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Abstract

The object of the present work are the surface properties of technical titanium produced by 3D printing
- Direct Metal Laser Sintering (DMLS) with subsequent treatment by local electrospark deposition with
a rotating electrode (LESD). The layering was performed with electrodes of multicomponent hard alloys
based on WC with additives from B4C, TiB> and Ni-Cr-B-Si-C and of AlSi alloys. The influence of the
LESD process parameters on the roughness, thickness, composition and structure of the coatings was
studied by profilometric, metallographic, XRD, SEM and EDS methods. High-density coatings with
different roughness and thickness have been obtained, which can be changed by changing the LESD
modes in the range Ra=1.25+3.5um, 0=6+-20um and microhardness 9+14.0 GPa. Friction tests have
shown that the wear of coated surfaces is up to 4 times lower than uncoated. On the basis of the
experimental data, appropriate process parameters and electrodes have been determined, allowing to
obtain coatings with purposeful synthesized of new phases and crystal-amorphous structures, and with
predetermined thickness and roughness and higher hardness, and wear resistance than those of
substrates.

Keywords: 3D printing, Direct metal laser sintering DMLS, Local electrospark deposition - LESD,
titanium alloys, roughness, microhardness, wear, wear resistance

1. INTRODUCTION

Currently, the improvement of the surface properties of metal products obtained by the most widespread
in practice additive technologies for 3D printing of metals - selective laser sintering (SLS) and Direct
Metal Laser Sintering - DMLS) (Aloshin et al 2016 , Bogers, Hadar & Bilberg 2016, Laplume, Petersen
& Pearce 2016, Freedman 2019; Monkova et al. 2019) can be done in one of the following main ways:

- By selecting appropriate modes for construction (laser power, energy distribution in the laser spot,
laser beam scanning speed and trajectory, distance between scanning tracks, powder material layer
thickness, platform preheating, shielding gas type ( Zaytsev & Polupan 2020; Shipley,McDonnell &
Culleton 2018, Sufiyarov et al 2018). But the impossibility of good cleaning, satisfactory reduction of
roughness, and shaping of surfaces are still a serious obstacle to the application of this technology for
the manufacture of all-metal structures.

- By laser re-melting. According the method, proposed by (Yasa & Kruth 2011), each layer is
"processed", the laser twice. As a result, the porosity is reduced, but the time to build the part is doubled.

- By additional treatments - mechanical (grinding, manual polishing, shot blasting, cutting and pressing),
electrochemical, electroerosion etc. However, these treatments require appropriate machines,
technologies, equipment and tools, as well as the use of specific technological regimes for different
materials and shapes of products and leaving allowances for the further processing, which is associated
with excessive increases in time and costs. Moreover, the machining of parts of titanium alloys, high-
alloy chromium-nickel steels and intermetallic compounds is a labor-intensive operation due to their
poor machinability.(Bogers, Hadar & Bilberg 2016, Laplume, Petersen & Pearce 2016, Freedman 2019)
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- By adding a new layer on top of the 3D surfaces. According to most researchers (Sufiyarov et al 2018,
Laplume, Petersen & Pearce 2016, Freedman 2019, Ramos-Grez & Bourell 2004, Tsvetkova et al 2020,
Grabarczyk 2020) one of the most promising guidelines for improving the quality of 3D surfaces and
increasing their wear resistance is the creation of surface layers with higher physical-mechanical and
tribotechnical properties, and electrochemical, galvanic, thermochemical, electrophysical and other
methods are approved as suitable.

Among these methods, the lightest, cheapest, most accessible, universal and highly ecological is
electrospark deposition ESD (Penyashki et al 2020, Penyashki & Kostadinov 2013, Mukanov,
Kudryashov & Petrzhik 2021, Kostadinov et al. 2021, Penyashki et al. 2022). The method has a number
of advantages (Penyashki et al. 2020, Mukanov, Kudryashov & Petrzhik 2021,Kostadinov et al. 2021,
Penyashki et al. 2022), the main of which are: its simplicity, low cost of equipment, easy technology,
high adhesion with the base, insignificant heating and lack of thermal deformation of the layered
products, low energy consumption and ease of execution of technological operations, the possibility of
local processing of any surface, even of the most complex shape. The ESD coating changes the deposited
surface both in terms of geometry and topography, as well as in terms of its composition, structure and
properties.

