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Abstract: Unsatisfactory quality of the surface layer of additive products, in particular increased surface roughness, 

prevents the widespread use of electron beam powder bed fusion (EBPBF). Electrospark treatment (EST) is one of  

the methods for smoothing and hardening the surface layer. The work shows the possibility of modifying the surface of 

additive VT6 alloy samples by reactive EST with multicomponent electrodes. For this purpose, the authors used electrodes 

made of the Fe48Cr15Mo14Y2C15B6 bulk metallic glass forming alloy and the FeCoCrNi2 high-entropy alloy. Based on  

the results of scanning electron microscopy, it was identified that after EST, both modified layers have a thickness of about 

16 μm. X-ray diffraction phase analysis showed that in the case of treatment with an amorphous electrode they contain 

carboborides of the Ti(B,C) type, and in the case of treatment with a high-entropy electrode – intermetallic of  

the Ti2(Fe,Ni) type. The modified layers have average hardness values of 19 and 10 GPa and elastic modulus of 234 and 

157 GPa, respectively, which significantly exceeds the values of these parameters for the EBPBF-grown VT6 alloy. Elec-

tric discharge modification of the surface with multicomponent electrodes led to a decrease in roughness by 8...11 times 

due to the melting of the protrusions and filling of the dimples with the melt to a depth of more than 50 μm. A comparative 

analysis of the results of tribological tests showed a change in the wear mechanism as a result of EST of the additive VT6 

alloy. Wear resistance increased by 4 and 3 orders of magnitude when using electrodes made of a bulk metallic glass and 

high-entropy alloy, respectively. 

Keywords: titanium alloy; electron beam powder bed fusion; surface roughness; smoothing; hardening; wear re-

sistance; electrospark treatment; bulk metallic glass forming alloy; high-entropy alloys. 
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INTRODUCTION 

Poor surface quality is one of the main factors limiting 

the development of additive technologies (AT) [1; 2]. Elec-

tron beam powder bed fusion (EBPBF), used to grow tita-

nium products allows obtaining good properties in bulk, 

however, defects (unmelted particles, pores, cracks) are 

formed on their surface, which reduces surface-sensitive 

properties, such as wear resistance [3; 4]. Taken together, 

surface defects determine increased roughness [5; 6], which 

has a critical impact on the service life and reliability of 

manufactured products [7]. Currently, to improve the quali-

ty of additive surfaces, various post-processing methods are 

used, which are divided into processing with [8–10], and 

without [11–13] surface layer removal. 

The first group includes methods of mechanical pro-

cessing and electrochemical processing, which allow ob-

taining rather smooth surfaces with a roughness of less 

than 0.5 μm. The latter includes laser processing, and sur-

face modification by deposition of coatings. In particular, 

in [13], the possibility of using laser polishing of the In-

conel 718 nickel alloy was demonstrated, which allows 

reducing the surface roughness Ra from 7.5 to 1 μm.  

It was shown that laser exposure led to a decrease in grain 
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size and an increase in microhardness from 345  

to 440 HV. The main disadvantage of such methods is 

uncontrolled heating of the blank part, which leads to bulk 

recrystallization [14; 15]. The application of electrospark 

treatment (EST) of EBPBF-grown products is free of this 

disadvantage, since the supplied energy leads to insignifi-

cant heating [16; 17]. 

The application of electrodes made of multicomponent 

alloys, such as bulk metallic glass forming alloys (BMG), 

and so-called high-entropy alloys (HEA), in the reactive 

EST technology is of particular interest. 

Bulk metallic glass forming alloys are based on near-

eutectic compositions of multicomponent systems, in 

which the melt solidifies during deep supercooling with 

the formation of amorphous or metastable phases [18]. 

The advantage of these electrodes is their chemical and 

structural homogeneity, characteristic of metallic glass-

es, and the near-eutectic composition of low-melting 

electrodes ensures deep supercooling of the melt, formed 

during local melting of the electrode, spreading of melt 

drops over the substrate surface, filling of dimples and 

obtaining modified surfaces with an amorphous/nano-

crystalline structure. 

