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were investigated. The coatings were deposited with a FiB&I-based hard
alloy electrode with nanesized additives of NbC and ZrO2. The effe
polarity in ESD at low pulse energy (04m07J) on the surface roughne
thickness, composition and structure of coatings was studied by profilom:
metallographic, XRD, SEM and EDS methods. In bothripeta dense an
uniform coatings were obtained with roughness and thickness, which cou
OAOEAA AU AEAT GCET ¢ OEA %3s$ 11 AA
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negative polaity coatings obtained are denser and uniform with higk
thickness, lower roughness, finer structure, and lower coefficient of fric
and can be successfully used to reduce the surface roughness and defec
printed titanium alloy. Abrasion and ersion wear tests showed that the we
resistance of coated titanium surfaces at both polarities was 2.2 to 3.5t
higher than that of the substrate. Coatings deposited in positive pol:
demonstrated higher resistance to abrasive wear, while those @gative
polarity are more resistant to erosive weatr.
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1. INTRODUCTION

physical and chemical vapor phase deposition (PVD)

and (CVD), gas flame and plasma sprayirgjc. are

At present, to improve the low surfacehardness used [48]. These methods are not always
and low wear resistance of titanium and its alloys  applicable due to various limitations such as high
[1-3], various surface modification methods suchas cost and process complexity, complex and
ion nitriding, laser and electron beam treatments, expensive equipment, environmental pollution,
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unfavorable structural and thermal deformation of
the substrate, low adhesion, etc. Most of the
limitations mentioned above can be overcome by
electrospark deposition /ESD/ [9-11]. Due to its
simplicity and unversatility, flexibility, cost-
effectiveness, and low heat input, this method is
found to be suitable for improving the hardness,
wear resistance, and corrosion resistance of
titanium surfaces [11,12,1319]. The main
advantages of this process include nepolluting,
versatile, simple and affordable technology as well
as easiness of deposition of metal coatings under
normal weather conditions. A strong metallurgical
bond of the coating to the titanium substrate is
achieved with low thermal impact and absence of
heating and deformation of the coated product, low
material and energy costsOne or more consecutive
passes ofthe electrode may perform deposition
over the substrate surface.The result is the
formation of a thin suface layer with a supercooled
(modified) structure [12], with a new relief and
different surface properties from the original ones,
which are controlled by the electrical and physical
parameters of the mode and composition of the
electrode material [9,10,1318]. This allows for
obtaining fundamentally new materials and
structures, including nanostructural effects, which
cannot be obtained under conventional
metallurgical conditions [9-12,1517-21].

A specific phenomenon in ESD of titanium
surfaces is the initial erosion of titanium
substrates and the formation of relatively deep
craters on the coated surface [13,14], and as a
result - the appearance of structural defects of
coatings relatively high roughness and the
presence of irregularities and micropores in the
surface layer. Itispossible to reduce these defects
in various ways- by using an inert environment,
coating electrodes of graphite and certain metals
and alloys, by additional laser and other
treatments [13,14,15,18,20], but they complicate
the technology and the deposition process,
increasing the time and cost of deposition. The
easiest way to reduce the surface defects is to
reduce the single pulse energy clrrent,
capacitance and pulse duration) [1518]. This
results in fewer surface defects and lower
roughness, but alsolower thickness and less
amount ofwear-resistant phases and compounds
in the coating composition. The use of lower
energy with an extremely short duration of
electrical pulses- 1067105 s, however, creates
conditions for the formation of a higher amount

of amorphous and nanostructured phases in the
composition of coatings, which, according to
many authors [17-21], favorably affects their
wear and corrosion resistance.

Combining higher electrode material transfer on
titanium surfaces, reduction of titanium
substrate erosion, and good coating density,
uniformity and low roughness are conflicting
objectives that cannot be achieved by ESD
process mode parameters only.

One of the important parameters of the
electrodeposition process is the polarity of the
eledrodes. In ESD, positive polarity (+) is used
(the electrode is the anode), andusually, the
predominant transport direction of erosion
products is from the anode to the cathode.
However, the analysis of the surface layers of the
electrodes at the ESD shosvtraces of erosion at
both the anode and the cathode. Studies devoted
to volumetric EDM have shown that the
reverse/negative polarity (-) when the electrode
is the cathode at low current and low pulse
duration provides cleaner and smoother surfaces
with  lower roughness than that at
straight/positive polarity and with increased
wear of the processing electrode [225]. The
analysis of the literature and experimental data
shows that despite the differences in spark
plasma discharge behavior in liquid and air
environments, at low pulse energy and electrode
negative polarity in ESD it is possible to obtain a
dense coating with improved uniformity, reduced
roughness, initial eroson of titanium substrates
and reduced surface defects.