The efficiency of ESD is a function of the electrode materials and equipment used. Therefore, the

question arises of using new electrode materials, as well as of establishing the influence of the process
parameters on the characteristics of the coatings applied with the new materials and on the performance
characteristics of the binder material, which will allow to determine effective ways to control the
performance properties of layered surfaces.

In this regard, the aim of the present work is to investigate the influence of ESD parameters with low
energy pulses and the electrodes used on the roughness, morphology and wear resistance of the coatings
with a view to improving the quality of the DLMS surface layer.

2. MATERIALS AND METHODS
2.1. Materials, Equipment for ESD and Deposition Conditions

- Substrate. Model plates with different roughness of titanium alloy Ti6Al4V (Gr5) and of technical
titanium Ti-GR2 (Aisi UNS R R56200 and R50400) are used for substrate. Carbon steel 1.2709
prodused by DMLS with composition Fe- base, Ni - 18-19 %, Mo 4,7-5,2%, Co 8,5-9,5 %, C 0,03%,
with sizes 10x10x4 were also used for comparison.

- Equipment for ESD. High-frequency and low-energy mechanized variant of ESD is used - local
contactless electrospark deposition (LESD) (Antonov, Panayotov & Lyutakov 1980) with low pulse
energy, with electronic system for tracking and maintaining the interelectrode distance, and with a
controlled speed of movement along the X and Y axes at layering of the treated parts . This equipment
ensures the production of coatings with higher density and uniformity, with lower roughness and with
significantly improved repeatability of quality characteristics.

LESD deposition is performed at 3 modes — at single pulse energy E and parameters given in Table 1.
The application of the coatings is carried out with cylindrical rotating electrode with a diameter 1.8 mm.
The performance of the deposition is 0.5+0.6 mm/s, Electrode rotation speed is 1200 rpm, Circuit
voltage U= 90V.
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Table 1. Mode Parameters at LESD — Device “Elfa 541”

Pulse current | Pulse dura- | Capacitance — Pulse Passages of | Single pulse
N amplitude - I, A | tion— Ti, C, uF; frequen-cy-f, | the electrode energy, J
us; kHz
1 12,8 8 0.68 12.5 3 0.01
2 16 12 1 8 3 0.02
3 24.4 20 4.4 5 3 0.04

2.2. Electrode materials

Composite multicomponent hard alloys with designations and composition given in Tables 2 and 3 were
selected to provide both high wear resistance, such higher amount of transfer from the liquid phase and
obtaining new additional wear-resistant compounds and phases in the process of forming the coatings
(Penyashki, Radev et al 2020, Penyashki, Radev et al 2019, and Kamburov et al 2021). The selected
multi-metallic materials differ from the known ones in that, in addition to WC, they additionally contain
highly wear- and corrosion-resistant TiB; and B4C, and the solder mass is made of the multi-component
Ni-Cr-Co-B-Si-C system, which ensures a higher transfer, higher coating density, strong bond with the
base, high abrasion and corrosion resistance.

Type of ESD electrode | Chemical composition
50%WC+10%TiBx+10%

NWWI10T10B10 _ )
B4C+(Ni-Cr-B-Si-C)-bal.
55%WC+20%TiB2+10%

NWWI15T20B10 _ )
B4C+(Ni-Cr-B-Si-C)-bal.
40%WC+20%TiB2+15%

NWWI15T20

B4C+(Co-Cr-Ni-B-Si-C)
AlSi9 9%Si +Al
Table 2. Composition of used ESD electrodes

Element C |Si|Cr|Fe|B |Ni
Composi-tion,% | 0.5 |3 |12 |4 | 3.5 | balance

Table 3. Chemical composition of the bonding powder mixtures Ni-Cr-B-Si-C

Layering electrodes of low-melting AlSi9 alloys (Mukanov, Kudryashov & Petrzhik 2021, Penyashki
et al. 2022), recommended by (Mukanov, Kudryashov & Petrzhik 2021, Penyashki et al. 2022,
MILLIGAN, HEAD, & BROCHU 2010, Cadney et al. 2009), which provide the forming of a liquid
melt, protection against oxidation due to the presence of silicon, as well as targeted synthesis of new
reinforced phases and production of nanostructured coatings with amorphous phases with high wear
resistance and performance properties were used as reference for comparison with the resulting coatings
from the electrodes of "NWW?” type.
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2.3. Types of research, Methodology of measurements, Research Equipment