The prospects of using in EST technology of multi-

component cast electrodes with high glass-forming 

ability produced by vacuum metallurgy, were experi-

mentally shown in [18; 19]. In particular, in [18], 

Fe48Cr15Mo14Y2C15B6 and Fe61Ni4Cr3Nb8Mn4Si2B18 

cast electrodes were used to perform EST of substrates 

made of carbon steel, and VT20 grade titanium alloy 

(Ti–6.5Al–V–Mo–2Zr). EST with amorphous elec-

trodes allowed increasing the hardness of the VT20 

titanium alloy by 3 times, and increasing the wear re-

sistance by 3 orders of magnitude. In [19], as a result of 

vacuum EST of an AISI 420S steel substrate using  

a Fe41Co7Cr15Mo14C15B6Y2 electrode, a surface with  

an amorphous structure was obtained. It was noted that 

the low roughness of the electric discharge surfaces was 

ensured, due to the formation of melt drops that spread 

over the substrate surface. 

Due to the high configurational entropy of mixing com-

ponents, HEAs [20] tend to form a structure of a single so-

lid solution. However, it is metastable, and when heated by 

an electric spark discharge, it experiences decomposition, 

the products of which, interacting with the substrate ele-

ments, can form a modified layer strengthened by interme-

tallic compounds. 

The studies discussed above show that the application of 

multicomponent electrodes in the EST technology to im-

prove the quality of additive surfaces is promising, but re-

quires additional study. 

The purpose of this study is to test multicomponent al-

loys with high glass-forming ability, and high mixing en-

tropy as electrodes for the reactive EST of the additive VT6 

titanium alloy. 

 

METHODS 

EBPBF-grown VT6 alloy (Ti–6Al–4V) was used as 

substrates (cathodes). Table 1 presents the chemical com-

position of the alloy. 

Rod electrodes (anodes), with a diameter of 3 mm made 

of bulk metallic glass forming Fe48Cr15Mo14Y2C15B6 alloy, 

were produced by induction melting followed by casting 

the melt into a copper mold at an argon pressure of 0.2 atm. 

Multicomponent electrodes made of high-entropy 

FeCoCrNi2 alloy powder were produced, by hot pressing 

(HP) on a DSP-515 SA press (Dr. Fritsch, Germany) in  

a vacuum, at a temperature of 950 °C, a pressure of 

35 MPa, and an isobaric holding for 3 min. 

Electrospark treatment was carried out on an Alier-

Metal 303 machine in an argon environment, using a vibrat-

ing anode holder according to the following mode: current 

strength – 120 A; pulse duration – 20 µs; voltage – 20 V; 

pulse energy – 48 mJ; pulse frequency – 3200 Hz. 

The kinetics of mass transfer of multicomponent elec-

trodes onto a titanium substrate during EST (specific anode 

erosion Ai and specific weight gain of the cathode Кi), 

was measured by the gravimetric method for 5 min on  

a KERN 770 analytical balance (KERN, Germany) with  

an accuracy of 10−5 g. Measuring of the cathode and anode 

mass was carried out every minute after EST on an Alier-

Metal 303 machine. 

X-ray diffraction (XRD) phase analysis was carried out 

using spectra obtained on a D2 PHASER diffractometer 

(Bruker AXS, Germany) in monochromatic Cu-Kα 

(λKα=0.15418 nm) radiation in the 2θ angle range from 10° 

to 120°. Microstructural studies were performed on  

an S-3400N scanning electron microscope (SEM) (Hitachi 

High-Technology Corporation, Japan), equipped with  

a NORAN System 7 X-ray energy-dispersive spectrometer 

(Thermo Scientific, USA). 

