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ABSTRACT

The present work is concerned with studying surface parameters of
coatings deposited to titanium alloy Ti6Al4V by electrospark deposition
(ESD) with hard alloy depositing electrodes based on WC, TiC and TiCN.
The variation of roughness parameters, composition, structure and
tribological characteristics of coatings as a function of ESD mode
parameters was investigated. The influence of the mode parameters on the
main coating roughness parameters (Ra, Rz, Rmax, Rpk, Rk, Rs, Rsk, Rku
(ISO 21920-2:2021) was analysed, the values of which can be used to
determine the load bearing capacity and wear resistance. The results of
the tribological tests showed that within the test range, the roughness of
the coatings has a controversial influence on their frictional wear
performance. As the roughness parameters increase to Ra=3+3.5 um, the
relative wear resistance of the coated surfaces also increases, reaching
values up to 4+5 um for the electrodes used and no significant changes in
the wear mechanism were observed. However, increasing coating
roughness above Ra=3.5 to 5 um results in a monotonic decrease in
relative wear resistance to 2.5+3 times. Possible ways to reduce the surface
roughness and increase the wear resistance of coatings were presented.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

bonding and intense wear and failure of the
titanium and its alloys [1-8]. Complex, energy-

Various surface modification methods such as intensive, expensive installations and
ion plasma nitriding chemical and complicated technologies, high process time,
physical vapor deposition CVD and PVD [3,4], annealing, recrystallization and thermal

gas flame spraying [5,6], etc., are currently used
to improve the low hardness, relatively high
coefficient of friction, tendency to adhesive

deformation of the substrate caused by high
temperatures, inability to deposit more
thickness coatings and insufficient adhesion,
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high costs and environmental pollution are
some of the main difficulties limiting the use of
these methods.

A suitable method to solve these predicaments
is the Electorospark Deposition (ESD). Without
special surface preparation, volume heating, by
selecting appropriate electrode materials and
mode parameters by ESD on the titanium
surfaces, hard, wear-resistant coatings with
anticorrosion, and other functional properties
can be obtained [9-11]. ESD processing can
provide significant advantages over the
methods mentioned above, such as high bond
strength to the substrate material, insignificant
heating and absence of deformation of the
coated product, simple, wuniversal and
inexpensive technology and equipment, easy
operation, low material consumption, low
energy and work intensity and high
environmental friendliness [9,12-15].

A main disadvantage of ESD coatings on titanium
surfaces is their relatively high roughness, which
reduces the effect of their application. It is known
[16-18] that surface roughness and texture play
an important role on the coefficient of friction
values and the wear characteristics. In tribology,
rough surfaces typically have higher coefficients
of friction and wear out more quickly [18-21].

The analysis of literature data shows that the
most important process parameters in terms of
the roughness of the coatings are the pulse
energy, the type of electrode material and the
initial roughness of the substrate. The influence
of texture and roughness on the wear
resistance of ESD coatings is too complicated to
be study because the change in roughness is
always accompanied by a change in the
thickness, phase composition and structure of
the coatings. It is widely known [10-12,14-
16,22] that as the pulse energy increases, the
amount of electrode material transferred to the
substrate increases. The roughness, the
thickness, microhardness, and the amount of
wear-resistant phases in the formed layer
increase accordingly. The combining of low
roughness with high coating density and
hardness, and higher electrode material
transfer are controversial objectives that
require the study of the relations between
process parameters, roughness, thickness and
structure of coatings and their wear resistance.
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In this regard, the aim of the present work is to
study the influence of the energy parameters of
the ESD process on the roughness and
tribological behavior of the coated surfaces and
justifying the prerequisites for creating a hard
and wear-resistant layer with reduced roughness
on titanium and titanium alloy Ti6Al4V.

2. MATERIALS AND METHODS
2.1 ECD equipment, substrates, electrodes

ECD equipment: Two types of low pulse energy
equipment were used:

- Manual device with vibrating electrode -
"Carbide Hardedge" (England, USA) with the
following parameters: short circuit current -
0.2+1.5 A, voltage- U - 80 V, oscillation
frequency of the vibrator 200 Hz, and modes
with parameters given in Table 1. Coatings
were applied with three and five electrode
passes at= 0.6 + 1 mm/s;

- Apparatus for non-contact local
electrospark deposition (LESD) - US Patents
/3832514 and US /4226697, - at which
coatings were applied by a cylindrical
rotating electrode. During the coating
deposition, the workpiece was moved at a
controlled speed along two axes, and an
automatic regulator maintains the required
inter-electrode distance for the plasma
spark discharges take place. Modes with the
following parameters were used: pulse
current amplitude [=12.8+24.4 A;
capacitance C=0.68+4.4 pF; pulse duration
Ti=8+20 ps; pulse frequency f=5+12.5 kHz;
coating speed 0.5+1.0 mm/s; number of
electrode passes - n=2+4, electrode rotation
speed 800 rpm and pulse energy
E=0.005+0.045 J.

