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Abstract:

This paper examines the topography and roughness of coatings of hard
alloyed materials deposited by electrospark deposition (ESD) on titanium
and nickel alloys with different initial roughness. The influence of the
electrode materials and the energy parameters of the ESD process on the
roughness parameters Ra, Rt, Rqg, Rz, Rmax, on the depth of waviness Wt,
the asymmetry Rsk, the excess Rku, on the depth of core roughness Rk and
the depth of the reduced picks roughness Rpk was established. The
conditions for ESD are indicated, under which the traces of the previous
treatment are erased and the characteristics of the initial substrate surface
are improved. The numerical values of the roughness parameters for
electrospark coatings from five types of hard alloys and one type of TiB;
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based electrode with nanosized additives have been established.

1. INTRODUCTION

The unique combination of high strength and
corrosion resistance, low density, biocompatibility,
etc. [1], of titanium and its alloys make them
desirable materials for many industries. However,
the wide application of these attractive materials is
strictly limited by their low surface hardness and
low wear resistance [2-4]. At present, the
improvement of the surface properties of titanium
alloys is carried out mainly by the methods of
surface modification and application of wear-
resistant coatings [4,5]. Among these methods, the
lightest, cheapest, most affordable and most
versatile is electric spark deposition ESD [6-8]. The
ESD surface layer changes the friction conditions in
two main directions: a change of surface
composition, the structure, and the surface
microgeometry change. It is known that most often
after ESD the roughness of the coatings is higher
than that of the base and the relatively high

roughness of ESD coatings adversely affects the
wear resistance of coated products [6-25].

From the viewpoint of the tribology, the larger
the shape and dimensions of the contact micro
unevenness the smaller the actual area of contact
between the friction bodies, and the wear is
proportional to the volume of mutual penetration
of the roughnesses. The friction ,T“as a force
depends proportionally on the actual area of
contact of the bodies - T=u.HB.Sr=k.Sr [10-12],
where T-friction force; u- coefficient of friction; HB-
Brinell hardness; Sr - actual contact area. Therefore,
taking into account the micro- unevenness in
improving the tribological properties of the friction
units is one of the key points for providing an
improved friction regime and conditions.

However, there is insufficient research data for
the study the roughness of ESD coatings and
accordingly, for the relationship between the
roughness and wear resistance of coated surfaces in
the literature. Consequently, controlling coating
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roughness in ESD is an important and topical
practical task and at the same time a task of
scientific importance [10-14].

The aim of this study is to compare and evaluate
the parameters of the roughness of the coatings
and to determine the appropriate electrode
materials and technological parameters of ESD with
low energy pulses to obtain wear-resistant coatings
of hard alloys based on WC, TiC, TiN, TiCN on
titanium and nickel alloys with different initial
roughness.

The study of the general regularities of the
change in the qualitative characteristics of the
coatings will allow identifying ways both to improve
the quality of the coatings and to manage the
process parameters, to create methodologies for
control of ESD modes and to improve the
tribological properties of the layered surfaces.

2. MATERIALS AND METHODS

In the present work the topography and the
roughness parameters of the coatings of carbide
materials deposited on titanium and nickel alloys
with different initial roughness are studied. Most
often, the micro-roughness of the treated surfaces
is evaluated with the roughness parameter Ra or
with the parameter Rz (5 points each). The other
parameters of the height and step, which are
related to the shape of the profile of the
irregularities - parameters of asymmetry and
sharpness of the profile, slope of the profile and
reference length of the profile are used relatively
rarely, but these parameters contain indirect
information on the wear resistance of surfaces.
Based on the friction processes and the conditions
for contact plastic and elastic deformations and
stress concentration, in the present work the
following parameters have been selected, used to
assess the influence of the applied coatings on the
roughness:

-The change of the classic parameters Ra - the
arithmetic mean of the absolute values of the
deviations of the profile from the midline within the
base length, Rqg - geometric mean (rms) value of the
deviations of the profile from the midline, Rt - the
maximal height of the roughness of the profile - the
distance between the line passed through the
highest protrusion (peak) of the profile and the line
passed through the lowest depression of the profile,
Rz- the average of all Rti values over the length of
the measurement, also known as Rtm (in DIN 4776

standard), Rpom - the mean value of the maximal
values of the protrusions Rpi obtained for each
reference length, Ry - the maximal of all Rt values
for the estimated measurement length, and the
maximum depth of the waviness profile Wt, as a
function of the pulse energy and the type of the
electrode material, was studied.

