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Abstract: Protective coatings were applied by electrospark deposition (ESD) using zirconium electrodes to improve the perfor-
mance of the Ni-containing alloy obtained using the selective laser melting (SLM) technology. The kinetics of mass transfer was 
studied in 5 different frequency-energy processing modes. An analog-to-digital converter was used to determine the average num-
ber of pulse discharges, single-pulse energy, and the total energy of pulse discharges for 1 min of processing (∑Е) for all the modes 
used. In low-energy processing modes (∑Е = 1459÷2915 J), a weak mass transfer was observed, and the cathode weight gain 
was recorded only in the first minutes. As the processing time increased, a decrease in the substrate weight was observed. The 
roughness of coatings (Ra) varied in the range of 3.9–7.2 μm. In high-energy modes (∑Е = 5197÷17212 J), due to intense electrode 
heating, a steady cathode weight gain was observed, but the formed coatings featured by increased roughness: Ra = 7.4÷8.6 μm. 
The Ra parameter for the original SLM samples was 10.7 μm. The formed coatings featured by a thickness of 15–30 μm, high conti-
nuity (up to 100 %), hardness of 9.0–12.5 GPa, elastic modulus of 122–145 GPa, and friction coefficient of 0.36–0.49. The ESD pro-
cessing promoted an increase in wear resistance of the SLM alloy by 7.5–20 times, and oxidation resistance by 10–20 % (t = 1150 °C, 
τ = 30 h). It was found that the coating obtained in the low-energy ESD mode with energy ∑Е = 2915 J featured the best performance 
(hardness, modulus of elasticity, roughness, wear resistance and oxidation resistance).

Keywords: electrospark deposition (ESD), selective laser melting (SLM), heat-resistant alloy, zirconium, hardness, oxidation re-
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Аннотация: Для повышения эксплуатационных свойств Ni-содержащего сплава, полученного по технологии селек-

тивного лазерного сплавления (СЛС), наносили защитные покрытия методом электроискрового легирования (ЭИЛ) с 

использованием электродов из циркония. Кинетику массопереноса изучали на 5 различных частотно-энергетических 

режимах обработки. С помощью аналого-цифрового преобразователя установлены среднее количество импульсных 

разрядов, энергия единичных импульсов и суммарная энергия импульсных разрядов за 1 мин обработки (∑Е) для 

всех применяемых режимов. В низкоэнергетических условиях обработки (∑Е = 1459÷2915 Дж) наблюдался слабый 

массоперенос, привес массы катода фиксировался только в первые минуты. С увеличением времени обработки про-

исходила убыль массы подложки. Шероховатость покрытий (Ra) варьировалась в диапазоне 3,9–7,2 мкм. На высо-

коэнергетических режимах (∑Е = 5197÷17212 Дж) из-за интенсивного нагрева электродов наблюдался устойчивый 

привес массы катода, но сформированные покрытия имели повышенную шероховатость: Ra = 7,4÷8,6 мкм. Параметр 

Ra для исходных СЛС-образцов составлял 10,7 мкм. Сформированные покрытия характеризовались толщиной 15–

30 мкм, высокой сплошностью (до 100 %), твердостью 9,0–12,5 ГПа, модулем упругости 122–145 ГПа, коэффициентом 

трения 0,36–0,49. Проведение ЭИЛ-обработки способствовало росту износостойкости СЛС-сплава в 7,5–20,0 раз, а 

жаростойкости на 10–20 % (t = 1150 °C, τ = 30 ч). Установлено, что наилучшими свойствами (твердость, модуль упруго-

сти, шероховатость износо- и жаростойкость) обладает покрытие, полученное на низкоэнергетическом режиме ЭИЛ 

с энергией ∑Е = 2915 Дж.

Ключевые слова: электроискровое легирование (ЭИЛ), селективное лазерное сплавление (СЛС), жаропрочный сплав, 

цирконий, твердость, жаростойкость, износостойкость.
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Introduction

Advanced aerospace engineering requires new ma-

terials and technologies. New heat-resistant materials, 

also nickel-based, are currently under development 

[1, 2].

The most promising are additive technologies [3] 

such as selective laser melting (SLM). However, prod-

ucts manufactured by the SLM method are characte-

rized by near-surface structural defects, among them 

cracks, pores, and non-molten particles are the most 

dangerous [4].