Table 1. Regimes for ESD whit vibrating electrode.

Ne of regimes 1 2 3 4 5 6
Capacity, pF 1.5 35 5 7 10 | 20
Pulse energy
E102,] 0.5 1 1.6 2 3 7

Substrates: Model plates with different initial
roughness of titanium alloy Ti6Al4V (Gr5) and of
technical titanium Ti-GR2 (AISI UNS R R56200
and R50400) produced by 3D printing and by
electrical discharge machining (EDM) were used.



Todor Penyashki et al., Tribology in Industry Vol. 46, No. 1 (2024) 13-28

Electrodes: Hard-alloy and metal electrodes
with the composition and designations shown in
Table 2 were used.

Table 2. Chemical composition of ESD electrodes.

Type of electrode Chemical composition
NWW10T10B10 50%WC+10%TiB2+10%
(NW) B4C+(Ni-Cr-B-Si-C)-bal.
KW10T10B10 55%WC+20%TiB2+10%
(KW) B4C+(Ni-Cr-B-Si-C)-bal.
™ TiN+14%(Ni+Cr)+1-2% (Cu-B-
Al203-C)
KNT16 TiCN+19.5%Ni+6.5%Mo)
0 0 Ti+12%TiB>+149
W | ST D
AlSi9 9%Si +Al
AlSi12 12%Si +Al

2.2 Methodology of measurements, research
equipment

The roughness of the coatings was measured
with profilometers "Surtronic 3+", "TESA
Rugosurf 10-10G" and "AR-132B" according to
ENISO13565-2:1998),DIN 4776, ISO 4287:1997,
ENISO4287 and 1S025178 standards. The
specimens were measured in three sections in
two mutually perpendicular directions for each
section. After determining the standard deviation
and the confidence interval, the results are the
average of 5 parallel measurements.

The thickness & of the coatings was determined
with an indicator clock with an accuracy of 0.001
mm. Taking into account the friction processes and
the conditions of contact plastic and elastic
deformations and stress concentration, and also the
data presented in [17-21] on the correlation of the
roughness parameters with the coefficient of
friction, the following parameters were selected for
evaluation the roughness of the deposited coatings:

- R, pm - average roughness - the generally
accepted integral parameter - most used for
describing surfaces;

- Rg um - root mean square roughness taking
into account the average-geometric value of
the profile deviations from the midline, which
corresponds to the R, parameter;

- Rmax and R; - most researchers affirm that
these are the most significant parameters
affecting friction [17,24,25]. R: is the
maximum roughness height (R=R, + R,

defined by the maximum height R, of the
protrusions and depth R, of the troughs), and
Rmax, is the maximum roughness depth;

- R, pm - average of the 5 highest protrusions
and 5 deepest troughs of the profile within the
baseline length;

- Rpm, pm - average maximum profile peak
height - the average of the obtained maximum
values of protrusions (peaks) Rpi for each
base length;

- Rs, the distribution asymmetry (Skewness)
parameter, is a measure of the degree of
symmetry of the amplitudes distribution curve
of the profile roughness around the midline;

- Rw - the excess (sharpness) distribution
parameter (Kurtosis) is a measure of the
shape of the distribution curve of the profile
amplitudes.

- Rk - core roughness depth - from the Abbott
curve for the reference profile length;

- Rpk - reduced peak height - height of the
material at the peak of the ridges;

- R - the average of the distances between two
adjacent peaks;

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

- waviness W; - maximum depth of waviness
(primary roughness) of the irregularity profile.

A Zwick 4350 hardness tester at aload of 2 N was
used to study the coating microhardness (HV)
according to ISO 6506-1:2014.

The microstructural analysis, topography
analysis and morphology analysis of the coatings
were carried out with an optical and scanning
electron microscope (SEM-EDS) "EVO MA 10 Carl
Zeiss" with built-in X-ray microanalyzer EDX
system "Bruker".

The "CSM REVETEST Scratch Macrotester" was
used to compare and digitally record the
coefficient of friction (p) and tangential force (Ft)
of coatings under increasing normal load from 0
to 50 N atarate of 10 N/mm.