- The parameters of roughness Ra, Rz, Rq and Rt and thickness of the resulting coatings are measured
by using profilometers AR-132B at EN ISO 13565-2:1996) standart.

- The morphology and topography of the LESD layers were examined with a scanning electronic
microscope SEM "EVO MA10 Carl Zeiss".

- The measured microhardnesses were performed with a Zwick 4350, Germany hardness tester,
according to ISO 6506-1: 2014, at a load of 2 N with a Vickers indenter diamond prism and a penetration
depth of 2-3 pm.

- The phase identification, the distribution of elements in the surface layer, and microstructural analysis
of the coatings were performed with a X-ray diffractometer Bruker D8 Advance in “Cu K&” radiation.

- The X-ray energy dispersion microanalysis was performed with a built-in X-ray energy dispersion
microanalyzer EDX system "Bruker" to a scanning electron microscope SEM "EVO MA10 Carl Zeiss".

- The tribological properties and wear resistance of the coatings are investigated by comparative tests of
friction with tribotester type "Thumb-on disk" under dry surface friction with hard-fixed abrasive
particles and at loads P 5 and 10 N. The wear characteristics test method consists in measuring the mass
wear “m” of the samples for a specific friction path “L” (friction cycles) under constant conditions -
load “P” and glide speed “V”.

The following wear characteristics were calculated:

- Mass wear - " =Mo =M ;g

m

- Wear intensity - the amount of wear per unit of friction work: W = PL  where m is the wear of the
solid for the test time, P - the normal load, L - the friction path passed.

- Wear resistance (W:): Reciprocal value of the wear intensity.

3. RESULTS AND DISCUSSION
3.1. Coating characterization — Roughness, thickness, structure and micro-hardness

The average values of surface roughness parameters Ra, Rz, Rq, Rt, the thickness 6, and microhardness
HV of coatings, obtained are shown in Table 4 and 5.

Table 4. Roughness Ra,Rz,Rq,Rt, thickness ¢ and microhardness HV of coatings on DMLS Ti6Al4V

substrates
Ne | Coating electrode Ra,pum | Rz, um | Rq, pm | Rt, pm | 6, um | HV, GPa
0 | substrate Ti6Al4V 7.54 21.23 7.8 2147 | - 3.75
1 | NWWIO0T10B10, E=0.02J | 3.47 9.8 3.29 10.48 10.75 | 9.85

2 | NWWI0T10B10, E=0.04J | 4.81 13.59 | 4.91 1422 | 18.53 | 12.34
3 | NWWI5T20B10, E=0.02J | 3.56 10.43 3.88 10.84 | 9.87 |12.83
4 | NWWI15T20B10, E=0.04J | 4.25 11.95 |4.35 12.05 | 14.85 | 12.45
5
6
7

NWWI15T20, E=0.02 J 343 9.62 347 9.72 9.54 | 11.87
NWWI15T20, E=0.04 J 4.64 13.12 | 4.49 16.63 14.66 | 12.22
AS19, E=0.02, 2 pass 2.29 6.47 2.3 6.54 6.7 8.03
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7 | ASi9, E=0.03, 2 pass 2.46 6.9 2.48 6.97 8.6 7.86
8 | ASi9, E=0.04, 2 pass 3.28 11.17 4.02 11.38 [9.55 943
9 | AK9, E=0,04, 3 pass 3.37 11.77 4.37 12.1 11.11 | 9.67

The coatings from NWW electrodes are obtained with 3 passes of electrodes

Table 5. Roughness Ra, Rz, Rq, Rt, thickness & and microhardness HVof coatings on DMLS 1.2709
steel substrates