Applying a protective coating is the most efficient 

way to extend the service life of heat-resistant alloys [5—

8]. Ion plasma deposition [9, 10], gas thermal sputtering 

[11—13], slip molding [14], and electrospark deposition 

(ESD) [15—20] are widely used for coating deposition on 

Ni-containing alloys.

The ESD advantages consist of good adhesion of the 

coating, relative simplicity of the process and equipment, 

low energy consumption, sustainability, high-profit 

margin, and many automation options. High-energy 

electrospark deposition successfully used to restore 

worn-out parts.

ESD on the ZhS6U nickel alloy with an electrode 

made of KhTN-61 alloy (Co—Cr—Nb) improves the 

oxidation resistance (up to 1000 °C), wear resistance, 

increases hardness, and reduces the friction coeffi-

cient [17]. Electrospark deposition of (Cr—Al—Si—B) 

electrodes obtained by Self propagated High tempera-

ture Synthesis (SHS) on the EP 718-ID (Inconel 718) 

heat-resistant nickel alloy can also increase the heat and 

wear resistance [18]. Kudryashov A.E. et al. [19, 20] re-

port the increase of the EP 718-ID alloy oxidation re-

sistance after deposition of SHS electrodes (Mo—Si—B 

and Zr—Si—B).

Tsyvirko E.I. et al. [21] note an improvement in the 

physical properties of critical aircraft castings made of 

nickel alloys when alloyed with 2—3 % Zr. Adding zir-

conium (0.05—0.25 %) to nickel alloys increases the mic-

rohardness of the metal matrix and improves the heat re-

sistance of cast jet engine parts. Adding zirconium and 

hafnium to nickel alloys increases the oxide layer adhe-

sion to the surface due to lower porosity at the oxide-

alloy interface [22].

In view of the above, the investigation of the electro-

spark deposition of Ni-containing SLM alloy with zir-

conium electrodes is particular interest. It is expected 

that ESD will improve oxidation resistance and elimi-

nate surface defects [16].

Multicomponent Zr-containing electrodes are exten-

sively used. For example, CLAB 2 (ZrB2—ZrSi2—LaB6) 

composite with the Ni—Cr—Al binder (30 mol.%) [23] 

and a ZrSiO4 electrode [24] is used to increase the oxi-

dation resistance of hard metal. In order to improve the 

wear resistance of the TC11 titanium alloy, the high-en-

tropic CuNiSiTiZr [25] as well as the bulk metallic glass 

forming the Zr65Cu17,5Al7,5Ni10 electrodes [26, 27] were 

used. Vitreloy 1 (Zr41.2Ti13.8Ni10Cu12.5Be22.5) was pro-

posed for welds repairs in worn-out amorphous mate-

rials and coatings [28]. To protect the AISI 304 stainless 

steel against wear, corrosion and tribocorrosion ESD 

has done in a vacuum with a TaC—ZrC—Mo—Ni elect-

rode [29]. Verkhoturov A.D. et al., Nikolenko S.V. et al. 

[30, 31] recommend using zirconium only as an elect-

rode binder.

Despite the widespread use of multicomponent 

Zr-containing electrodes, the application of pure zir-

conium is limited. In order to improve the quality of 

Kh12MF steel grade die tooling, we propose the addi-

tion of ESD of zirconium first, and then an induction 

chemical and thermal treatment in a carbon-containing 

paste [32].

Nikolenko S.V. et al. [33] propose the use of zirconi-

um as an anode material for the treatment of the VT20 

titanium alloy, in order to improve its wear and oxidation 

resistance, or to extend the cutting tool life [34].

This study considers mass transfer, structure, com-

position, and properties of electrospark deposition of 

zirconium electrodes on a Ni-containing SLM alloy.

Materials and Methods

The Ni-containing SLM alloy served as a substrate 

(cathode). Its composition was (wt.%): Ni: 53.75, Al: 

24.07, Cr: 13.73, Co: 7.66, Hf: 0.79 [35]. The sample size 

was 7 mm × 9 mm × 7 mm. 

The electrode (anode) was made of zirconium iodide 

(TU 95 46-97 specifications) with the following com-

position (wt.%): Zr: base metal, Fe: 0.03, Cu: 0.003, 

Ni: 0.01, C: 0.008, Si: 0.008, N: 0.005, O: 0.05, Al: 0.005, 

Cr: 0.002, Hf: 0.01, B: 0.00005, Ti: 0.005. The sample 

size was 3 mm × 3 mm × 50 mm.