In this regard, the aim of the present work is to
perform a comparative study of the properties
of ECDproduced coatings on titanium surfaces
at positive and negative polarity with low pulse
energy ard to evaluate the possibilities of
improving the tribological characteristics of
titanium surfaces by ED with negative ()

polarity.

2. MATERIALS ANDMETHODS

The study is based on the hypothesis that the
change of polarity results in a simultaneous
increasein material removed and a decrease in
the size of the erosion craters on the surface of
the substrate, i.e. a smoother andniform layered
surface is obtained
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2.1 ECD equipment, substrates, electrodes Phase identification, microstructural analysis,
analysis of topography, morphology and

ECD equipment: To obtain less structural composition of the coatings were carried out

defects coatings with low roughness, ESD using a Bruker D8 Advance Xay diffractometer

equipment with a low pulse energy 0f 0.010.07J ET e¢#0 +ce¢ OAAEAOEIT T ATA

was used - an apparatus with a vibrating microscope (SEMEDS) "EVO MA 10 Carl Zeiss"

electrode - "Carbide Hardedge" (England, USA). with built -in X-ray microanalyzer EDX system

The mode parameters are presented in Table 1. "Bruker".

The coatings are applied with positive £) and

negative () electrode polarity. The "CSM REVETEST Scratch Macrotester" was
used to compare and digitally record the
Table 1. Regimes for ESD whit vibrating electrode AT AEEFEAEAT O 1T £ AOCEAORI T j i
o0 I £ OAl 1 5 3 4] 5 6 of coatings under increasing normaload from 0

Capaciyh Ad 15 | 35 5 = 1T 10 | 20 to 50 N at a rate of 10 N/mm.

Pulse ener .
E 102 J o 05| 1 (16 2| 3 |7 Abrasive wear of the coated surfaces was

onrAEOA6 OUPA OOEAT OAOOAO EI
abrasive particles in planar contact under the
following conditions: normal load 5 N; nominal
contact area 2,25x1¢ mz2; nominal contact
pressure 1,74 N/cn#, disc rotation speed 60 rpm;
sliding speed 0,239 m/s; abrasive surface-
- Cutting from round and square rods by EDM;  #i 0O1 AGi O pc¢mm8 - AOO xAAO
- Manufacturing by 3D printing and selective  difference between the initial mass of the

laser melting SLM specimen 'm0" and its mass "mi" after a certain

number of friction cycles: m=mGmi, mg. The

Electrodes: Electrodes of TiB-TiAl, (74%Ti + mass of the samples before and after a particular
12%B + 14%Al) dispersive reinforced with 7%  friction path was meaSl_Jred with an electronic
nano-sized ZrQ and NbCparticle additives were ~ balance WPS 180/C/2 with an accuracy of 0.1 mg.
used to form coatings with amorphous and
nanostructured phases and to increase the The wear intensity was definedas the amount of
microhardness and wear resistanceof coated ~ Wear per unit friction work: I=m/(P.L), mg/Nm,
surfaces [1821,25-30]. where m is the solid wear over the test time, P
normal load, and L-travelled friction path. The
wear resistance was defined as the reciprocal of
the wear intensity.

Substrates: Model plates of popular titanium
alloy Ti-6Al-4V and technical titanium- TiGR2
(AISI UNS R R56200 and R50400) with square
and rectangular shapeswere used.The 5 mm
thick, plates were produced in two ways:

2.2 Methodology of measurements, research
equipment

The roughness of the coatingsvas measured The erosive wear of the catings was tested by an

using TESA Rugosurf 110G and AR132B air _jet cgrrying_ abrasive _particles in an
profilometers according to EN 1SO 13565 atmospheric environment. The doublephase

2:1996, DIN 4776 (for parameter RK), and the "air-abrgsive partigle" mixture interacts at a 90
OEEAET AOGO 1 1 & OEA Al Awewihgecoalingsuriaee 8RBk g1 A A
with an indicator clock with an accuracy of
0.001 mm. Double-sided roughnes
measurement of the samples was performed in
three sections in two perpendicular directions
for each of the sections

There were determined: Mass flow rate of
abrasive material; Mass erosion wear rate as a
difference between the mass of the specimen
before and after treatment with thedouble-phase
jet; Mass wear rate as the mass of coating
destroyed per unit time; Erosion intensity as a
ratio of mass wear rate and massldw rate of
abrasive phase in the jet, Erosion resistance as a
reciprocal value of wear intensity [32]. The test
conditions are shown in Table 2.