Tribological tests were carried out on a Tribometer fric-

tion machine (CSM Instruments, Switzerland), at room 

temperature with reciprocating motion according to the “pin – 

plate” scheme. A fixed ball with a diameter of 3 mm made 

of 100Cr6 grade steel (analogous to ShH15) was used as  

a counterbody. Test conditions: track length is 4 mm, ap-

plied load is 1 and 2 N, maximum speed is 5 cm/s. Obser-

vation of counterbody wear spot was carried out using  

an AXIOVERT CA25 optical microscope (ZEISS, Germany) 

at ×100 magnification. Wear tracks and surface roughness

 

 

 
Table 1. Composition of the VT6 titanium alloy (Ti–6Al–4V) according to GOST 19807–91 

Таблица 1. Состав титанового сплава ВТ6 (Ti–6Al–4V) по ГОСТ 19807–91 

 

 

Concentration, at. % 

Ti Al V O Si Fe Zr 

83.74 10.98 4.08 0.57 0.24 0.24 0.15 
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were studied using a WYKO NT1100 optical profilometer 
(Veeco, USA). Mechanical properties (hardness and elastic 
modulus), were studied using a Nano-HardnessTester in-
strument (CSM Instruments, Switzerland) at a maximum 
load of 10 mN. 

 

RESULTS  

The surface of the substrates was characterized by  
a “loose” relief (Fig. 1 a), which was formed by unmelted 
spherical particles of the original powder with a size of 
70...90 μm representing typical defects for EBPBF technology. 

The substrate structure was two-phase, and consisted of 
α and β phases of titanium with lattice parameter of 0.2913 
and 0.3152 nm, respectively (Fig. 1 b). 

The curves of mass transfer kinetics for both types of 
electrodes presented in Fig. 2 indicate an increase in  
the thickness of the electric spark layer throughout the en-
tire duration of treatment (5 min/cm2). The curves of mass 
increase of titanium alloy substrates, described by a power 
function, indicate a low contribution of reverse transfer. 
The greatest weight gain (ΔK5=5.0·10−4 g) is observed dur-
ing treatment with a BMG-electrode. At the same time,  
the HEA-electrode erosion during treatment of the titanium 
substrate additive surface was more intense. 

Fig. 3 shows images of microstructure of cross-section 
of the EBPBF-titanium alloy after treatment with a BMG-
electrode. The modified layer, about 16 µm thick, has  
a gradient structure with pronounced dark inclusions. 

According to energy dispersive X-ray spectroscopy 
(EDX) data presented in Table 2, these inclusions are TiC 
carbide particles. As the distance from the surface increas-
es, the size of the carbide particles increases from 100 to 
300 nm. Dark region 3 (Fig. 3 b) at the boundary of  
the modified layer, and the substrate contains several ele-
ments (Ti, Fe, Cr, Mo, Al, Y, C) with a predominance of Ti 
(51.0 at. %) and corresponds to the zone of primary interac-
tion between the electrode and the substrate. 

Images of the titanium substrate microstructure, after 
treatment with a HEA-electrode are shown in Fig. 4. 
Treatment of the titanium alloy additive surface with  
a HEA-electrode also led to the formation of a modified 
layer 16 μm thick (Fig. 4 a). One can observe that the modi-
fied layer has a structure without inclusions compared to 
the layer formed by a BMG-electrode. This layer is charac-
terized by a high Ti content (60...75 at. %) throughout  
the entire thickness. EDX (Table 3) showed that the con-
centration of elements in the surface layer (region 1) and 
the melt-filled dimples (region 3) is almost the same, which 
indicates a uniform distribution of elements throughout  
the entire thickness. 

Fig. 4 b shows that, due to the action of electric spark 
pulses, local melting of both the electrode and the substrate 
occurred. The resulting melt filled the surface dimples of 
the substrate. The depth of filling of the dimples with  
the melt is in the range of 52.3±1.8 μm. 