Ne | Coating electrode Ra,pum | Rz, pm | Rq, pm | Rt, pm | 6, um | HV, GPa
1 | substrate 1.2709 10.28 29.04 | 9.59 31.19 |- 4.47

2 | AlSi9, E=0.02J 3.12 8.82 3.24 8.91 9.15 |8.84

3 | AlSi9, E=0.04J 4.15 11.75 | 435 11.85 | 12.53 | 9.66

4 | NWWI0T10B10, E=0.027J | 3.62 10.2 3.32 10.33 | 15.87 | 12.55

5 | NWWI10T10B10, E=0.04J | 4.64 13.12 | 4.49 16.63 | 21.25 | 12.59

6 | NWWI5T20B10, E=0.02J | 3.56 10.43 3.89 12.24 | 11.47 | 13.82

7 | NWWI5T20B10, E=0.047J | 5.02 14.2 5.475 15.35 | 16.63 | 13.89

8 | NWWI15T20, E=0.02 J 3.42 9.67 3.82 9.77 10.82 | 12.83

9 | NWWI5T20, E=0.04J 4.81 13.6 4.52 1432 | 15.65 | 12.86

The characteristic appearance and topography of the surface of the coatings is shown in Figs. 1, 2 and
3. They are compared with those of coatings from ASi9 electrodes.

Fig. 3 displays the change of the roughness parameters of the coatings Ra, Rz, Rt depending on the
energy of the single pulses. Dense and uniform coatings, similar in structure formed mainly by the liquid
phase were obtained with both , NWW* and AlSi electrodes. The coating parameters can be changed by
changing the pulse energy in the range of thickness 6=5-20 pm and microhardness HV=7 to 14 GPa.
The resulting surfaces have a specific relief different from the original. It can be seen that their roughness
is lower than that of the substrate. The standard deviation from the mean value after ESD and LESD
also has significantly lower values than those of the initial samples.

a) Ti6Al4V b) E=0.04 ] c) E=0.04] d) E=0.02J e) E=0.02 J
Fig. 1. View of model plates from Ti6Al4V before and after LESD:

a) DLMS substrate, Ra initial ~<8um; b) LESD with NWW10T10B10 electrode, coating Ra~4.8 pum;
¢) with NWWI15T20B10 - Ra~4,5 pm; d) with NWW10T10B10 -Ra=3 pm; e) with AlSi9 -Ra=2,5 um
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a) 1.2709 DLMS steel b) E=0.04 J ¢) E=0.03 J

d) E=0.03J e) E=0.03 J

Fig. 2. Top view of model plates from 1.2709 steel before and after LESD: a) DLMS substrate, Ra
initial =10pum; b) LESD with NWW10T10B10 electrode, coating Ra=4.6 pm; ¢) LESD with
NWWI15T20B10 electrode Ra=3,6 um; d) LESD with NWW15T20B10 electrode Ra=3,9 um; e)
LESD with AlSi9 electrode Ra =3um.
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Fig. 3. Roughness parameters Ra, Rz,Rq,Rt of LESD coatings on DLMS Ti6Al4V alloy: a), and
1.2709 steel; b) vs two modes of the pulse energy

The comparison of the measured roughness - Tables 4 and 5, showed that after LESD the parameter Ra
decreases to values Ra=2.5 to 5 um. The other studied roughness parameters also significantly decrease.
In the low pulse energy modes (0.02-0.03 J) - Fig. 1d, e; Fig. 2 c,d,e; Fig. 3, partial to the full erasure of
deep scratches, and reduction in the surface roughness to Ra=2.5-3 pm was obtained after the LESD
process. However, the lower pulse energy (E <0.02 J) (Table 3, Fig. 3) is not always sufficient for the
electrode melt to fill the unevenness, pores and cavities of the initial surface and the deepest traces of

pre-treatment cannot be completely deleted.