Abrasive wear of coated surfaces was studied by
comparative tests with a “thumb-on-disc” type
tribotester in dry friction with fixed abrasive
particles in planar contact under the following
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conditions: normal load 5 N; nominal contact
pressure 1.74 N/cm?; disc rotation speed 60 rpm;
sliding speed 0.239 m/s; abrasive surface -
Corundum N21200. Mass wear was defined as the
difference between the initial mass of the
specimen "mo" and its mass "mi" after a certain
number of friction cycles: m=mo-m;, mg. The wear
intensity was defined as the amount of wear per
unit friction work: I=m/(P.L), mg/Nm, where m is
the solid wear for the test time, P the normal load,
L the friction path travelled. Wear resistance is
defined as the reciprocal of wear intensity.

3. RESULTS AND DISCUSSION

3.1 Roughness, thickness, structure and
micro-hardness of coatings

Fig. 1 shows the average roughness R, of coatings
on Ti6Al4V with an initial roughness Rax2,5 pm
as a function of pulse energy at ESD with a

vibrating electrode.
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Fig. 1. Roughness of coatings on Ti6Al4V vs. the pulse
energy.

Fig. 2. shows the average roughness R, and her
coefficient of variation at the coatings of
electrode AlSi12 on Ti6Al4V as a function of the
pulse energy at the ESD.
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Fig. 2. Average roughness Ra, and coefficient of
variation/vs the pulse energy of AlSi12 ESD coatings
on Ti6Al4V at initial roughness Ra = 3 pm [22].

Table 3 presents the roughness height parameters,
the thickness 6 and microhardness HV of LESD
coatings deposited on Ti6Al4V substrate, produced
by 3D printing and SLM. The coatings were deposited
with two and three consecutive passes of the
electrode at pulse energies E = 0.02 ] and E=0.04 J.

Table 3. Roughness, thickness 6 and microhardness
HV of coatings on SLM Ti6Al4V substrates [22].

Ne Parameter/Type of the R, pm Rz, Rq,
electrode um 1m
0 substrate Ti6Al4V 8.92 23.38 | 8.83
1 NW, E=0.02], 3 pass 3.47 9.8 3.29
2 NW, E=0.04 ], 3 pass 4.81 13.59 | 491
5 KW, E=0.02 ], 2 pass 3.4 9.55 3.36
6 KW, E=0.04 ], 2 pass 4.33 13.12 | 449
7 AlSi9, E=0.02, 2 pass 2.29 6.47 2.3
7 AlSi9, E=0.03, 2 pass 2.46 6.9 2.48
8 AlSi9, E=0.04, 2 pass 3.28 11.17 | 4.02
9 AlSi9, E=0,04, 3 pass 3.37 11.77 | 4.37
Parameter/Type of the HV,
Ne elec{rgg)e R, pm | 8, pm GPa
0 substrate Ti6Al4V 24.6 - 3.75
1 NW, E=0.02 ], 3 pass 10.48 | 10.75 | 9.85
2 NW, E=0.04 ], 3 pass 14.22 | 18.53 | 12.34
5 KW, E=0.02 ], 2 pass 10.74 | 9.67 | 11.87
6 KW, E=0.04 ], 2 pass 16.63 | 14.66 | 12.22
7 AlSi9, E=0.02 ], 2 pass 6.54 6.7 8.03
7 AlSi9, E=0.03 ], 2 pass 6.97 8.6 7.86
8 AlSi9, E=0.04 ], 2 pass 11.38 | 9.55 9.43
9 AlSi9, E=0,04 ], 3 pass 12.1 11.11 | 9.67
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Fig. 3 shows the height roughness parameters of
LESD coatings deposited with different pulse
energy on 3D titanium substrate.
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Fig. 3. Height roughness parameters of LESD coatings
deposited on SLM substrate.

Table 4 [12] shows the values of R, parameter,
thickness and microhardness of ESD coatings
deposited on Ti6Al4V substrate with initial
roughness R,=1.7 um.

Table 5 presents the height, step and functional
roughness parameters of ESD coatings deposited
on Ti6Al4V with initial roughness R,x0.2 pm. Fig.
4 compares the coating roughness parameters of
the studied electrodes at different pulse energy.

Comparing the characteristics of the coatings
shows (Tables 3 and 4) that the hardness of all
deposited coatings exceeds up to 2-3 times the
hardness of the base metal Ti6Al4V.

Table 4. Roughness R, thickness 6§ and microhardness
HV of ESD coatings on titanium alloy Ti6Al4V at initial
roughness of the base Ra=1.67 pm-[12].

Parameter E, Ra, S, HV,

/Electrode ] pm pm GPa
TN 0.03 2,3 11 9.85
TN 0.07 2,86 14 10.3
KNT16 0.03 2.16 16 11.2
KNT16 0.07 2.34 16 12.4
TiB2-TiAl 0.03 2.8 11 12.4
TiB2-TiAl 0.07 3.41 15 11.8
KW10B10T10 0.03 3.25 14 11.5
KW10B10T10 0.07 4.16 18 11,6
NWW10B10T10 0.03 3.49 17 11.6
NWW10B10T10 0.07 5.45 25 12.3
AlSi12 0.03 2.68 12 8.6
AlSi12 0.07 3.19 15 8.9
Ti6AI4V (ase) - 1.67 |- 3.71
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Fig. 4. Roughness parameters of coatings on Ti6Al4V
as a function of the energy of the pulses at initial
roughness of the base Ra = 0.3 um.