Fig. 5 and Table 4 show the results of XRD phase ana-
lysis of modified layers, formed during EST with 

 
 
 

 
a 

 
b 

Fig. 1. Cross-section image (а) and diffraction pattern (b) of a VT6 EBPBF sample in the initial state 
Рис. 1. Изображение поперечного шлифа (а) и дифрактограмма (b) СЭЛС-образца ВТ6 в исходном состоянии 
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Fig. 2. Cathode weight gain and anode erosion during EST of a titanium alloy with BMG and HEA electrodes:  

solid line is substrate weight gain, dashed line is electrode erosion 

Рис. 2. Привес катода и эрозия анода при ЭИО титанового сплава ОАС- и ВЭС-электродами:  

сплошная линия – привес массы подложки, пунктирная линия – эрозия электрода 

 

 

 

     

 a b 

Fig. 3. SEM image in the backscattered electron (BSE) mode of the cross-section of the VT6 EBPBF sample  

after EST with a BMG-electrode (a); EDX analysis area (inset contains a magnified image of the selected area) (b) 

Рис. 3. РЭМ-изображение в режиме обратно отраженных электронов (BSE) поперечного шлифа СЭЛС-образца ВТ6  

после ЭИО ОАС-электродом (a); области ЭДС-анализа (на вставке увеличенное изображение выделенной области) (b) 

 

 

 
Table 2. EDX analysis results of areas shown at Fig. 3 b 

Таблица 2. Результаты ЭДС-анализа областей, показанных на рис. 3 b 

 

 

No. 
Concentration, at. % 

Fe C Ti Cr Mo Al V Y 

1 33.4 24.4 19.6 10.7 8.0 2.7 0.9 0.4 

2 32.7 25.5 19.0 10.5 9.1 2.0 0.8 0.4 

3 15.6 19.3 51.0 5.4 4.3 4.0 – 0.4 

4 16.1 35.4 34.1 6.0 5.8 1.3 – – 
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 a b 

Fig. 4. SEM images in the backscattered electron (BSE) mode:  

modified layer of the VT6 EBPBF sample after EST with a HEA-electrode 

 (insert contains a magnified image of the selected area) (a); a deep dimple filled with the melt during EST (b) 

Рис. 4. РЭМ-изображения в режиме обратно отраженных электронов (BSE): 

модифицированный слой СЭЛС-образца ВТ6 после ЭИО ВЭС-электродом  

(на вставке увеличенное изображение выделенной области) (a); глубокая впадина, заполненная расплавом при ЭИО (b) 

 

 

 
Table 3. EDX analysis results of areas shown at Fig. 4 b 

Таблица 3. Результаты ЭДС-анализа областей, показанных на рис. 4 b 

 

 

No. 
Concentration, at. % 

Ti Ni Fe Al Cr Co V 

1 59.4 10.8 8.3 7.1 6.1 5.5 2.8 

2 74.5 4.7 4.0 8.7 2.4 2.2 3.6 

3 65.0 8.9 6.8 7.8 4.3 4.2 3.0 

4 86.3 – – 9.5 – – 4.2 

 

 

 

 

 

Fig. 5. X-ray diffraction pattern of the VT6 EBPBF sample after EST with an electrode: 

1 – Fe48Cr15Mo14Y2C15B6 BMG-electrode; 2 – FeCoCrNi2 HEA-electrode 

Рис. 5. Дифрактограмма СЭЛС-образца ВТ6 после ЭИО электродом: 

1 – ОАС-электрод Fe48Cr15Mo14Y2C15B6; 2 – ВЭС-электрод FeCoCrNi2 
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Table 4. Phase composition of samples subjected to EST 

Таблица 4. Фазовый состав образцов, подвергнутых ЭИО 

 

 

Electrode used at EST Phase Portion, wt. % 
Lattice parameter, nm 

(а) (b) (c) 

Fe48Cr15Mo14Y2C15B6 

Ti(B,C) 44.8 0.8558 – – 

Ti(FeAl)2 27.5 0.4920 – 0.7988 

(Ti,V)C 14.6 0.2904 – 0.4640 

TiFe 13.1 0.3153 – – 

FeCoCrNi2 
Ti2(Fe,Ni) 60.1 1.1296 – – 

TiNi 39.9 0.3039 – – 

 
 

 

multicomponent electrodes. At processing with a BMG-

electrode, chemically active titanium interacted with  

the electrode elements resulting in the formation of cubic 

phases: carbides and intermetallics. According to the EDX 

data (Table 2), the carbide particles contain Ti and C. Con-

sidering that the EDX resolution does not allow identifying 

boron contained in the BMG-electrode, these particles 

(Fig. 3 b) are probably carboborides of the Ti(B,C) type. 