The change of the parameters is also examined
and evaluated:

- Rs - the average value of the distances between
two adjacent peaks containing a peak (protrusion,
peak) and a hollow (recess) of the profile.

- Rsm - the average distance between the peaks
of the profile along the midline;

- Rpm - the average value of the obtained
maximal values of the protrusions Rpi for each base
length;

- Rsk - for asymmetry (distortion) of the
distribution, which is a measure of the degree of

asymmetry of the distribution curve of the
amplitudes of the profile around the midline;

- Rku - for sharpness of the distribution,
skewness and kurtosis of height distribution of
surface, which is a measure of the shape of the
distribution curve of the amplitudes of the profile.

- Rk - which conditionally estimates the volume
of material contained in the core of the roughness
on the values of which could be judged for the wear
resistance of the layered surfaces;

- Rpk - height of the material at the tips of the
roughness.

In order to obtain coatings with low roughness
and fewer structural defects, low pulsed energy ESD
equipment is used in the present work — “Carbide
Hardedge” with the following parameters: Short
circuit current - 0.2 -1.5 A, Voltage- U=80 V,
oscillation frequency of the oscillator - 100 Hz. The
individual layering modes are numbered from 1 to
6 in the order of increase of pulse energy given in
Table 1.

Table 1. Regimes for ESD whit vibrating electrode

Ne of regimes, 1 2 3 4 | 5|6

Capacitance, uF 15|35]| 5 7 | 10| 20
Pulse energyE.10%,) |05 | 1 |16| 2 | 3 | 7

The coatings are deposited on titanium alloy
Ti6Al4V and on invar Ni36Fe alloys with different
initial roughness. Electrodes with designations and
composition are used according to Table 2.
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The surface roughness parameters and of
thickness 6, um of the resulting coatings are
measured by using profilometers -"Surtronic 3+"
Taylor-Hobson, TESA Rugosurf 10-10G, and AR-
132B at EN ISO 13565-2:1996, ISO 25178, DIN EN
ISO 13565-1:1998-04, DIN EN ISO 13565-2:1998-04
and BDS (BDS - Bulgarian State Standard) ISO 4287
standards. Bilateral roughness measurement of the
samples was performed in three sections in two
mutually perpendicular directions for each of the
sections. The results obtained are arithmetic mean
after determination of standard deviation, and
confidence interval. Sharply diverging values are
rejected by the method of Grubbs. Excel software
were used for data processing and illustration.

Table 2. Composition of used for ESD hardalloyed
electrodes

Type of ESD Chemical composition
electrode
™ TiN+14%(Ni+Cr) + 1% (Cu-B-Al,03-C);
KNT16 TiCN + 26%(Ni+Mo)
TiC + TiN + 14% (Cr+ Ni+Mo) + 1-2%
TC-TN
(Cu-B-Al,03+C)
TiB2-TiAl 74%Ti + 12%B + 14%Al [14,19,20]
0, o/ Ti 0, HE
NWW10T10B10 SOAW.C +10%TiB2 + 10%B4C + (Ni
Cr-B-Si-C)
0, o/ Ti 0, HE
NWW15B10T20 55AW.C +20%TiB2 + 10%BA4C + (Ni
Cr-B-Si-C)
50%WC + 10%TiB2 + 10%B4C + (Co-
KW10T10B10 Cr-Ni-B-5i-C)
Al-Si 12%Si +Al