We used an Alier-Metal 303, Alier-Metal 30, and an 
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Table 1. Parameters of ESD processing modes

Таблица 1. Параметры режимов ЭИЛ-обработки

Mode
Alier-Metal

machine

Amperage 

I, А

Pulse duration 

τ, μs

Pulse frequency 

f, Hz
Navg Еavg, 10–3 J ∑Е, J

1 303 120 20 3 000 66 895 43.57 2915

2 30 170 25 3 000 128 764 133.67 17212

3 30 170 25 1 500 49 829 104.29 5197

4 2002 340 6 15 000 262 803 5.55 1459

5 2002 340 8 10 000 257 270 10.27 2642

Note. The electrode vibration frequency was 600 Hz.

Alier-Metal 2002 (METAL — SCINTI SRL, Russia—

Moldova) ESD machines using 5 different frequency 

and power settings (refer to Table 1).

The surface layer was deposited in an argon envi-

ronment (99.995 %). After treatment, the electrode and 

substrate were held in an argon bath until complete 

cooling.

We used a fast analog to digital converter (ADC) 

E20-10 (L-Card, Russia) connected to the ESD ma-

chine, in order to measure the properties of the pulsed 

discharges. The raw data was logged by the LGraph 2 

software multichannel logger. The recording time was 

10 sec. We also used MATLAB configured to handle 

the ESD process to estimate the energy of a single pulse 

discharge (E), the number of pulses (N), and the total 

energy per 1 minute of treatment (ΣE).

We used a KERN 770 (Germany) analytical balance 

to evaluate the mass transfer kinetics (anode’s specific 

erosion ΔAi) and cathode specific weight gain (ΔKi)). 

The accuracy was 10–5 g. We weighed the anode and 

cathode after each minute of ESD. The total cathode 

weight gain is [30]

∑ΔKi = (ΔK1 + ΔK2 + … + ΔK10) / ρ,  (1)

where ΔKi is the cathode weight gain in i min of deposi-

tion (i = 1, 2...10, g); ρ is the electrode material density, 

g/cm3.

The anode total erosion ΣΔAi was estimated simi-

larly.

We used a CitoPress-1 mounting press (Struers, 

Denmark) to embed the samples into conductive resin 

and make sample sections. A RotoPol-21 polishing ma-

chine (Struers) was used to grind and polish the samples. 

Initially, the samples were polished with various sand-

paper grits. We polished the samples with a SiO2 oxide 

suspension, 0.05 μm abrasive particle size. The metal-

lographic analysis of the sections was performed with a 

Neophot-32 optical microscope (Carl Zeiss, Germany). 

The magnifications for measuring the thickness and 

continuity of the coatings were 500× and 200×, respec-

tively.

XRD patterns of the electrospark deposition coat-

ings were performed on a DRON 4 diffractometer us-

ing monochromatic CuKα radiation in the step-scan-

ning mode, 2θ = 10°÷110° angular range (the scanning 

step was 0.1°, the exposure was 3 to 6 s). The qualitative 

and quantitative phase analysis procedures are given in 

[36, 37].

We studied the sample microstructures by scanning 

electron microscopy (SEM) using an S-3400N micro-

scope (Hitachi, Japan) using a NORAN 7 spectral im-

aging X-ray microanalysis system (Thermo Fisher Sci-

entific Inc, USA). The sample surface topography and 

wear tracks were examined using a WYKO NT 1100 op-

tical profiler (VEECO, USA). 

The mechanical properties such as hardness (H) 

and modulus of elasticity (E) were determined by in-

dentation of polished cross sections at the Functional 

Surfaces Testing Lab, National University of Science 

and Technology «MISIS», using a Nano-Hardness 

Tester (CSM Instruments, Switzerland) with a Berko-

vich diamond tip. We determined H and E according to 

GOST R 8.748-2011 (ISO 14577) [38]. The Poisson’s ra-

tio was assumed to be 0.3. The measurement conditions 

were as follows: 20 mN max load, 5 s hold time.