The interaction of the Al and V substrate elements with  

the electrode leading to the formation of hexagonal 

Ti(FeAl)2 and (Ti,V)C phases was also discovered. 

The structure of the layer modified by the HEA-

electrode consists of two phases; the diffraction peaks in  

the diffraction pattern can be attributed to the Ti2(Fe,Ni) 

and TiNi cubic phases. One should note that there is a halo 

in both diffraction patterns, confirming the formation of an 

amorphous phase during EST, as was found in [18], which 

is more pronounced for the sample treated with a BMG-

electrode. 

Table 5 presents the results of studying the surface to-

pography of the modified layers. The initial titanium sam-

ple additive surface was characterized by a high roughness 

(Ra) of 38.75±3.00 μm. One can see that treatment with 

multicomponent electrodes noticeably reduces the values 

of the arithmetic average of profile height deviations (Ra) 

and maximum peak to valley height of the profile (Rz) 

compared to the additive surface of the original titanium 

alloy. The minimum surface roughness of 3.53±0.31 μm is 

observed when processed with a BMG-electrode, and is 

probably determined by the high fluidity of the electrode 

material. 

The effect of the titanium alloy EST, with multicompo-

nent electrodes on the tribological and mechanical proper-

ties can be traced in Fig. 6 and 7. As one can see in Fig. 6 a, 

the starting friction coefficient (FC) for the titanium sub-

strate is 0.23, and it increases monotonically to 0.33 at  

the end of the test. When the counterbody slides over the 

layer formed by a BMG-electrode, three stages can be seen:  

up to 1000 cycles, a low FC (0.09...0.12) remains un-

changed; during the breaking-in period (up to 1500 cycles), 

a FC monotonically increases from 0.15 to 0.32, and  

the steady-state friction coefficient reaches 0.36. Increasing 

the applied load from 1 to 2 N on the steel ball led to  

an increase in FC up to 0.39. When testing a layer formed 

by a HEA-electrode, the starting FC is the highest (0.25), 

and after 500 cycles, a more significant increase in FC  

up to 0.48 is observed. 

The results of measuring mechanical properties 

(Fig. 6 b, Table 6) showed that EST leads to an increase in 

both hardness (4 times for BMG and 2 times for HEA) and 

elastic modulus (1.7 times for BMG and 1.2 times for 

HEA) of the titanium alloy. The average hardness values of 

the layers formed by the BMG- and HEA-electrodes were 

18.7±2.5 and 10.0±0.9 GPa, respectively. 

To study the nature of wear of the samples, the areas of 

tribocontact on the counterbody, and the sample were stu-

died (Fig. 7). Fig. 7 a–c shows the wear spot of the steel 

ball. The adhering of wear debris to the ball, while main-

taining its spherical shape, confirms the higher hardness of  

the counterbody compared to the titanium alloy. 

The presence of deep grooves in the counterbody wear 

spot (Fig. 7 b, 7 c) indicates a greater hardness of the layer 

formed on VT6, during processing with multicomponent 

electrodes compared to the counterbody material. 

The reduced wear of the untreated titanium alloy is  

the highest (10−3 mm3/(N·m)). After treating the titanium 

alloy with a BMG-electrode, no wear groove was detected 

at a load of 1 N, which corresponds to a reduced wear value 

of less than 10−7 mm3/(N·m). Therefore, to test samples 

with a modified layer, the load was increased up to 2 N. 

With an increase in the applied load from 1 to 2 N  

(Table 6), the wear of the steel counterbody increased from 

3.18 to 3.84·10−5 mm3/(N·m), while the wear of the modi-

fied layer did not change (<10−7 mm3/(N·m)). 