At the higher impulse energy - Tables 4 and 5 and Figs.1b,c; Fig. 2b; Fig. 3, the traces of DLMS are
erased almost completely, but the roughness of the coatings shows a tendency to increase — Table 4, 5
and Fig. 3 and the parameter Ra accepts values up to 4.5 -5 pum. In LESD with AlSi electrodes, the initial
roughness of DLMS surfaces of both titanium and martensitic steel in regimes with pulse energy up to
0.02-0.03 J can be reduced up to 3 times, and in LESD with NWW electrodes - up to two times.

A comparison of the coatings from the used NWW electrodes with different ratios between the
components shows close values of the roughness parameters. At E=0.02-0.03 J, the lowest values of the
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roughness parameters have the coatings from the NWW15T20 electrode, but the differences in the
roughness of the coatings from the "NWW" electrodes are negligibly small.

In Fig. 4 gives pictures of cross- section of the coatings from the NWW electrodes applied with 3 passes
at pulse energy 0.04 J (mode 3-Table 2) on 1.2709 steel and on Ti6Al4V. It can be seen that a dense
layer deeply filled the pores left after the DMLS treatment.

|

NN Y S
a) LESD on 1.2709 steel (=28 um)  b) LESD on Ti6Al4V alloy (6=23 pum)

Fig. 4. Cross- section microphotographs of microstructure of coatings from NWW10T10B10
electrodes

The micro-hardness (HV) of the coatings is up to 2-4 times higher than that of the non-coated substrates

and it exceeds in value the respective initial hardness of the aluminum electrodes. One can notice also a
tendency of increasing the micro-hardness upon increasing the energy of the impulses (Table 4 and 5),
with the measured average microhardness of coatings on 1.2709 steel being higher than that of titanium
alloys.

3.2. Phase composition of coatings

The main phases in the compositions of the “NWW?” coatings on TiGR2 are Ti, TiN, WCI1-x, TiB.,
TiCo.7No3, WB, Cr2B3, TiC1-x, NiB, NiTi, Cr2Tios. There are also registered small quantities (traces)
of newly formed wear-resistant compounds and intermetals such as: TiB, B4C, AIN, Si3N4,Ti(C,N),
CoB, Ni;Ti, CrNiW, TisNi, and Ti,0O. It is found that under the action of the spark plasma discharges,
the components of the electrode material are decomposed partially, forming many new compounds. The
palette of nitrides, carbides and carbonitrides, in relatively a little amount shows that in the process of
LESD titanium reacts with nitrogen from the air and carbon from the electrode material forming of new
wear resistance carbides and nitrides. XRD models of coatings applied with different impulse energies
differ mainly in the intensity and width of the characteristic peaks of iron and intermetallic phases.

The registered broadening of the diffraction peaks of Al and Ti reflects the formation of both solid
solutions and new compounds in the resulting anode-cathode molten mixture, as well as a reduction in
the size of the structure, reaching an amorphous phase. Since there are also peaks in the wider-angle
zones that give an indication of the presence of crystallites, it can be concluded that the coatings have a
crystalline-amorphous structure. The degree of amorphousness is close than that of AlSi coatings, and
increases with increasing pulse energy. The main phases in the compositions of the AlSi coatings are:
a-Ti, Al, AlsTi, TisSis, AlSisTiz, TiNo26. In small quantities are registered Al,Os TiC1-x, TiCxNy, TiOs,
TiO. The resulting Al-based amorphous metal alloys are also favorable for the mechanical properties
and wear resistance of the coatings.

Similar results were obtained at LESD on 1.2709 DMLS steels, but at LESD with "NWW” type
electrodes, the amount of titanium carbides, borides and carbonitrides was higer than that of coatings on
TiGR2 substrates. The main registered phases in the composition of the NWW coatings are: martensite-
a-Fe, austenite -y-Fe, Cr-Ni-Fe-C, WCi, Cr;Cs, WB,, WB, TiB,, TiCos, traces of W>C, Fe;B, CoB,
FeNis, CrNiW, CrFe, Cr;B4 ,B4C are also registered. The characteristic diffraction peaks of the a-Fe,
and y-Fe are present for all coated samples. They are broadened and displaced, which indicates the
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presence of superdispersed to an amorphous structure, solid solutions, crystal defects, and internal
stresses (Penyashki, Kostadinov et al.2020 ).