The study of tribological properties of samples was 

carried out on an friction machine Tribometer (CSM 

Instruments) according to the pin-on-plate scheme with 
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Fig. 1. Total anode erosion ΣΔАi (dashed lines, light 

symbols) and total cathode weight gain ΣΔKi (solid lines, 

dark symbols) depending on ESD time

Curves 1, 4 – Mode 5 (▲, ); 2, 5 – Mode 1 (, ); 

3, 6 – Mode 4 (■, □); 7, 10 – Mode 2 (, ); 8, 9 – Mode 3 (, )

Рис. 1. Зависимость суммарной эрозии 

анода ΣΔАi (штриховые линии, светлые значки) 

и суммарного привеса катода ΣΔKi (сплошные линии, 

темные значки) от времени ЭИЛ

Кривые 1, 4 – 5-й режим (▲, ); 2, 5 – 1-й (, ); 

3, 6 – 4-й (■, □); 7, 10 – 2-й (, ); 8, 9 – 3-й (, )

reciprocating motion. A ball with a diameter of 3 mm 

made of WC—Co alloy was used as a static partner. Test 

conditions: track length 4 mm, applied load 1 N, maxi-

mum velocity 5 cm/s.

The oxidation resistance of the coatings was evaluat-

ed by the sample weight gain after annealing in the air in 

a SNOL 7.2/1200 electric furnace at 1150 °C, with 30 h 

total dwell time.

Results and Discussion

Fig. 1 shows the total anode erosion (ΣΔAi) and total 

cathode weight gain (ΣΔKi) depending on ESD time. It 

was found that ΣΔAi increases with processing time for 

all process modes. The max value (–73.17·10–4 cm3) is 

reached in High-Energy Mode 2.

The peculiarities of the dependences of the total 

cathode gain on the time is determined by the process-

ing mode used.

For example, when low-energy modes were used 

(samples 1, 4, 5), we observed initial cathode weight 

gain. The initial weight gain period varied from 1 min 

(mode 4) to 3 and 4 min in modes 5 and 1, respective-

ly. As the processing time increases, the substrate los-

es weight. The min value ∑ΔKi = –5.81·10–4 cm3 was 

found after a 10 min mode 4 deposition.

In high-energy modes 2 and 3, there is a consistent 

cathode weight gain. Due to intense electrode heating, 

burns occur on the surfaces, leading to strong deterio-

ration of the surface finish. Such surfaces would require 

extra grinding. To avoid burns, the processing time was 

reduced to 5 min. In modes 2 and 3 ∑ΔKi was 59.03·10–4 

and 22.42·10–4 cm 3, respectively.

For comparison, when using a ZrSiB electrode 

(composition, wt.%: ZrB2: 66, ZrSi2: 26, Si: 6, ZrO2: 2) 

to treat the EP718 alloy in mode 1, the following va-

lues were observed: ∑ΔKi = 10.01·10–4 cm3, and ∑ΔAi =

= –43.43·10–4 cm3 [20]. The mass transfer is intensified 

since the ESD erosion of refractory substances is an or-

der of magnitude higher than that of metals due to their 

mostly brittle fracturing [30].

We analyzed the ADC logs which included the sin-

gle pulse energy (average values over processing time 

(Еavg)), the total energy of pulse discharges per 1 min 

(∑Е), and the average number of pulse discharges per 

1 min in each mode (Navg)) (refer to Table 1).

It was found that in mode 2, ∑Е is at its maximum: 

17212 J. In mode 4 with its short, max frequency pulse 

discharges, the total energy is at its minimum: 1459 J.

Low-energy treatment leads to a low coating for-

mation rate. In high-energy modes, the electrodes are 
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Table 2. Properties of the substrate and ESD coatings

Таблица 2. Свойства подложки и ЭИЛ-покрытий

Sample (mode) h, μm Ra, μm E, GPa H, GPa

Substrate – 10.7 162 6.9

1 15 3.9 140 12.3

2 20 8.6 122 9.0

3 30 7.4 145 12.5

4 15 5.0 136 11.1

5 15 7.2 142 10.7

intensively heated. In this case the ESD performance is 

high, but the surface roughness of the coatings is unsat-

isfactory.

We found the optimal ESD processing time per 

1 cm2 for the coating application on SLM alloy samples. 

It is 4 min for the low-energy modes (1, 4, 5) and 1 min 

for the high-energy modes (2, 3). This time is sufficient 

to build solid coatings with an acceptable surface finish. 

Refer to Table 2 for the Ra (arithmetic average rough-

ness) surface roughness. It is clear that ESD reduces the 

SLM alloy surface roughness by 1.3—2.8 time. Coat-

ing 1 featured the min roughness.

Table 3 lists the phase composition of the coatings. 