 

DISCUSSION  

As known [21], erosion of electrodes during an electric 

spark discharge depends on a number of factors: density, 

heat capacity, specific heat of fusion, thermal coefficient of 

electrical resistance, etc. Their porosity has a great influ-

ence on the erosion resistance of electrodes. Previously 

[22], to increase erosion and accelerate mass transfer during 

EST, electrodes with increased porosity (5–10 %) produced 

by powder metallurgy methods were used. In this study, 

HEA-electrodes were produced using HP technology, 
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Table 5. Surface roughness of the VT6 alloy EBPBF samples before and after EST 

Таблица 5. Шероховатость поверхности СЭЛС-образцов сплава ВТ6 до и после ЭИО 

 

 

Sample Ra, µm Rz, µm 

EBPBF of the VT6 alloy 38.75±3.00 221.72±38.00 

EST with a BMG-electrode 3.53±0.31 36.19±5.00 

EST with a HEA-electrode 4.66±0.28 37.26±3.98 

 

 

 
Table 6. Tribological and mechanical properties of samples 

Таблица 6. Трибологические и механические свойства образцов 

 

 

Sample 
I, 10−5·mm3/(N·m) 

FC (final) H, GPa Е, GPa 
of a sample of a counterbody 

EBPBF of the VT6 alloy 159.60 sticking 0.33 4.7±0.3 136±7 

+ EST with a BMG-electrode <10−7 3.18 0.36 
18.7±2.5 234±32 

+ EST with a BMG-electrode* <10−7 3.84 0.39 

+ EST with a HEA-electrode* 3.24 3.33 0.48 10.0±0.9 157±15 
 

Note. *Applied load is 2 N. 

Примечание. *Приложенная нагрузка – 2 Н. 

 

 

 

     

 a  b 

Fig. 6. Experimental dependences of the friction coefficient on the number of cycles (а) and nanoindentation curves (b) 

Рис. 6. Экспериментальные зависимости коэффициента трения от количества циклов (а) и кривые наноиндентирования (b) 

 

 

 

so large erosion values (Fig. 2) can be explained by the 

presence of pores in them (porosity is 3.8±0.2 %). The in-

crease in the cathode weight gain (ΔK5=5.0·10−4 g) during 

treatment with a BMG-electrode, can be explained by  

a lower melting point, higher ability melt to undercooling 

(∆T=38 °С) and better fluidity [18]. 

Modified layers, formed during EST with multicompo-

nent electrodes, have a gradient or layered structure. Proba-

bly, such a structure is associated with the mixing of melt 

droplets, containing substrate and electrode elements, as  

a result of repeated exposure to pulsed electric spark dis-

charges. During EST, spark pulses with a duration of 20 μs, 

cause local heating and melting of the anode and cathode, 

ensuring their chemical and diffusion interaction leading to 

reaction phase formation. Heat removal by the metal sub-

strate provides a high quenching rate of melt (105–107) K/s 

[18; 23], which leads to surface layer hardening. 

The modified layer produced by EST, with an amor-

phous Fe48Cr15Mo14Y2C15B6 electrode significantly dif-

fers in structure from the layer produced by EST with  
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 a b с 

Fig. 7. Micrographs of counterbodies and 3D-images of wear tracks after tribotestins of samples: 

the VT6 alloy tested at the load of 1 N (a); of modified layers formed with BMG-electrode (b);  

HEA-electrode (c) (both tested at 2 N) 

Рис. 7. Микрофотографии контртел и 3D-изображения дорожек износа образцов после трибоиспытаний:  

исходный сплав ВТ6 (при нагрузке 1 Н) (a); модифицированные слои, сформированные: ОАС-электродом (b);  

ВЭС-электродом (c) (оба при нагрузке 2 Н) 

 

 

 

a FeCoCrNi2 electrode. A characteristic feature of the first 

one (Fig. 3) is its gradient structure; the size of Ti(B,C) 

carboboride particles varies within 100...500 nm, with larg-

er particles located further from the surface. When treated 

with a FeCoCrNi2 electrode, a layer is formed with a pre-

dominant proportion of the Ti2(Fe,Ni) intermetallic.  