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

3. RESULTS AND DISCUSSION

Some preliminary information about the surface
structure and tribological properties can be
obtained based on the surface morphology. The
general view of the SEM topography of the surface
of the coatings deposited with the electrodes
described in Table 2 is shown in Fig.1 at different
magnifications. The obtained coatings have high
density, and repeatability of the quality
characteristics. Theirs surface roughness is higher
than those of the substrate, and significantly lower
than those obtained by traditional methods with
the vibrating electrodes with higher pulse energy
E>0.1J [6-9,15-21].
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Fig.1. General view of the SEM topography of coatings
applied by vibration ESD on Ti6Al4V and invar alloys at
different magnification

It is evident that the coatings form on surface of
the titanium a heterogeneous structure with a
specifical relief, formed with the participation
mostly of a liquid phase. The liquid phase is present
in the form of splashes and smoothed areas of the
surface, formed as a result of the coalescence of
individual drops (Fig.1 d, g and h). In this structure,
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the electroerosion craters and the smooth surface
sections between them are distinguished. At higher
magnification the presence of individual
microcracks, pores and microscopic irregularities is
also registered (Fig.1 g, h and i). The comparison of
the surfaces obtained with different pulse energies
(Fig.1 a, b, d, e and g) — (the latter at higher
magnification), shows that the surface of the
coatings obtained at the maximal for the apparatus
energy 0.07 J (Fig.1 b and g), is coarser and with
more irregularities and protrusions than those with
average energy 0.03 J. The surfaces obtained with
different electrodes at the same energy are similar,
which is determined by the physical nature of the
ESD process. Both the coatings of WC-based
electrodes types KW and NW, and those of
tungsten-free electrodes based on TiCN, TiN, TiC
and TiB, show certain individual features. The
coatings of tungsten-free electrodes are more
uniform and with a more homogeneous and fine-
grained structure than those obtained with the KW
and NW type electrodes. At higher energy,
however, separate protrusions and irregularities
appear, resulting from the transfer of electrode
material in a solid (not completely melted softened
phase (Fig.1 b, c, e and g). The surface of Al-Si
coatings is similar, but the presence of a network of
microcracks is registered in the titanium substrate
(Fig.1 i), the amount of which increases with
increasing pulse energy, while in the invar substrate
single, rare microcracks are observed in the
coatings (Fig.1j).

It is noticed that in the coatings applied with
pulse energy up to 0.03) the number of microcracks
and irregularities is less. At this energy the highest
uniformity and smoothness is reported in the
coatings of non-tungsten electrodes (Fig.1 a, b and
c). The topography of the coatings of TiB,-TiAl
electrodes is similar (Fig.1 g), but with an increase in
energy above 0.03 J separate protrusions and
irregularities appear, which deteriorate the
uniformity and roughness of the layered surface.
The surface of the coatings of “NW-" and “KW-"
electrodes (Fig.1 d, e and h) is rougher and uneven,
but the thickness of these coatings is also higher
and reaches 25 microns. The amount of the
microcracks, irregularities and protrusion increases
noticeably with an increase in pulse energy above
0.03J. At higher magnification (Fig.1 i and j) in the
coatings of non-tungsten electrodes a network of
microcracks is observed, while in multicomponent
tungsten containing electrodes only individual

microcracks are registered. Moreover, an increase
in the roughness of the coatings is observed with an
increase in the pulse energy.

In Fig.2, 3 and 4 the change of the roughness
parameters of the coatings obtained on substrates
with different initial roughness with the
investigated electrodes is given depending on the
pulse energy and electrode materials.

—&— NWWI15B10T20 KW10B10T10
—— TN —d— TiB2-TiAl
e des TCTN = <= = KNT16

Ra, pm

0,01 0,02 0,03 0,04 0,07
Pulse energy, )

Fig.2. Roughness of the coatings on Ti6AI4V as a
function of the energy of the pulses at initial roughness
of the base Ra = 2.5 um
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Fig.3. Roughness Ra of coatings vs. the pulse energy

at initial roughness of the base Ra=1.67 um

Ra, Rz, um

& mRa mR:
Fig.4. Roughness parameters Ra, Rz of coatings vs two

modes of the pulse energy at initial roughness of the
base Ra=3.05 um

Table 3 shows the values of the roughness
parameter Ra and the thickness b of the coatings
obtained with the used electrodes at average and
maximum pulse energy of the ,Carbide Hardedge”
device.
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In Table 4 the values of the studied roughness
parameters of coatings obtained with the used
electrodes at the average and maximal pulse energy

for the “Carbide Hardedge” device onto substrates
with an initial roughness Ra=0.2 um are given.