It was found that the SLM alloy contains only the 

NiAl intermetallic. Coating 1 contains nickel alu-

minides (NiAl), lattice parameter a = 0.2886 and 

0.2922 nm. Its increase may be caused by the introduc-

tion of Zr atoms into NiAl during ESD (composition: 

Al11.45Ni49.83Zr38.72). This sample also contains the 

ZrNi2Al intermetallic and Zr(OH). Its formation ap-

pears to be caused by the interaction between zirconi-

um and dissolved oxygen in the SLM samples. Coating 2 

was manufactured with the highest ESD energy possible. 

It contains NiAl and ZrNi intermetallics, as well 

as the Zr3NiO(x) oxide. In addition to sample 1, the 

ZrNi2Al was also found in coatings 3 and 4. They con-

tain the ZrCr2 phase as well. The ZrNi2Al triple inter-

metallic compound is a Heusler phase while the ZrCr2 

double intermetallic compound is a Laves phase. The 

formation of both phases is caused by the interaction 

between zirconium (anode) and the substrate elements 

during ESD.

It should be noted that zirconium oxynitride 

Zr(O, N) with the lattice parameter a = 0.4585 nm 

corresponds to Zr85.56N3.94O10.5 (wt.%). The double 

oxide Zr3NiO(x) can be expressed as Zr80.86Ni17.34O1.8 

(a = 0.329 nm, b = 10.94 nm, c = 8.91 nm). 

ZrCr2 melting point is known to be t = 1673 °C [40], 

and the ZrNi phase melting point is 1260 °C [41]. The 

formation of such refractory phases should improve the 

oxidation resistance of the coating.

Fig. 2 shows the SEM images of the ESD coatings 

1 and 3. It can be seen that the surface layer is contin-

uous. It consists of the spread electrode material drops. 

In the case of high-energy mode 2, the drop diameter 

is ~ 450 μm, for high-frequency mode 5, it is about 

170 μm.

Fig. 3, a shows an SEM image of coating 5 (polished 

section). It can be seen that ESD generates a defect-free 

coating. No cracks at the coating/substrate interface 

were found.

Electrospark deposition forms a highly continuous 

(up to 100 %) coating up to 30 μm thick (h) on the sur-

face of an SLM alloy.

Our nano-indentation measurements estimated the 

mechanical properties of the coatings: E = 122÷145 GPa 

and H = 9.0÷12.5 GPa (refer to Table 2). The modulus of 

elasticity of the unhardened sample is higher than that of 

the electrospark coating and zirconium (96.0—99.0 GPa 

[42]). The reason is the interaction between Zr and the 

substrate elements during ESD.

ESD increases the surface hardness by 1.3—1.8 time. 

Fig. 3, b shows the hardness and modulus of elasticity vs. 

the cross-section width for coating 5. It can be seen that 

as the distance to the surface increases, H decreases, 

and E increases.

When using a ZrSiB electrode to treat the EP718 al-

loy, the coating has higher hardness (18.8 GPa), modulus 

of elasticity (351.4 GPa), and roughness (Ra = 5.80 μm) 

[20]. The max coating hardness of 9.2 GPa was obtained 
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Table 3. Phase composition of the substrate and ESD coatings

Таблица 3. Фазовый состав подложки и ЭИЛ-покрытий

Sample 

(mode)
Phase Lattice type Space group

Vol. fraction,

%

Mass fraction,

%

Lattice constants, 

nm

Substrate NiAl В2 cP2/1 100 100 a = 0.2880

1

NiAl В2 cP2/1 45 44 a = 0.2886

NiAl(Zr) В2 cP2/1 2 30 а = 0.2922

ZrNi2Al D0.3 cF16/2 9 10 a = 0.6034

Zr (O,N) В1 cF8/2 14 16 a = 0.4656

2

NiAl В2 cP2/1 17 15 a = 0.2877

ZrNi E9.3 cF96/1 36 37 a =1.1985

Zr3NiO(x) E1a oC20/7 47 48 a = 3.304 

b =11.128 

c = 8.679

3

NiAl В2 cP2/1 68 64 a = 0.2881

ZrCr2 C14 hP12/1 13 15 a = 0.5032 

c = 0.8328

ZrNi2Al D0.3 cF16/2 10 11 a = 0.6023

Zr (O,N) В1 cF8/2 9 10 a = 0.4637

4

NiAl В2 cP2/1 51 47 a = 0.2879

ZrCr2 C14 hP12/1 22 24 a = 0.5046

c = 0.8206

ZrNi2Al D0.3 cF16/2 13 14 a = 0.6045

Zr (O,N) В1 cF8/2 14 15 a = 0.4646

5

NiAl В2 cP2/1 37 33 a = 0.2882

Zr (O,N) В1 cF8/2 38 41 a = 0.4650

Zr3NiО(x) E1a oC20/7 25 26 a = 3.321

b =11.118 

c = 8.679

Fig. 2. SEM images of surfaces of ESD coating samples 1 (а) and 3 (b)