A Zwick 4350 hardness tester at a load of 2N
was used to investigate the microstructure and
microhardness (HV) of coatings according to
ISO 65061:2014.
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Table 2. Parameters used in the erosive wear testing

Test parameters Value
Solid particles material corundum Al20z
Maximum size of the o
particles ¢
Air stream pressure 0.1 MPa
Particles flow 140 g/min
Particles impact angle wtJ
Distance between the

10 mm
sample and the nozzle
Duration of the test 5 minutes
Ambient temperature 27 -

3. RESULTS ANDISCUSSION

3.1 Comparison of the topography, roughness,
structure and microhardness of the coatings

Fig. 1 shows at different magnification the type of
erosion craters obtained with positive polarity
ESD on the titanium surface.

Date :9 Dec 2020
Time :14:57:51

i

e !

EHT =20.00 kv
WD = 7.0mm

Signal A = SE1
Mag= 200X

Date :9 Dec 2020
Time :12:09:02

o z 527 a4 } C

Fig. 1. Erosion craters at (+) polarity and pulse
energy 0.07J

Figs. 2and 3 show typical SEM images of the texture
and relief of the coated surfaces dboth polarities
obtained at different pulseenergy modes.

It can be seenthat at both pulse energies, as
well as positive and negative polarity, the
surface of the coatings is relatively uniform and
homogeneous. This is probably due to the
presence of the nanesized particles of the

electrode material, as well as the good
solubility of the electrode material components

in the titanium substrate, and also the presence
of TiAl, which has a lower melting temperature
and "spreads" more uniformly on the titanium

surface. Individual craters from the erosion of
titanium cathodes, protrusions of accumulated

anode material, smooth glasdike areas in

between are clearly distinguishable.

It can be seen from Fig2 and 3 that the
coatings are mainly formed by melt, which is
more evident at the ¢) polarity. The sections
with amorphous structure as well as the
products of brittle fracture of the electrode are
distinguishable.

EHT =20.00 kv Signal A = SE1 Date :15 Jan 2021

Time :13:44:13

WD = 7.5mm Mag= 500X

Signal A = SE1
Mag= 500X

" (b) polarity (-), E=0.03]
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The predominance of the spherical particle shape
(Fig.2b,d,) indicates that the destruction of the
processed material takes place in the molten
state. At a pulse energy of 0.0J, both larger and
deeper erosion craters and traces of brittle
electrode destruction - irregularly shaped
protrusions - are observed. Thelast ones are
more pronounced in coatings obtained with (+)
polarity - (Fig.1 and Fig.2c,f).

Mag= 500X Time :14:09:31

| o g

" (c) polarity (+), E=0.07J

o e (@) TiB2-TiAl (+), E=0.04J

EHT =20.00 kV Signal A = SE1 Date ;15 Jan 2021
WD = 9.0 mm Mag = 500X Time :14:27:51

(d) polarity (-), E=0.07J

(b) TiBa-TiAl (-), E=0.04J

i B Fig. 3. Topography (SEM) of the interfacial zone of ESD
(e) polarity (+), E=0.07J coatings on Ti6AI4V

It can be seerthat the coatings deposited at both
polarities have a similar structure and relief, but

differ in the amount of erosion craters, smooth
areas and the height of micreroughness.

Comparison of the polar effect shows that the
coatings obtained at {) polarity are smoother

and more uniform, have a more homogeneous
structure with fewer and smaller sized

protrusions and craters and smoother transitions

between individual droplets.

(f) polarity (-), E=0.07 J At the positive polarity, the impinging pulse
Fig. 2. SEM images of topography of coatings on creates a microcavity surface and rgative
Ti6Al4V with (TiBz-TiAl)nanc electrode.