Table 3. Roughness Ra, thickness & of coatings on titanium alloy Ti6Al4V at initial roughness of the base Ra=1.67um

Designation of electrodes E,J Ra, (um) 8, (um)
TN (TiN+10%Ni+Cr+1%(Cu-B-Al,03+C) 0.03 2.3 11
TN (TiN+10%Ni+Cr+1%(Cu-B- Al,03+C) 0.07 2.86 14
KNT16 (TiCN+26%(Ni+Mo) 0.03 2.16 16
KNT16 (TiCN+26%(Ni+Mo) 0.07 2.34 16
TC-TN (TiCTiN+14%(Ni+Mo)+1-2%(Cu-B- Al,03+C) 0.03 2.39 10
TC-TN (TiCTiN+14%(Ni+Mo)+1-2%(Cu-B- Al,03+C) 0.07 2.97 10
TiB2-TiAl 0.03 2.8 11
TiB2-TiAl 0.07 3.41 15
KW10B10T10 0.03 3.25 14
KW10B10T10 0.07 4.26 18
NWW15B10T20 0.03 3.12 16
NWW15B10T20 0.07 5.19 21
NWW10B10T10 0.03 3.49 17
NWW10B10T10 0.07 5.45 25
TisAlaV (base) - 1.67 -
Table 4. Surface parameters of ESD coatings at initial roughness of the base Ra=0.2 um
Parameter TN KNT16 KNT16 TC-TN KwW10B1 | KW10B1 NWW10 TiB,-TiAl TiB,-TiAl
/Electrode/ 0.03) 0T10 0T10 B10T10 0.03) 0.07 ) TigAlsV
energy 0.03) 0.03) 0.07) 0.03) 0.07) 0.07)
Ra, um 2.39 2.16 2.35 2.4 3.19 451 5.15 2.23 3.26 0.197
Rq, um 3.04 2.77 2.93 3.17 4.04 5.83 6.5 2.86 4.21 0.303
Rt, um 20.04 19.02 19.25 19.74 25.3 33.36 36 19.74 27.7 3.24
Rz, um 13.94 13.04 13.15 14.12 18.5 24.6 26.1 12.57 18.5 1.38
Ry, um 18.83 18.45 18.19 19.32 22.88 33.35 38.53 18.47 26.8 3.24
Rpm,um 7.17 6.13 5.9 6.83 8,7 14.7 12.5 5.84 7.16 0.638
Rs, um 34.36 40.54 30.14 31.65 54.1 52.6 55.3 494 35.83 26.5
Rsk -0.11 -0.21 -0.26 -0.23 -0.12 0.76 -0.22 -0.2 -0.73 -0.91
Rku 3.56 3.67 3.56 3.345 3.26 3.72 2.96 3,.75 4.25 9.25
Rk,um 8.22 6.86 7.46 8.15 9.69 14.5 16.7 7.2 9.9 0.545
Rpk,um 8.66 7.01 8.28 9.33 5.24 9.34 9.63 291 3.85 2.85
wt 8.66 7.38 9.53 8.31 9.98 15.5 13.73 10.42 16.83 3.13

From the obtained results (Tables 3 and 4; Fig.2-
4) it is established that with increasing pulse energy,
the roughness parameters and thickness & of the
coatings increase monotonically, and their specific
values under the same other conditions are
different for different layering electrodes. There is a
proportional relationship - with increase in
thickness & grows and roughness and vice versa
(Table 3). The coatings of NW- and KW- type
electrodes with a soldering mass based on nickel
and cobalt show the highest values of the roughness
parameters. The coatings of the tungsten-free
electrodes TN, TC-TN and KNT16 show smaller
roughness parameters. Moreover, the higher is the
content of soldering materials in the composition of