Рис. 2. РЭМ-изображения поверхности образцов ЭИЛ-покрытий 1 (а) и 3 (b)

a b
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Fig. 3. SEM image of Coating 5 cross-section (а) and hardness (H) and elastic modulus (E) distribution over the coating 

thickness (b)

Рис. 3. РЭМ-изображение поперечного шлифа покрытия 5 (а) и распределение твердости (H) и модуля 

упругости (E) по его толщине (b)

a
b

after vacuum treatment of the EP 741 nickel alloy with 

a NiAl-based alloy electrode [43].

Table 4 lists the tribology test results (friction coeffi-

cient (Kfr) and reduced wear) for the substrate and ESD 

coatings. It was found that the unhardened sample has a 

minimum value of Kfr = 0.34. ESD increases the friction 

coefficient: for ESD coatings, Kfr = 0.36÷0.49.

The min friction coefficient of 0.36 was found in 

sample 4. Coating 2 was applied in a high-energy mode. 

At the beginning of testing (up to 5500 cycles) the 

friction coefficient Kfr ~ 0.33 was low, and by the end 

(7000 cycles), it rose to 0.49. Apparently, during the test, 

the solid wear products on the track surface were able to 

enter the friction zone thus increasing the friction coef-

ficient [44].

The friction coefficient of the coating formed by the 

KhTN-61 electrode on the EP718 heat-resistant nickel 

alloy (E = 0.3 J, f = 1000 Hz, τ = 50 μs) is Kfr = 0.18. 

The value is so low because the surface layer was po-

lished [17].

An unhardened sample of a Ni-containing alloy 

(Table 4) was found to have the max reduced wear (that 

is, min wear resistance). Electrospark deposition with 

a zirconium electrode reduces the reduced wear. Coat-

ing 1 showed the best results.

The tribology tests produced cracks on the track sur-

face of the unhardened sample. A possible reason is the 

shear stresses under load. Samples with coatings 1, 2, 3, 

and 5 featured partial wear. On these coatings Zirconi-

um was found at the bottom of the tracks. Its content on 

the sample surface was noticeably higher.

No zirconium was found at the bottom of the wear 

track in coating 4, manufactured in the high-frequency 

mode (15000 Hz), with the min Kfr = 0.36 and max spe-

cific wear rate of 44.4·10–5 mm3/(N·m). This indicates 

that the coating is completely worn out.

Fig. 4 shows the oxidation weight index (Δm/S) as a 

function of time for the ESD coatings and the unhard-

ened substrate. It was found that oxidation follows the 

parabolic law, and the oxide layer growth is limited by 

the oxygen diffusion through it. The maximum coating 

oxidation rate is observed in the first minutes of the ex-

periment. It reduces after the formation of an oxidized 

layer on the sample surface.

Fig. 4 shows that coating 3 (Δm/S = 527.62 g/m2) and 

the unhardened sample (Δm/S = 520.68 g/m2) have the 

lowest oxidation resistance, while sample1 showed the 

best results (Δm/S = 434.90 g/m2).

The application of ESD coatings reduces the weight 

oxidation index by 10—20 %. The oxidation resistance 

seems to be caused both by the reduction of the SLM 

alloy surface defects and the formation of a more heat-

resistant surface layer.

Table 5 lists the phase composition of the substrate 

and ESD coatings after long (30 h total time), high-tem-

perature treatment. The following phases were found 

in the unhardened sample: NiAl (45 %), double oxide 

(Al,Cr)2O3 (46 %), traces of HfO2 (4 %), and NiCrO3 (5 %).
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Table 4. Tribology test results for the substrate and ESD coatings

Таблица 4. Результаты трибологических испытаний подложки и ЭИЛ-покрытий

Sample (mode)
Reduced wear, 

10–5 mm3/(N·m)

Kfr

Initial Max. Avg. Final

Substrate 142.0 0.02 0.37 0.30 0.34

1 7.0 0.22 0.49 0.44 0.44

2 12.5 0.26 0.50 0.30 0.49

3 18.4 0.65 0.44 0.38 0.41

4   44.4* 0.06 0.45 0.38 0.36

5 14.6 0.11 0.46 0.39 0.42

* The coating is completely gone.

