), the coating deposited from R6M5K5 electrode 

consists of γ-Fe. Austenite (γ-Fe) is formed due to high 

rates of melt crystallization from the electrode material, 

which is practically a hardening operation [17]. Ni, Si 

and Mn are present in the transition layer and form part 

of the substrate.

Based on the XRD data, the coating deposited 

from the R6M5K5-K electrode is composed of var-

ious phases: α-Fe, HfO2, HfSiO4, Fe3Si, and Fe3B. 

It is suggested that hafnium silicate HfSiO4 forms 

in the discharge arc, a result of the reaction between 

hafnium oxide (present in the electrode) and silicon 

Fig. 2. SEM image of the microstructure of R6M5K5 

electrode (а) and the element distribution map: 

Fe (b), W (c), Mo (d), Co (e), V ( f) and Cr (g)

Рис. 2. РЭМ-изображение микроструктуры 

электрода Р6М5К5 (а) и карта распределения 

элементов: Fe (b), W (c), Mo (d), Co (e), V ( f) и Cr (g)

a c

d

f g

b

e
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oxide SiO2. The silicon oxide likely forms from the 

oxidation of silicon by impurity oxygen present in the 

environment.

The use of the R6M5K5-K metal-ceramic electrode 

leads to increased surface roughness and heterogenei-

ty in the coating’s structure. According to the results 

Fig. 4. Surface topography and roughness of coatings deposited from R6M5K5 (а–c) and R6M5K5-K (d–f ) electrodes 

in ESD modes 1 (а, d), 2 (b, e), and 3 (c, f )

Рис. 4. Топография поверхности и шероховатость покрытий из электродов Р6М5К5 (а–c) и Р6М5К5-К (d–f ) 

на ЭИО-режимах 1 (а, d), 2 (b, e), 3 (c, f )

Fig. 3. Dependence of the mass gain of the cathode (ΔΣKi) and the erosion of the anode (ΔΣAi) on the duration of ESD 

of 5KhNM steel with R6M5K5 (a) and R6M5K5-K (b) electrodes

Рис. 3. Зависимости привеса массы катода (ΔΣKi) и эрозии анода (ΔΣAi) 

от длительности электроискровой обработки стали 5ХНМ электродами Р6М5К5 (а) и Р6М5К5-К (b)

a c

d f

b

e
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of EDS analysis presented in Table 6, which analyzed 

different areas of the coating as marked in Fig. 6, b, 

the thickness of the coating varies between 20 and 

30 μm, with some areas reaching up to 50 μm. Under 

high magnification, a fine-grained microstructure is 

visible, with grain sizes ranging from 0.3 to 0.6 μm. 

Additionally, a dendritic structure, reminiscent of eu-

tectics, is also observed alongside dispersed inclusions 

smaller than 0.1 μm. The iron-based matrix incorpo-

rates dissolved alloying elements from both the steel 

and the ceramic additive.

The submicron and nanosized structural compo-

nents of the coating were analyzed using the transmis-

sion electron microscopy method (TEM). Figure 7 

showcases SEM images of the lamella before (Fig. 7, a) 

and after (Fig. 7, c) heating to 500 °C. Additionally, 

diffraction patterns of sections of the α-Fe-based ma-

trix (Fig. 7, b) and the Fe—B-based amorphous phase 

(Fig. 7, d) are displayed. The specific area from which 

the lamella was extracted is indicated in Fig. 6, b. 

Using SEM (Fig. 7) and EDS analysis (Table 7) we 

characterized the composition of an α-Fe-based crys-

talline matrix interspersed with amorphous inclusions 

of a similar composition. These amorphous inclusions 

arose both from the rapid cooling associated with the 

ESD process and the presence of amorphizing elements 

such as boron and silicon [30; 31]. Furthermore, we iden-

tified an Fe—B amorphous phase containing inclusions 

of Fe3B iron boride nanoparticles. These nanoparticles 

are released upon heating as the amorphous matrix seg-

regates into Fe3B and α-Fe [32]. Distributed through-

out the matrix volume are nanoparticles of HfO2, mea-

suring 30—50 nm, and iron silicide Fe3Si, which are 

15—20 nm in size.