Table 5. Surface parameters of ESD coatings at initial roughness of the base Ra = 0.2 um.

Para- TN TN |AISi12 [KNT16 | KNT16 | KW | KW | NW TiB2- TiBz- | Ti6AI4V

meter | 0.03] | 0.07) | 0.07) | 0.03] | 0.07] | 0.03] | 0.07) | 0.07) | TiAl TiAl

0.03] 0.07)

Ra, pm 222 |252 [316 |216 2.35 326 | 453 |51 2.2 3.26 0.304
Rg, tm 292 [ 323 |402 |277 2.93 412 | 602 |633 |28 4.15 0.53
Re, um 194 | 223 |2562 |17.02 | 2225 262 |358 [359 |174 28.3 4.46
R;, pm 13.7 | 143 | 184 |13.04 | 13.15 17.7 | 277 | 292 | 135 17.8 1.88
Rom um | 667 | 683 |7.06 | 577 6.7 833 | 146 |145 |5.61 6.94 0.94
Rsk 017 |-023 |-065 |-021 |-0.26 012 009 |o011 |-0.84 -0.68 -1.05
Riu 319 |335 |335 |3.67 3.56 323 | 431 |293 |3.75 4.25 6.68
Ry, m 180 | 179 |227 | 17.2 20.5 226 |339 |[333 |17.23 26.81 455
Rioum 822 |815 | 1051 | 686 7.46 927 | 136 [147 |691 9.19 0.545
Rpk,iim 8.4 483 | 5841 | 7.01 8.18 524 | 584 |963 |333 5.15 2.85
We 7.4 831 |11.72 | 7.38 9.53 11. 152 | 17.3 | 1042 16.83 3.13
Rs 344 | 417 | 432 |3554 | 426 441 | 550 |470 |56.0 36.0 33.0
Rom 884 | 104 | 1048 |8572 | 111 107 | 118 | 126 | 1643 136.7 68
Rs 2.2 5.8 4.7 42 6 5.8 42 3.1 13.6 5.7 9.6
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Table 6. Roughness Ra and thickness § of coatings with AlSi12 electrodes on different substrates with different

initial roughness.

Substrate Process parameters Ra, pm Rz, pm Rg, pm Ry, pm 8, um

GR2 Uncoated 2.9 8.5 3.48 8.9 -
ESD-

GR2 E=0.03] 4.27 121 4.23 129 10
ESD-

GR2 E=0.07] 4.92 14.18 4.85 14.8 15

GR2 LESD-E=0.015] 1.22 3.45 1.32 3.5 6

GR2 LESD-E=0.02] 1.29 3.64 1.3 3.6 8

GR2 LESD-E=0.03] 1.7 41 1.8 - 9

GR2 LESD- E=0.045] 2.9 8.2 2.9 8.6 14

GR5 Uncoated 4.32 12.6 4.47 13.5 -

GR5 LESD-E=0.02] 1.7 4.8 1.92 4.66 7

GR5 LESD-E=0.045] 2.87 8.02 2.68 8.46 11
ESD-

GR5 E=0.02] 3.08 8.70 3.12 8.80 9
ESD-

GR5 E=0.03] 3.56 10.1 3.6 10.2 11
ESD-

GR5 E=0.07 ] 3.83 10.8 3.87 10.9 16

Table 6 shows the roughness parameters of some
of the coatings obtained by vibrating electrode
ESD and by LESD on substrates with different
initial roughness, depending on the pulse energy.

Fig. 5 shows the surface profilograms and
measured surface roughness parameters of ESD
coatings deposited with KW electrodes on Ti6Al4V
substrate deposited at different pulse energies.
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Par. Value
Ra 2,548 pm
Rc 7,261 pm
Rp 5,9 pm
RPc 33 /cm
Rq 3,082 pm
RSmM 224 pm
Rt 17,426 pm
Rv 6,381 pm
Rz 12,281 pm
R&c 17,426 pm
Par. Value
Mrl 6,4 %
Mr2 90 %
Rk 9,118 um
Rpk 3,336 pm
Rvk 2,952 ym
Par. Value
R3z 5,793 pm
R3zm 7,01 pm
Rmax 15,702 pm
Par. Value
Ra 4,095 pm|
Re 11,326 pm
Rp 12,63 pm|
RPc 51 jom
Rq 5,167 pm|
RSm 140 pm|
Rt 28,696 pm|
Rv 11,515 pm)|
Rz 24,145 pm)|
Rdc 28,696 pm|
Par. Valua
Mri 14,5 %
Mr2 90,7 %
Rk 12,381 pm
Rpk 5,653 um
Rvk 6,217 ym
Par. Value
R3z 14,035 pm
R3zm| 17,774 pm
Rmax| 28655 pm