Fig. 4. Oxidation weight indicator of the substrate (dashed 

line) and coatings (solid curves) as a function of time 

Curve numbers correspond to the numbers of coating samples (modes)

Рис. 4. Зависимость весового показателя 

окисления подложки (штриховая линия) 

и покрытий (сплошные кривые) от времени 

Цифры у кривых соответствуют номерам образцов покрытий 

(режимам)

Sample 

(mode)

Regression 

equation

Approximation 

confidence coefficient

Substrate Δm/S = 97.397τ0,5 0.9982

1 Δm/S = 80.920τ0,5 0.9992

2 Δm/S = 86.761τ0,5 0.9987

3 Δm/S = 95.631τ0,5 0.9979

4 Δm/S = 93.648τ0,5 0.9968

5 Δm/S = 94.597τ0,5 0.9934

All the coated samples contain NiAl, and the oxides 

of the substrate elements: (Al,Cr)2O3, Co3O4, NiCrO3 

(traces), and zirconium dioxide (ZrO2), present as two 

modifications: monoclinic lattice (C43), 7 to 28 %, and 

HCC lattice (C1), not more than 2 %.

The presence of (Al,Cr)2O3 and ZrO2 oxides in the 

coatings is desirable. A thin (Al,Cr)2O3 /ZrO2 coating 

made by arc ion sputtering on a nickel-based superal-

loy is known to have high oxidation resistance at t =

= 1200 °C, and provides good thermal insulation. At the 

1100 °C ambient temperature, the substrate temperature 

decreased by more than 40 °C [45].

Fig. 5 shows the substrate cross section after long an-

nealing, and an element distribution chart (O, Al, Ni). 

It can be seen that high-temperature annealing forms a 

30 μm thick nickel-free oxidized layer on the substrate 

surface.

Fig. 6 shows a thin section of coating 4 after anneal-

ing and an element distribution chart (O, Zr, Al, Ni) in 

the oxidized layer. It was found that the surface layer 

(region 1) mostly contains zirconium and oxygen, the 

middle layer (region 2) contains oxygen, substrate mate-

rial (Al, Ni, Cr, Co), and electrode (Zr) elements, while 

the bottom layer (region 3) contains O, Al, Cr, and small 

amounts ( 1 %) of Ni and Zr. The total thickness of the 

oxide layers does not exceed 9 μm.

Prolonged high-temperature annealing results in 

the diffusion of the surface layer elements. The top 

layer is Zr-containing. The bottom layer bordering the 

substrate contains aluminum and chromium oxides. 

The middle layer contains chromium, nickel, and haf-

nium oxides besides aluminum oxide. For all the coat-

ings the total thickness of oxide layers does not exceed 
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Table 5. Phase composition of the substrate and ESD coatings after annealing