Table 5. Chemical composition (at.%) of various areas within the coating deposited from R6M5K5 electrode

Таблица 5. Химический состав (ат.%) областей покрытия, полученного электродом Р6М5К5

Area of analysis C Si V Cr Mn Fe Co Ni Mo W

Coating 15.0 – 2.2 2.0 – 74.5 3.0 – 1.8 1.4

Transition layer 9.4 0.6 – 0.7 1.0 86.8 0.0 1.6 – 0.1

Substrate 10.3 0.6 – 0.8 0.7 86.1 0.0 1.4 – –

Table 6. Chemical composition (at.%) of the coating areas marked in Fig. 6, b 

Таблица 6. Химический состав (ат.%) областей покрытия, отмеченных на рис. 6, b

Area C O Si V Cr Mn Fe Ni Mo Hf

1 – 66.3 – – – – 1.9 – – 31.8

2 16.2 – 13.9 1.4 1.5 – 59.0 – 6.4 1.5

3 23.8 34.1 5.5 1.2 1.4 – 25.8 – 6.8 1.4

4 24.4 40.8 4.5 0.7 – 0.4 25.7 – 3.3 0.2

5 11.6 – 0.8 – 0.5 0.8 84.7 1.5 – –

Fig. 5. SEM images of the topography (a) and structure (b) of the coating (mode 2) deposited from R6M5K5 electrode

Рис. 5. РЭМ-изображения топографии (а) и структуры (b) покрытия (режим 2) из электрода Р6М5К5

a b
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The results from nanoindentation measurements 

of electrospark coatings deposited from R6M5K5 and 

R6M5K5-K electrodes were analyzed, and hardness 

distributions across the coating thickness are illustra-

ted in Fig. 8. It is noticeable that the hardness of the 

coating deposited from the R6M5K5-K electrode is 

15.8±0.4 GPa, which is significantly higher than the 

9.1±0.4 GPa hardness of the coating deposited from the 

R6M5K5 electrode. This increase in hardness is attri-

buted to the inclusion of hardening phases such as HfO2, 

HfSiO4, Fe3B, Fe3Si within the coating.

High-temperature tribological tests

A critical attribute for tools used in isothermal forging 

is their wear resistance under conditions of high-tem-

perature friction. While tribological tests conducted 

according to standard methodologies may not perfect-

ly replicate the actual operating conditions of dies, the 

results are nevertheless indicative of the impact of the 

coatings on wear resistance.

Figure 9 illustrates the relationship between the 

friction coefficient of 5KhNM steel samples with 

Fig. 6. SEM images of the surface topography (a) and the microstructure (b–d) of the coating deposited 

from R6M5K5-K electrode

Рис. 6. РЭМ-изображения топографии поверхности (а) и микроструктуры (b–d) покрытия, 

полученного из электрода Р6М5К5-К

Table 7. Chemical composition (at.%) of the areas marked in Fig. 7, a 

Таблица 7. Химический состав (ат.%) областей, отмеченных на рис. 7, а

Area Component Fe W Mo Hf Si Cr V Co O

1 Crystal matrix 84.7 1.2 4.0 – 4.8 1.4 0.5 2.0 –

2 Amorphous matrix 87.5 1.0 4.0 – 4.2 1.4 0.5 1.4 –

3 Particle based on HfO2 4.6 – – 31.0 – – – – 64.4

4 Fe–B amorphous phase* 21.7 – – – – – – – 78.3

* The phase was determined based on the diffraction pattern.

a

c d

b
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coatings and the counterbody path length at a tem-

perature of 500 °C, along with 2D images of wear 

track profiles.

Although the friction coefficients for both coat-

ings are similar, ranging from 0.55 to 0.57, the val-

ues of reduced wear show significant differences: 

38.24·10–5 mm3/N/m for the coating from R6M5K5 

electrode and 2.82·10–5 mm3/N/m for the coating 

from R6M5K5-K electrode. This disparity signifies a 

substantial increase in wear resistance by 13.5 times 

for the coating containing hardening phases HfO2, 

HfSiO4, Fe3B, and Fe3Si.