The main registered phases in the composition of the AlSi coatings on 1.2709 steel are: (Fe, Ni), AlFe,
FeSi, A]sFez, A13,2Fe, AlFeo,23Nio,77, Feo,7 Nio,3, AlO, A1203, FeNi. AlCO, Feo,gsio_os, FeNi3, NiA13, AINI,
AlgoNiy 1, AlFe(23Nig77, Al26704, AlO are found in small quantities, also and traces of AIN, Si3N4. The
presence of Al,Os, as well as traces of AIN and SiN, indicate that aluminum have reacted with oxygen
and nitrogen in the air to form wear-resistant compounds. The average crystal size, calculated by
Scherer's formula, varies from 15 to 90 nm for the different phases, which shows that the new phases
obtained in the electrospark coatings have a nanocrystalline structure.

From the X-ray data on the coatings applied with the new multicomponent electrodes, it is found that
the phase composition of 1.2709 steel is enriched with more carbides and borides than in LESD with
AlSi electrodes and approaches that of high-speed steels, which suggests a significant improvement in
the operational properties of layered surfaces.

keV

a) SEM micrograph and EDX spectrum of coated T-GR2 DMLS substrate with NWW15T20B10
electrode

moi 1253 2
ChA MAG: 500 x "HV: 20.0 kV: WD: 9.5 mm =

~

10HM EHT =20.00kY Signal A=SE1  Date :24 Jan 2022
WD=95mm Mag= 1.00KX Time :15:33:39

¢) EDX spectrum of coated 1.2709 DMLS steel with AlSi electrode

Fig. 5. SEM micrographs and EDX spectrum of coatings from NWW15T20B10 electrode on Ti6Al4V
alloys (a) and 1.2709 steel (b), and coated with AlSi electrode 1.2709 steel (c) at E=0.03 J
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The presence of the constituent elements of the registered phases is confirmed by the energy dispersion
analysis of the coatings (Fig. 5) where the peaks of the elements are clearly visible. SEM observations
of the coatings on 1.2709 steel show that the presence of iron in the coating indicates melting of the
base. Judging by the distribution of iron and titanium, it can be assumed that titanium mainly forms
round carbides and borides. Based on the obtained data, it can be concluded that Ni, Co, Cr, and other
elements that do not participate in the formation of carbides and borides form a solid solution with iron.
The formation of a metal matrix in the form of a solid solution is confirmed by the distribution of Ni,
Cr, Co and Fe. The microhardness of the NWW electrode coatings on Ti-GR2 is 8.5-14 GPa. However,
there are individual measured values up to 17.5 GPa. The highest microhardness has the coatings
obtained in LESD with the electrodes containing higher amounts of TiB, and WC.

The new phases formed in the process of spark-plasma discharges presuppose stronger bonding with the
substrate, higher microhardness, and correspondingly higher wear resistance.

As the pulse energy increases, the degree of dispersion and the amount of newly obtained intermetallic
phases increase. By appropriate selection of the pulse energy and the pulse parameters, it becomes
possible to achieve a purposeful synthesis of certain phases. Therefore, the use of abouve electrodes
provide improved properties of the surface layer, due to the fine-grained structure, the new compounds
and amorphous phases in the composition of the coatings.

3.3. Wear Resistance of coatings

Fig. 6 shows the mass wear of the coatings of the studied electrodes as a function of the friction path.

4 -.«®.. Substrate Ti6AI4V 45
35 e 4 ° - Substrate 1.2709 steel
3 o + - AlISi9,E0,02) . 35 - —o— HREF!
E s AISi9,E0,04) E 3 : e +— AISi9/E0.02)
L2 g 25 ..o AlSi
§ ) . ~we- NWW10T10810,E0,020 & ) o AISi9/E0,04)
' @ ---e-- NWW10T10B10,E0,02)
215 —e—NWW10T10B10,E0,08) & 15 ’
s 1 1 ~—o—NWW10T108B10,E0,04)
0s -« NWW15T20B10, E0,02) 05 .- NWW15T20B10,E0,02)
'0 —e—NWW10T20B10,E0,04) 0 ~+—NWW15T20B10,E0,04)
$=7m S=14m S$=21m S=28m ---®-- NWW15Ti20, E0,02) 10,68 m 21,36 m 32,04m ---#-- NWW15T20,E0,02)
Friction path,m —— NWW15T20,E0,04)

Sliding distance, m —e— NWW15T20, £0,04)

Fig. 6. Wear of ESD coatings on Ti-GR2, (P=5 N) and 1.2709 DMLS steel (P=10 N).