Fig. 5. Profilograms and surface roughness parameters of ESD electrode coatings KW10B10T10 on Ti6Al4V substrate.
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Figure 6 shows SEM images of the topography of
coatings deposited by vibrational ESD with KW
and KNT16 electrodes on Ti6Al4V alloy at
different magnification. It can be seen from the
SEM images presented in Fig. 6 that increasing
the pulse energy above E =0.05 | results in a
decrease in the quality of the coatings.

At these energies, more intense heating of the
electrodes occurs, contributing to brittle fracture
of the electrode, predominant solid-phase
erosion, and the appearance of protrusions. The
most uniform surface finish was obtained with
tungsten-free and nanocomposite electrodes at
energies up to 0.04 J.

The surface of the coatings of the multi-component
electrodes (Fig. 6, a, b) is more irregular, with a
greater number of protrusions and troughs. In this
structure, the electroerosional craters and the
smooth surface areas between them are
distinguished. At higher magnifications, individual
microcracks and micro-roughness’s are observed
on the surface of the coatings. SEM observations
show that the surface of the coatings obtained at
E <0.03 ] is the smoothest.

From the data presented here (Tables 3-6 and Fig.
1-6) and from our previous studies, the following
syntheses can be drawn:

- As the pulse energy (I, C, Ti) increases the
amount of anode material transferred to the
cathode increases [10,12,16,22-24], and the
thickness, roughness and microhardness of
the coatings monotonically increase, but their
specific values under the same ESD conditions
are different for different electrodes (Tables
3-5, Figs. 1-4). This is a general trend for the
roughness and thickness of coatings reported
by almost all authors in the literature. By
increasing the pulse duration and the energy
of the current spark, a wider and deeper crater
is formed on the processed surface, which
creates higher roughness and more
irregularities.

- The amount of solid phases carried by the
electrode, the newly formed compounds and
the degree of dispersity and amorphousness
also increase [16,22-26]. The coatings of KW
and NW electrodes, whose thickness is the
highest, and the lowest values - of the coatings

Fig. 6. SEM topography of ESD coatings on TiAl6V4
with KW10B10T10 and KNT16 electrodes

20

of TN, KNT16 and AlSi12 electrodes, show the
highest values of the roughness parameters.
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After ESD processing, the coatings from all
electrodes used, obtained at pulse energies
above 0.03 ], show an increase in almost all
roughness parameters relative to the
original substrate roughness. The values of
the parameters Ry, R; and of the parameters
Rpm, Rk and W; also increase as the highest
values are reported again for KW and NW
electrodes.

The roughness and thickness parameters of
the coatings obtained by the non-contact
LESD method with a pulse duration of up to
20 ps and a high pulse frequency of 1+12.5
kHz are significantly lower than those
obtained by ESD with a vibrating electrode
(Table 6, Figs. 1 and 3), and the coatings are
more uniform with smaller sized structural
components.

It is found that for surfaces with initial
roughness Ra>4 pm obtained by 3D printing
(Fig. 3, Table 3), or after rough and semi-
clean processing (Table 6), the LESD and
ESD processing with low pulse energy
E <0.03] allows to melt and smooth the
roughness from the previous processing, fill
the pores and cavities and obtain surfaces
with improved uniformity and reduced
roughness. Therefore, ESD with these
electrodes at pulse energies up to 0.03 J can
be used to smooth the micro-roughness of
the initial titanium surface, both after 3D
printing or after rough mechanical or EDM
processing.

At surfaces with initial roughness Ra<3 um,
after ESD and LESD, most of the coating
roughness parameters are higher than those
of the initial surface (Figs. 1b,4,5 and Tables
4, 5). However, it is observed that at LESD
and ESD of the specimens with initial
roughness Rax3-4 pum, the roughness
parameters of the coatings of AlSi12, KNT16
and TN electrodes at pulse energy up to 0.03
] are lower or comparable to those of the
original titanium surface (Fig. 1b, Fig. 2,
Table 6). As the pulse energy increases up to
0.07 ], the roughness of the coatings
increases significantly, and in parallel with
Ra, all studied parameters increase except
Rs and Rku. It is also notable that the
coefficient of variation for the ESD surfaces
Fig. 2b is significantly lower than that of the
uncoated titanium substrates.