The increased Ti content (Table 3) in this modified layer is 

caused by the processing electrode composition. The amor-

phous electrode composition, in contrast to HEA, contains 

active metalloids (carbon, boron), which react with Ti 

forming new phases (in particular, Ti(B,C)). 

As can be observed from Table 5, the roughness of 

modified layers, just as the starting FC (Fig. 6 a), was much 

lower than that of the additive surface of the original 

EBPBF VT6. 

As shown in Fig. 7 b, 7 c, in the area of contact of  

the counterbody with the modified layers, the wear mecha-

nism changes. It is observed not the adhering of wear pro-

ducts, but the formation of deep grooves, which is more 

pronounced after testing a sample treated with a BMG-

electrode, the structure of which contains TiC carbide parti-

cles (Fig. 3). This indicates that the counterbody is scrat-

ched by solid particles crumbled from the modified layer of 

the sample at the initial stage of testing, where the abrasive 

wear mechanism may predominate. Wear of a sample treat-

ed with a HEA-electrode, occurs both through crumbling at 

the beginning of the test and through further grinding of 

particles of the solid and brittle Ti2(Fe,Ni) phase, which 

leads to smoothing of the counterbody central part by wear 

products. In this case, the monotonic increase in the friction 

coefficient up to 0.48, with sliding counterbody occurs due 

to an increase in the contact area. 

Based on the comprehensive tribological study, Fig. 8 

shows a schematic representation of the wear mechanism of 

the original titanium alloy, and samples with modified lay-

ers. Reduced FC (0.33) when the counterbody slides along 

the untreated sample surface is probably caused by the oc-

currence of a solid-phase reaction of chemically active Ti, 

with the counterbody ShH15 steel (100Cr6) material. As  

a result of this sliding of the ball, wear products adhere to 

its surface (Fig. 7 a). Compaction of wear products under 

the load, leads to the tribolayer formation in the contact 

zone providing a reduced friction coefficient. 

Increasing the load up to 2 N, when testing a layer after 

treatment with a BMG-electrode, practically, does not lead 

to a change in the final friction coefficient (Table 6). This 

indicates that the wear of this layer during the entire test 

occurred according to the same mechanism. In this case,  

an increase in the counterbody wear is observed, but the 

wear of the modified layer remains unchanged. 

Comparing the XRD results with tribological tests, one 

can conclude that the increase in the wear resistance of  

the titanium sample treated with a BMG-electrode by  

4 orders of magnitude is caused by the formation of Ti(B,C) 

carboboride. In the case of treatment with a HEA-electrode, 

despite the high volume fraction of Ti2(Fe,Ni), the modi-

fied layer has a rather high reduced wear value of 

3.24·10−5 mm3/(N·m) compared to the surface treated with 
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Fig. 8. Schematic diagram of the wear mechanism of samples before and after EST 

Рис. 8. Схематическое изображение механизма износа образцов до и после ЭИО 

 

 

 

 

 

Fig. 9. Scheme and 3D-image of the surface of the VT6 EBPBF sample after EST with multicomponent electrodes 

Рис. 9. Схема и 3D-изображение поверхности СЭЛС-образца ВТ6 после ЭИО многокомпонентными электродами 

 

 

 

a BMG-electrode. Thus, the phase composition and micro-

structure of the modified layers correlate with mechanical 

and tribological characteristics. The presence of high-

hardness phases (Ti(B,C), Ti2(Fe,Ni)) in the modified lay-

ers, in combination with a fine-crystalline structure, led to  

a significant increase in hardness and elastic modulus com-

pared to the VT6 alloy. 