the layering electrode, the higher are the values of
roughness of the obtained coatings, respectively,
and we can expect that they have the greatest
coefficients of friction. After ESD on surfaces with
an initial roughness Ra=0.2, 1.67, 2.5 and 3 um
(Table 3 and 4; Fig.2, 3 and 4), all height and step
roughness parameters significantly increase
compared to the parameters of the original surface,
but the Ra parameter increases to a lesser extent.
The results show that the coatings obtained with
the non-tungsten electrodes at pulse energy up to
0.04 j having values for Ra in the range of 1.8+3 um
can be used directly to increase the wear resistance
of titanium alloys. The most promising in terms of
roughness are the KNT16 and TN electrodes. The
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results show-that mainly the pulse energy and the
type of electrode material determine the values of
the parameters of the roughness of the coatings,
and the influence of the initial roughness of the
samples is less pronounced. ESD leads to a
significant increase in all height parameters of the
roughness compared to the initial values of the
polished titanium surfaces, which is expected given
the physical nature of the process.

With anincrease in the pulse energy, an increase
in the diameter and time of the spark discharge
occurs, as a result of which the erosion of the
electrodes increases. The depth and size of the
craters of the solidified material on the cathode
grows and, as a result, the roughness increases [6-9,
14-15]. In the ESD of the samples with initial
roughness Ra=1.67, 2.5 and 3 um, the roughness Ra
of the coatings of all used electrodes at pulse energy
up to 0.03 J is close to that of the initial titanium
surface (Fig. 2, 3 and 4). At the pulse energy
increases over 0.04 J, the roughness Ra of the
coatings significantly increases.

It is noteworthy, that in ESD on the samples with
initial roughness Ra=2.5 and 3 um, the Ra
parameters of coating roughness of all used
electrodes at pulse energy up to 0.02 J are lower or
commensurate with those of the initial titanium
surface (Fig.2 and 4). With the increase of the pulse
energy to 0.03 J, the Ra parameters of the coatings
from the non-tungsten and KW electrodes also
increase, but Ra remains lower or near than those
of the initial roughness Ra. Therefore, ESD with
these electrodes at a pulse energy of up to 0.03 J
can be used to smooth the irregularities and traces
of the previous treatment of the initial titanium
surface, for example after additive technologies for
the production of titanium parts or after the rough
and semi-finished mechanical or electro erosion
treatment of titanium surfaces.

Fig.5 shows the profile of the roughness and the
Rk parameter of uncoated and Fig.6 - of coated
samples with the studied electrodes.

111 -
JIIH"."JW. |
& |,_|| !

48 ‘

pmidv  Rooghress profie (K] - Measure o 1 - Config: Mognoonna (11 fofpasey U - Standaed: 150 42871005 BOG01 - Qo § - Cutof lengith: 08 mm

| .I | L 4 |I
II}. l'| o L i I W ‘J,- f" .Ihl,‘ T .,I-' I|,‘J|wlI | 'F" '|||,'I J'.J‘L- Eosz
Nliiad i '..‘-fN'X WA "WI] ki '||‘i )

000 10 1D 10 18 10 200 20 200 20 200 M0 30 140 IR 10 4D 4N 4N

Portance R

o5

| | =

00

Fig.5. Profilogram and “Rk” parameter of polished substrate Ti6Al4V —
Ra=0.141 um, Rz=1.137 um, Rmax=1.35 um, Rk=0.453 um, Rpk=0.173 um

e Roughress prafle (R) - Mease 1 - Configs Offp, N23 - Scandardh 50 4287115 BOG01 - Cut-off ° 1 5 - Cutoff lengthe 08 mm

Portance R

a) ESD with KNT16 electrode, £=0.07)J:
Ra=2.33 um, Rz=13.14 pm, Rmax=15.35 um, Rk=7.39 um, Rpk=2.57 pum

.
F.il

e Rougheess rofie (K] - Measure rf 1 - Config: Mopemie 1-1 - Stancas: 150 428705 BOG01 - Cueoff N*: 5 - Cueoff ke 0.8 mm

Paortance R.

b) ESD with TiB2-TiAl electrode: Ra=3.45 um, Rz=18.86 um, Rmax=27 pum, Rk=9.79 um, Rpk=3.57 um