The skewness (asymmetry) parameter Rsk,
which is an indicator of the existence of deep
troughs or high peaks, in the layered samples
(Table 5, Figs. 4 and 5) has a negative value or
positive, but close to 0, which predetermines
relatively good wear resistance and load
bearing properties of the coated surfaces. For
the  tungsten-free classical electrode
specimens, the Rsk values are negative and
smaller than those for the KW and NW
electrodes and generally appear uncorrelated
with the pulse energy;

The parameter Rku (Table 5, Figs. 4 and 5),
which determines the sharpness of the shape
distribution of the roughness amplitudes,
decreases compared to the same parameter at
the initial surface - Rku=6.68. Melting of the
micro protrusions through which the spark
discharges flow probably reduces the
sharpness of the initial roughness curve and
Rku decreases. For most of the specimens, Rku
has values close to the optimum Rku = 3,
which is favorable under friction and abrasion
conditions because most of the protrusions
and troughs are concentrated around the
midline of the roughness profile;

The sum of the roughness parameters Rpk +
Rk, which is mainly related to the contact
area, the mechanics of contact and lubricant
retention and, according to EN ISO 13565-2:
1998, characterizes the surface wear in the
coating area, increases compared to that of
the substrate. Higher values of sum can
reduce service life and lubrication retention
index. The parameter Rk that corresponds to
the stable part of the coating surface material
is also higher than that of the substrate
(Table 5, Figs. 4 and 5). At low pulse energies
(E <0.037]), the measured values of Rk for the
coatings deposited with the different
electrodes are relatively similar, while at
pulse energies of 0.07 ] the measured values
for the NW and KW electrodes are
significantly higher. There is also a certain
correspondence with the R, parameter-
higher values of R. correspond to higher
values of Ry + Ri. When the pulse energy
increases above 0.03 ], the sum Ry + Rk also
increases, which may characterize the
coating surface as less wear resistant in
terms of roughness parameters. It can be
observed that for the coatings from the
tungsten-free electrodes (Table 5, Fig. 4), the
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parameter Ry, indicating the material at the
peak of the ridges, is smaller compared to the
same parameter for the coatings from the KW
and NW electrodes;

- The step parameters Rs and Rsm, the average
distance between the profile peaks along the
midline of the coated specimens, are also
increased compared to the uncoated surfaces.
For the coatings from the tungsten-free
electrodes, the parameters have similar values,
while for the KW and NW electrodes, the Rs
values are larger but uniform. At the lower
energy, the values of Rs and Rsn are lower than
those at E=0.07 ], and the lower values suggest
higher wear resistance.

- Itis known that as the radius of roundness Rs
of the roughness peaks increases, the bearing
surface of the roughness increases and the
wear resistance of a certain surface increases.
The KW and NW electrode coatings take the
highest R, values, followed by TiB,-TiAl.

- For ESD, the maximum wave height W, also
increases compared to the original uncovered
surface, which is unfavourable in the case of
surface contact, since the effective contact
areas decrease and the contact pressure
increases.

The summary of the results shows that the
values of the coating roughness parameters are
mainly determined by the pulse energy and the
type of electrode material, and by the initial
substrate roughness. As it has been found, after
ESD on titanium surfaces with initial roughness
Ra £ 3 um, most of the roughness parameters
increase, i.e. the roughness of the coated
surface worsens. Similar results to the present
ones after nitrocarburization treatment are
reported in [21].

3.2 Study of tribological characteristics of
coatings

Fig. 7 shows the coefficients p and friction force
F¢ of the AlSi12 electrode ESD coatings deposited
at pulse energy E=0.03 ] and 0.07 ] as a function
of the normal load F,. It can be observed that at
different normal loads the coefficient of friction

of coatings deposited at E=0.07 ] is about 10+15%

higher than that at E=0.03]. The initial
fluctuations of the friction coefficient atload F, up
to 15+20 N are also higher.
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Fig. 7. The friction coefficient and friction force versus

normal load for AlSi12 coatings deposited on Ti6Al4V
with energy E=0.03 ] and E=0.07 ].

Apparently, these differences are due to the higher
values of the coating roughness parameters as a
result of the higher pulse energy, as well as to the
larger amount of wear resistant phases, higher
thickness and microhardness of the coatings at
E=0.07]. Therefore, the differences in the
coefficient of friction of the coatings obtained at the
two pulse energies are relatively small, despite the
significant  differences in their roughness
parameters. Similar results are obtained for the
coatings of the other studied electrodes [26], where
the values of the coefficient of friction of the
coatings obtained with different pulse energies are
in the range of 0.4+0.5. The obtained values are
similar and even lower than those reported by
[21,27], where the coefficient of friction of coated
titanium surfaces is reported to be 0.57 [27].