Fig. 9 presents the scheme for smoothing the additive 

surface of a titanium alloy (substrate). Based on the study 

of the structure and morphology of the additive sample 

surface before (Fig. 1) and after EST (Fig. 3, 4), one can 

assume that when processing the EBPBF sample with 

multicomponent electrodes, local melting of the protrusions 

on their surface occurs with the formation of a melt 

consisting of electrode and substrate elements. This melt 

spreads over the surface and fills dimples more than 50 µm 

deep. Thus, the shown in table 5 decrease in the average 

surface roughness Ra by 8 and 11 times for the HEA and 

BMG electrodes, respectively, can be explained. 

 

CONCLUSIONS 

1. Electrospark treatment of additive surface of the titani-

um alloy with electrodes made of multicomponent alloys, led 

to the formation of modified layers about 16 μm thick with  

a submicron structure. When treated with an amorphous elec-

trode, a gradient structure layer is formed, the size of Ti(B,C) 

carboboride particles varies within 100...500 nm with larger 

particles located further from the surface.  

2. The results of comparative tribological tests of  

an EBPBF sample with modified layers showed that EST 

with multicomponent electrodes allows increasing the wear 

resistance of a titanium alloy. It has been found that an in-

crease by 4 orders of magnitude in the wear resistance of 

EBPBF samples of titanium alloy, treated with an amor-

phous electrode, is associated with the formation of Ti(B,C) 

carboboride in the surface layer due to the interaction of  

the chemically active melt with the substrate. 

3. The results of studying the mechanical properties 

showed, that EST leads to an increase in both the hardness 

(2 and 4 times) and the elastic modulus (1.2 and 1.7 times) 

of the VT6 alloy when treated with high-entropy, and 

amorphous electrodes, respectively. The quenching of melt 

droplets with the formation of hard and wear-resistant in-

termetallics or carboborides plays a key role in the harden-

ing of modified layers during EST. 

4. It has been demonstrated that during EST with 

multicomponent electrodes, a melt is formed, which 

spreads over the titanium alloy surface filling dimples 

more than 50 μm deep, which leads to a decrease in sur-

face roughness by 8 and 11 times for the HEA and BMG 

electrodes, respectively. 
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Аннотация: Неудовлетворительное качество поверхностного слоя аддитивных изделий, в частности повы-

шенная шероховатость поверхности, препятствует широкому применению селективного электронно-лучевого 

сплавления (СЭЛС). Одним из способов выглаживания, а также упрочнения поверхностного слоя является элек-

троискровая обработка (ЭИО). В работе показана возможность модифицирования поверхности аддитивных образ-

цов из сплава ВТ6 путем реакционной ЭИО многокомпонентными электродами. Для этого были использованы 

электроды из объемноаморфизуемого сплава Fe48Cr15Mo14Y2C15B6 и высокоэнтропийного сплава FeCoCrNi2. По 

результатам растровой электронной микроскопии установлено, что после ЭИО оба модифицированных слоя име-

ют толщину около 16 мкм. Рентгеноструктурный фазовый анализ показал, что в случае обработки аморфным 

электродом они содержат карбобориды типа Ti(B,C), а в случае обработки высокоэнтропийным электродом – ин-

терметаллиды типа Ti2(Fe,Ni). Модифицированные слои имеют средние значения твердости 19 и 10 ГПа и модуля 

упругости 234 и 157 ГПа соответственно, что значительно превышает значения этих параметров для сплава ВТ6, 

выращенного СЭЛС. Электроискровое модифицирование поверхности многокомпонентными электродами приве-

ло к уменьшению шероховатости в 8…11 раз за счет оплавления выступов и заполнения впадин расплавом на глу-

бину более 50 мкм. Сравнительный анализ результатов трибологических испытаний показал изменение механизма 

износа в результате ЭИО аддитивного сплава ВТ6. Износостойкость повысилась на 4 и 3 порядка величины при 

применении электродов из объемноаморфизуемого и высокоэнтропийного сплава соответственно. 

Ключевые слова: титановый сплав; селективное электронно-лучевое сплавление; шероховатость поверхности; 

выглаживание; упрочнение; износостойкость; электроискровая обработка; объемноаморфизуемые сплавы; высо-

коэнтропийные сплавы. 
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