94



G. Kostadinov et al. / Applied Engineering Letters Vol.6, No.3, 89-98 (2021)

]

il Rougheess profs () - Mezsire 171 - Corfi Mospme 11 - Sender 150 428705 BOG01 - Qe 5 - O e 0B o

00 080 080 100 12 140 180 180 200 220 240 260 200 100 31X 140 36D M 400 4X 4M

Partance R

mm

c) ESD with KW10B10T10: Ra=4.16 pum, Rz=24.25 um, Rmax=29.41 pm, Rk=8.58 um, Rpk=4.45 pm

Fig.6. Profilograms and “Rk” parameter of coating from KNT16, TiB2-TiAl and KW10B10T10 electrodes on
polished substrate Ti6Al4V at impulse energy 0.07 J

From the figures and from Table 4 it is
established that the influence of ESD on the other
studied roughness parameters is diverse:

In ESD coatings, the asymmetry parameter Rsk
decreases compared to that of the initial uncoated
surfaces, as Rsk remains negative, which
predetermines relatively good support properties
of the layered surfaces.

The parameter Rku, which determines the
sharpness of the shape of the roughness amplitude
distribution, also decreases, compared to the same
parameter at the initial surface: Rku=9.25 um, resp.
Rku=4.43 um (Table 4). For most of the coatings, the
parameter Rku has values close to the optimal
Rku=3 pum, which is favorable under conditions of
friction and wear of the layered surface, because
most of the protrusions and depressions are
concentrated around the middle line of the profile
of the irregularities.

The parameter Rk, (according to the
international standard EN 1SO 13565-2: 1996),
which determines the depth of the core of the
roughness and the wear of the surface in the area
of the coating increases significantly compared to
that of the base (Table 4). Higher Rk values can
adversely affect wear resistance and reduce service
life and lubrication retention index. The sum of the
roughness parameters Rpk + Rk (according to the
international standard EN 1SO 13565-2: 1996),
which characterizes the wear of the surface in the
coating area, increases compared to that of the
uncoated surface, which can characterize the
coating surface as less wear resistant in terms of
roughness parameters. This potentially provides a
smaller cycle and degree of wear in the stage of
operation of two contact surfaces, according to the
known Lorentz curve for the stages of wear of
contact bodies - operation, uniform wear and
catastrophic wear. The lowest values of this sum
were reported for the coatings of tungsten-free

electrodes applied at a pulse energy of less than
0.03J. With an increase in the energy to 0.07 J, the
sum Pk + Ppk increases significantly, and in ESD with
KW and NW type electrodes, its values reach a
fivefold increase compared to that of the uncovered
surface. In ESD, the maximal wave height Wt of the
undulation is also increased compared to the initial
uncoated surface, which is unfavorable in the case
of surface contact because the actual contact areas
are reduced and the contact pressure is increased.
Fig.7 shows photos of an invar surface after
rough and semi-pure machining and after
subsequent ESD with Al-Si electrodes. ESD manages
to erase the traces of the previous mechanical
treatment of the invar substrate. Despite the
different initial roughness Ra of the substrate (Fig.7
a and b), the roughness of the coatings applied
under the same regime is approximately the same.

a) Al-Si/invar, E=0.07J Ra initial = 6.66 pm, Coating
Ra=4.32 pm

b) Al-Si/invar, Ex0.07J Ra initial = 4.25um,
Coating Ra=4.3 um

Fig.7. General appearance of Al12Si coatings on
invar with different initial roughness
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The figure shows that at ESD the initial
roughness of the samples decreases. This shows
that ESD can be successfully used to reduce the
initial roughness when it is higher than a certain
value - in this case at Ra= 6-7um. After applying a
coating to a surface with an initial roughness of
Ra=6um, all height and step parameters of
roughness decrease on average 1.15 to 1.5 times
compared with the roughness parameters of the
initial surface. Therefore, ESD can also be used to
reduce scattering and for leveling the relief of the
original surfaces.