The wear of coatings deposited by LESD and ESD
with the studied electrodes on Ti6Al4V is
presented in Fig. 8.
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Fig. 9 shows the effect of pulse energy on the
wear intensity and wear resistance of ESD and
LESD coatings of the studied electrodes on
technical titanium -Ti-GR2.

In contrast to mechanical processing, where only
the influence of roughness parameters on wear
can be distinguished and accounted for [17-
21,28], in wear-resistant coatings and ESD there
is a simultaneous complex influence of both
roughness and changed composition, structure
and properties of the coatings and differentiation
of these two sides is complicated [10-13,15,22-
24,26,27,29].
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Fig. 9. Effect of pulse energy on wear intensity (a), and
wear resistance (b) of ESD and LESD coatings on
titanium Ti-GR2.

From the obtained results (Fig. 7, 8, and 9) and
our previous studies [15,22-24,26] the following
statements can be suggested:

- After ESD and LESD, wear and wear intensity
decrease, respectively, the wear resistance of
coated surfaces increases up to 3-4 times
compared to that of uncoated surfaces (Fig. 9).
Samples with coatings applied at energy
E=0.03+0.04 ] show the least wear. Apparently,
at lower energies wear is mainly affected by the
content of wear-resistant phases, higher
microhardness and changes in the structure of
the surface layer, and not so much by the
roughness parameters. Itis obvious that at pulse
energy up to 0.04 ] the negative influence of the
roughness is compensated by the thickness,
composition and structure of the coatings;

- With further increase in pulse energy above
0.04 ], the wear shows an increasing trend. At
E=0.16 ] the effect of ESD decreases and the
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wear resistance assumes values up to 1.8+2.2
times higher than those of the uncoated
substrate (Fig. 9a), or lower than those of
surfaces coated with E=0.03+0.04 ]. It has
been established that with increase in pulse
energy above 0.04 ], all coating roughness
parameters increase, like Ry, Rw, R; Rmax
Rk+Rpk increase stronger. Therefore, the
increase of those parameters starts to have a
predominant influence on the wear and the
higher amount of wear resistant phases in the
coatings is wunable to compensate the
negative influence of those parameters,
resulting in a decrease of the wear resistance.
The specific values of the above parameters
at E=0.04 ] are different for different
electrodes. Based on the results obtained in
this work, for each of the electrodes used, can
be determined with reasonable accuracy a
limit values of Ri, Rw, Rz, Rmaxand Ri+Rpy, after
exceeding of which, the wear begins to
decrease. It has been observed that the
influence of the universal parameter R, on
wear is to a lesser extent than that of R¢, Ry,
Rz, Rmax and the sum Ri+Rpk. Nevertheless, as
the values of R, are to some extent
proportional to the values of the parameters
above, it can be considered that for coatings
with values of Ra > =~ 3.5 um the wear
resistance shows a decreasing trend;

The comparison of the wear resistance of the
coated titanium substrates with the used
electrodes shows that the coated specimens
with electrode TiB;-TiAlnano, NW and KW
have up to 20-35 % higher wear resistance
than that of KNT16, TN and AlSi electrodes.
This result is in agreement with the
conclusions in references [6,13,26,30,31]
where WC and NiCrBSi self-fluxing alloys have
been used for wear resistant coatings;

The analysis of the wear traces Fig. 10 shows
that the wear mechanism of ESD coatings on
titanium surfaces is similar. The predominant
types of wear are abrasive and adhesive. The
wear of the coated surfaces starts from the
unmelted, transferred by brittle fracture
electrode particles, which are not strongly
bonded to the substrate, and from the highest
peaks of the micro irregularities, which under
the action of the abrasive particles and the
friction force are broken down and detached
from the coating. Clearly visible in Fig. 10a
are traces of the breakdown and detachment

of the highest peaks and of the transported by
brittle fracture particles at the beginning of
friction. It can be observed that at E=0.07 ]
the fracture traces are larger and deeper than
those of the coating at E=0.04 ]. Due to the
strong metallurgical bond, particles from the
coating are detached together with particles
from the surface of the substrate, forming
craters on its surface.
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Because at E >0.04 ] the height of the irregularities
and the peak sizes are bigger, the depth and size of
the formed craters are also bigger - Fig. 10b. The
detached solid particles get stuck between the
friction surfaces accelerating the wear intensity. It
can be observed from Fig. 10b and Fig. 10c that in
surfaces formed with the smaller pulse energy
E =0.04 ] the amount of formed craters is higher,

but their size and depth are much smaller than
those formed at high energy. Clearly visible are the
scratch traces caused by the abrasive particles of
the grinding paper.