Таблица 5. Фазовый состав подложки и ЭИЛ-покрытий после отжига

Sample 

(mode)
Phase

Lattice 

type

Space 

group
Vol. fraction,% Mass fraction,%

Lattice constants, nm

Lattice angle β, deg

Substrate

NiAl B2 cP2/1 39 45 a = 0.2873

HfO2 C43 mP12/3 2 4 –

(Al,Cr)2O3 D5.1 hR10/1 54 46 a = 0.476

c = 1.3025

NiCrO3 D5.1 hR10/1 5 5 –

1 

ZrO2 C43 mP12/3 6 7 –

Ni Al B2 cP2/1 32 35 a = 0.2869

(Al,Cr)2O3 D5.1 hR10/1 35 29 a = 0.4766 

c = 1.3016

NiCrO3 D5.1 hR10/1 5 5 –

ZrO2 C1 cF12/1 2 2 a = 5.136

Co3O4 cF56/3 20 22 a = 0.8120

2

ZrO2 C43 mP12/3 26 28 a = 0.5150

b = 0.5199

c = 0.5327

β = 99.09°

NiAl B2 cP2/1 19 22 a = 0.2869

(Al,Cr)2O3 D5.1 hR10/1 39 32 a = 0.4771

c = 1.3030

NiCrO3 D5.1 hR10/1 4 4 –

ZrO2 C1 cF12/1 1 1 a = 0.5127

Co3O4 cF56/3 11 13 a = 0.8120

3

ZrO2 C43 mP12/3 12 13 a = 0.5155

b = 0.5175

c = 0.5329

β = 99.10°

NiAl B2 cP2/1 23 26 a = 0.2870

(Al,Cr)2O3 D5.1 hR10/1 44 37 a = 0.477

c = 1.3028

NiCrO3 D5.1 hR10/1 4 5 –

Co3O4 cF56/3 17 19 a = 0.8125

4

ZrO2 C43 mP12/3 14 15 a = 0.5146

b = 0.5188

c = 0.5322

β = 99.16°

Ni Al B2 cP2/1 26 28 a = 0.2870

(Al,Cr)2O3 D5.1 hR10/1 38 32 a = 0.4770

c = 1.3023

NiCrO3 D5.1 hR10/1 5 5 –

ZrO2 C1 cF12/1 1/1 1 a = 0.5132

Co3O4 cF56/3 16 19 a = 0.8114
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Table 5. Phase composition of the substrate and ESD coatings after annealing (the ending)

Таблица 5. Фазовый состав подложки и ЭИЛ-покрытий после отжига (окончание)

Sample 

(mode)
Phase

Lattice 

type

Space 

group
Vol. fraction,% Mass fraction,%

Lattice constants, nm

Lattice angle β, deg

5

ZrO2 C43 mP12/3 16 17 a = 0.5147

b = 0.5195

c = 0.5331 

β = 99.19°

Ni Al B2 cP2/1 27/31 31 a = 0.2871

(Al,Cr)2O3 D5.1 hR10/1 40 33 a = 0.4772

c = 1.3025

NiCrO3 D5.1 hR10/1 5 5 –

ZrO2 C1 cF12/1 1 1 a = 0.5148

Co3O4 cF56/3 11 13 a = 0.8126

Fig. 5. SEM image of uncoated sample cross-section after annealing (а) and map of O (b), Al (c) and Ni (d) distribution 

in the oxidized layer

Рис. 5. РЭМ-изображение поперечного шлифа образца без покрытия после отжига (а) и карта распределения 

элементов в окисленном слое O (b), Al (c) и Ni (d)

Fig. 6. SEM image of сoating 4 cross-section after annealing with indicated EPMA areas (а) and map of O (b), Zr (c), 

Al (d), Ni (e) distribution in the oxidized layer

The insert indicates concentrations of elements (wt.%) in the indicated areas

Рис. 6. РЭМ-изображение поперечного шлифа покрытия 4 после отжига с указанием областей МРСА (а) 

и карта распределения элементов в окисленном слое O (b), Zr (c), Al (d), Ni (e)

На вставке приведены концентрации элементов (мас.%) в указанных областях

O

O

Ni

Al Ni

Al

Zr

a

a

c

c

d

d

b

b e
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10 μm, which is three times less than for the uncoated 

sample.

Conclusions

1. We studied the formation of electrospark coatings 

on Ni-containing SLM alloys with zirconium elec-

trodes. In high-energy modes (∑Е = 5197÷17212 J), con-

sistent cathode weight gain was observed. In low-energy 

modes (∑Е = 1459÷2915 J) weight gain occurred during 

the first 1—4 minutes, while cathode weight decreased 

as the processing time increased.

2. We measured the ESD process variables in each 

mode: single pulse discharge energy, number of pulses, 

and total energy of pulsed discharges per 1 min. The 

coatings 15—30 μm thick with up to 100 % continuity 

reduce SLM sample surface roughness (Ra) by 1.3—

2.8 time.

3. We found the formation of heat-resistant phas-

es with ZrNi2Al, ZrNi, ZrCr2, and oxides (Zr3NiO(x), 

Zr(O,N)) in the ESD coatings as a result of interaction 

between zirconium and the dissolved oxygen present in 

the SLM samples.

4. The ESD coatings have 9.0—12.5 GPa hardness, 

and 122—145 GPa modulus of elasticity. Electrospark 

treatment improves the SLM alloy properties. The hard-

ness is increased by 1.3—1.8 times, wear resistance, by 

7.5—20 times, and oxidation resistance, by 10—20 %. In 

terms of its properties, the best coating was produced in 

low-energy mode with ∑Е = 2915 J.
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