It is known [6-9,15-25] that the increase in
energy leads to an increase in the thickness,
hardness and amount of wear-resistant phases in
the coatings, which creates prerequisites for
increased wear resistance of the coated surfaces. At
the same time, however, the roughness and
unevenness of the coatings increases.

Up to certain limits, which are different for
different  specific cases, this increase is
compensated by the high microhardness, the higher
content of wear-resistant phases, the greater
thickness and the fine-grained structure of the
coatings [8,15,17-19,21,25]. After these limits, the
higher roughness begins to adversely affect the
layered surfaces' tribological properties and reduce
the lamination effect.

In order to avoid this reduction and to improve
and optimize the wear resistance of the coated
surfaces, there is a need to reduce the surface
roughness, which can be achieved in the following
possible ways:

1. Use of low-energy pulses (E <0.05J), which will
form coatings with lower roughness parameters,
but also with lower thickness and not reaching the
optimal possible wear resistance [8,15-21,25];

2. Using a higher pulse energy and applying an
additional - upper (last layer) with low pulse energy,
or with graphite electrodes [8,15,17,19,21-24].
However, this step can only reduce roughness to a
certain extent, which in some cases with high
surface quality requirements may be insufficient.

3. Use of high-energy pulses and subsequent
processing of the obtained rough surface. Such
treatments may be mechanical or ultrasonic surface
plastic deformation, laser or plasma smoothing,
abrasion, grinding and the like. In these cases,
however, the thickness of the applied coatings will
decrease and the optimally achieved wear
resistance will not be optimally possible but will be
closer to it.

The results of the literature [6-9,15,17-18] show
that despite the higher values of the roughness
parameters, the coatings show higher wear
resistance than the base. This is due to their fine-
grained structure and high hardness and wear
resistance of roofing materials. However, based on
the results obtained for the parameters of
topography and roughness of ESD samples at pulse
energy above 0.03 J, however, additional processing
of the layered surface - diamond or laser smoothing,
ultrasonic or mechanical surface plastic
deformation, rubbing, polishing, sanding, etc., can
affect the height, pitch and the main structural
parameters - Rsk, Rku and Rk and will be able
improve the wear resistance of the layered
surfaces.

The variety of possible practical cases requires
the study of changes in coating roughness
depending on the elements of ESD modes. In these
cases, conducting preliminary experiments allows
not only to examine the influence of process
parameters on roughness but also to influence the
object of study, actively participate in the research,
and to manage and optimize processes.

4. CONCLUSION

The coatings of the multicomponent carbide
tungsten electrodes type KW and NW, as well as
those of tungsten-free alloys obtained at a pulse
energy up to 0.03J have values for Ra in the range
2.16 + 3 um and can be used directly to increase the
wear resistance of titanium and nickel alloys. At
pulse energy above 0.03 J all the parameters of the
height of the roughness increase — Ra, Rq, Rt, Rom,
Rz and Ry compared to the initial values. The step
parameters Rs and Rsm are also increased. In order
to improve the quality of the coatings formed by the
ESD method at high pulse energy, it is necessary to
use finishing operations (mechanical or ultrasonic
surface plastic deformation, or diamond polishing,
grinding, etc.).

The values of the roughness parameters of the
coatings are determined mainly by the pulse energy
and the type of electrode material, and the
influence of the initial roughness of the samples is
less pronounced.

On the basis of a comparative analysis, the
conditions for ESD have been determined under
which complete erasure of the traces from the
previous treatment and improvement of the
surface characteristics have been obtained, and
which presuppose an increase in the wear
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resistance of the layered samples. The use of
electrodes of low-melting alloys of aluminum (Al)
with silicon- Al-Si as a result of electrospark
discharges make it easier to melt and penetrate
from the melt in cathode surface and fill the
scratches obtained after machining.

The obtained results, which show the
relationship between the parameters of the ESD
process and the roughness of the layered surface,
allow the determination of the parameters of the
ESD mode, in which coatings with predetermined
roughness on titanium and nickel surfaces will be
obtained. The established dependencies can be
used to develop technologies to improve the
surface characteristics and wear resistance of
titanium and nickel alloys.
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