From the data obtained, it can be concluded that
the wear of the produced coatings is due to the
breakdown and shear of the high peaks and also
to the scratching, caused by the abrasive particles.
However, due to their higher hardness and good
ductility, the coatings slow down the
development of wear over time providing
increased wear resistance to the coated surfaces.
From the results obtained, it is found that no
mathematically accurate correlation can be
identified between wear and the roughness
parameters studied. It is clear that the increased
thickness will favourably affect the wear
resistance, but the related occurrence of higher
roughness, surface defects and the presence of
particles carried by the electrode in an
incompletely melted state, which are not well
attached to the substrate, contribute to the
increase of wear. When the pulse energy
increases above certain values different for the
different electrode-substrate pairs used, the
negative influence of roughness becomes
predominant and the effect of ESD begins to
decrease. Therefore, in order to reduce wear and
increase the effect of ESD, it is necessary to
reduce the values of the most influencing
roughness parameters, i.e. the height and size of
the micro-roughness peaks, i.e. R, Rw, Rz, Rmaxand
the sum Ri+Rpk.

3.3 Some guidelines for reducing the
roughness of ESD coatings

The results of our present and previous studies
[12,15,16,22-24,26] and the literature data
[10,13,25,27,30,32] show that the following
approaches are possible to obtain on titanium
surfaces uniform ESD coatings with reduced
roughness higher thickness:

- To reduce the energy of single pulses (current,
capacitance and pulse duration) [10,
12,13,16,25,27,33-35]. This will result in
coatings with fewer defects and lower
roughness, but also lower thickness and the
formation of a smaller amount of wear
resistant phases and compounds in the coating
composition. At the same time, however, the
use of lower energy creates conditions for the
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formation of a higher amount of amorphous
and nanostructured phases in the composition
of coatings, which, according to many authors
[12,13,25,33-35], favourably affects their wear
and corrosion resistance;

- The use of ESD and LESD with rotating
electrode, low pulse duration - up to 30-40 us
and high pulse frequency above 1kHz, is
another possibility to simultaneously reduce
the roughness and increase the thickness of
coatings, combined with the formation of a
larger amount of amorphous and
nanostructured phases [12,14,22, 25, 34,35];

- Creation of coatings with 3 and 4 times
consecutive electrode passes, the first passes
with high pulse energy and the last with low
pulse energy and specially selected electrodes
- for example graphite [9,10,14,36 ], or low
melting materials [13,23-25,33-35], as well as
the AlSi alloys used in these studies, which
"spill” onto the plated surface filling the pores
and reducing the roughness. This method
allows reducing the roughness of the coatings
to Rax 2.5-3 um;

- If lower roughness is required, mechanical
processing can be used - polishing, grinding,
etc. However, these treatments remove the
top layer of the coating, which contains the
largest amount of wear-resistant, amorphous
and nanostructured phases, which is
unfavorable for wear resistance. The most
effective additional treatments are mechanical
or ultrasonic plastic deformation, or laser
texturing [18]. However, the use of these
treatments is time and cost consuming.

4. CONCLUSIONS

As the pulse energy changes, so do the
topography, texture and roughness of the
resulting coatings. Coatings with roughness
R.=1.5-5 um, thickness 06=8-25 um,
microhardness HV up to 14 GPa and up to 2-3
times higher wear resistance than that of
titanium alloy were obtained at different pulse
energy. The presented results of the studies of the
variation of the height, step and functional
parameters of the roughness of the coatings as a
function of the energy and pulse parameters and
the type of electrode material allow a preliminary
tentative assessment of the tribological
properties of the coatings.
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The obtained results show the relationship
between the technological parameters of the
mode and pulse energy for ESD and the quality
parameters of the coated surface and enable
the obtaining surface layers with previously
known roughness, thickness and
microhardness parameters.

The lowest roughness, but also the lowest
thickness under the same energy conditions was
obtained using KNT16, TiN, AlSi, TiB,-TiAl
electrodes, and the highest - with tungsten
containing "NW" and "KW" electrodes.

At an initial roughness of titanium substrates
Ra=4pm, the use of ESD with low-energy pulses
E<0.04 ], enables its reduction and removal the
surface defects by obtaining uniform and
smooth coatings.

At an initial substrate roughness R.<3 pum, ESD
processing increases the initial roughness
parameters. The Ry and Ry parameters appear
unrelated to the pulse energy.

As the pulse energy increases to 0.03+0.045 ], the
wear resistance of the coated surfaces increases
in parallel with the roughness. At E=0.05 ], the
effect of ESD on wear resistance shows a gradual
decreasing trend due to the increasing
unfavorable effect of increasing roughness.

The roughness parameters that most influence
the wear resistance of the ESD surfaces are Ry, Ry,
Rz Rmax and the sum Ri+Rpx.
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