However, a minor f luctuation in the initial path 

section (20—150 m) for coatings deposited from the 

R6M5K5-K electrode can be attributed to the coun-

terbody wearing in and the removal of protruding ar-

eas of the rough surface (Ra = 13 μm). Additionally, 

Fig. 7. TEM images of the coating deposited from R6M5K5-K electrode before (a) and after (c) heating the lamella to 500 °C, 

diffraction pattern of α-Fe-based matrix (b) and Fe–B-based amorphous phase after heating (d)

Рис. 7. ПЭМ- изображения покрытия из электрода Р6М5К5-К до (а) и после (c) нагрева ламели до 500 °С, 

а также дифракционная картина матрицы на основе α-Fe (b) и аморфной фазы Fe–B после нагрева (d)

Fig. 8. Hardness distribution over the thickness 

of electrospark coatings deposited with R6M5K5 

and R6M5K5-K electrodes

Рис. 8. Распределение твердости 

по толщине электроискровых покрытий 

из электродов Р6М5К5 и Р6М5К5-К

a

c d

b
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the chipping of HfO2 particles during the tests, as 

confirmed by their presence in the wear products (il-

lustrated in Fig. 10 and Table 8), contributes to this 

f luctuation.

Oxidation of the components is observed in 

both coating formulations. As the coating deposit-

ed from the R6M5K5 electrode wears off, layers of 

the coating that are less oxidized become exposed 

and emerge on the surface. In contrast, the coating 

deposited from the R6M5K5-K electrode remains 

quite homogeneous, exhibiting less pronounced 

wear traces.

Conclusions

1. Electrode materials suitable for the electro-

spark deposition on die steel were sourced from a 

powdered mixture of R6M5K5 high speed steel and a 

powdered mixture of R6M5K5 high speed steel with 

40 % boride-silicide ceramics (MoSi2—MoB—HfB2). 

Through the examination of mass transfer and 

roughness kinetics, the optimal processing mode for 

5KhNM die steel was identified, which ensures the 

lowest surface roughness while maintaining acceptable 

mass transfer rates.

Fig. 9. Dependence of the friction coefficient of electrospark coatings deposited from R6M5K5 and R6M5K5-K electrodes 

on the sliding distance of the counterbody at 500 °C (а) and 2D profiles of wear tracks (b)

Рис. 9. Зависимость коэффициента трения электроискровых покрытий из электродов Р6М5К5 и Р6М5К5-К 

от длины пробега контртела при температуре 500 °C (а) и 2D-профили дорожек износа (b)

Fig. 10. SEM images of tracks (а, b) and wear products (c, d) during the tests of electrospark coatings deposited 

from R6M5K5 (а, c) and R6M5K5-K (b, d) electrodes

Рис. 10. РЭМ-изображения дорожек (а, b) и продуктов износа (c, d) при испытаниях электроискровых покрытий, 

полученных из электродов Р6М5К5 (а, c) и Р6М5К5-К (b, d)

a

c d

b
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2. The coating applied from R6M5K5 electrode, 

consisting of austenite, measures 20—22 μm in thick-

ness and is noted for its high uniformity, with a hardness 

of approximately 9.1±0.4 GPa. On the other hand, the 

coating from the R6M5K5-K electrode, which incorpo-

rates ceramics, features a uniform distribution of hard-

ening phases such as HfO2, HfSiO4, Fe3Si, and Fe3B, 

and varies in thickness from 20 to 30 μm, achieving a 

hardness of 15.8±0.4 GPa. The dispersed HfO2 parti-

cles are sized between 30—50 nm, while Fe3Si particles 

range from 15—20 nm. 

3. High-temperature tribological testing revealed 

that the coating from the R6M5K5-K electrode ex-

hibits significantly enhanced wear resistance, being 

13.5 times greater than that of the coating from the 

R6M5K5 electrode. The reduced wear rate for the ce-

ramic-enhanced coating was measured at 2.82·10–5 

mm3/N/m, attributed to the presence of hardening 

phases within the coating’s structure, compared to 

38,24·10–5 mm3/N/m for the austenite-based coating. 
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