From the obtained results, it is visible that the mass wear of the coated samples of titanium alloy is 2-4
times lower than that of the uncoated ones. The wear of the coated steel specimens is similar. The
changes of the wear rate, the wear intensity, and the wear resistance of the coatings are similar.

Amorphous-micro-nanocrystalline composite coatings from NWW15T20B10 electrodes showed the
lowest wear- up to 4 times lower than that of the uncoated samples, followed by the coatings from
NWWI15T20 electrodes, apparently due to the higher amount of WC and TiB; in their composition.
The ultra-hard B4C in the composition of the NWW electrodes has a dual role. The particles transferred
to the initial state firmly stuck in the metal matrix of the coating increase its resistance to wear. On the
other hand, the partial dissociation of B4C in the transfer process serves as a donor of B and C and helps
the formation of new borides and carbides such as WB, Cr:B4, CrNiW, Fe:B CoB, which further
contribute to the increase in wear resistance of the coating.

The mass wear of coatings from AlSi electrodes is up to 2-2.5 times lower than that of the uncoated
samples. In that, the differences in the wear of the layers obtained at the two values of the pulse energy
are small.

As can be seen, (Fig. 6), the time to reach the mass wear of 2 mg of the coated samples with
NWWI15T20B10 electrodes at energy 0.02 J is about 2 times longer than that of the layered with AlSi
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electrodes and to 4 times longer than that of the uncoated ones. However, the differences in the wear of
the samples coated with the used different NWW electrodes are relatively small. Furthermore, in this
case the classic surface microgeometric indicators (Ra, Rz, Rt, Rq) do not reflect the actual situation of
the frictional contact. The coatings from NWW15T20 and NWW15T20B10 electrodes have higher Ra,
Rz, Rt values than those of AlSi coatings, but their wear resistance is also higher.

The obtained results testify to the suitability of the investigated electrode materials for creating quality
LESD coatings on DMLS surfaces both in terms of their parameters — thickness, topography, mechanical
properties and and their wear resistance. The analysis of the results leads to the conclusion that through
the new electrodes and coatings, prerequisites and possibilities have been created for the purposeful
formation of predetermined properties of the surface of the friction contact. The coatings obtained with
the NWW electrodes make it possible not to use complex and expensive methods to remove the defects
and deficiencies of the DMLS surface, but to carry out the treatment by LESD in such a way as to
guarantee both the removal of the surface defects and the required resistance of wear.

4. CONCLUSIONS

1. At LESD with NWW and AlSi electrodes on Ti and 1.2709 3D printed steels, amorphous-crystalline
coatings are obtained with a controlled thickness of up to 25 um, with more than twice lower roughness
and up to 3-4 times higher hardness and wear resistance than those of the original 3D surfaces.

2. The used electrodes and values of the LESD process parameters show the possibility of achieving the
best quality of the treated surfaces and the highest microhardness and wear resistance.

3. The use of AlSi electrodes results in lower surface roughness and more complete removal of initial
surface defects after 3D printing, while with NWW electrodes the surface is more uneven, but the
hardness and wear resistance are higher than those of AlSi electrodes.

4. With both types of electrodes, the presence of amorphous and nano-sized structures and the synthesis
of new phases were registered in the composition of the coatings, which suggest better adhesion with
the base and wear resistance. When using NWW electrodes, due to their multi-component nature, the
amount of newly formed intermetallic, carbide, boride and nitride phases is significantly higher.

5. The titanium and steel 3D surfaces with coatings of NWW15T20B10 and NWW15T20, which have
an increased content of WC and TiB,, show the highest microhardness and wear resistance, and the
highest thickness show the coatings of NWW10T10B10.
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