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Abstract

Electrospark deposition (ESD) method is a promising process to produce hard and wear-
-resistant coatings on metallic substrates. In this study, ESD has been successfully applied to
deposit TiCp.7Np.3-based cermet coatings on steel substrate. It has been possible to obtain a
fully dense and strong adherent coating layer with a thickness of 20 pm. The microstructures
of the deposited coatings were characterized by X-ray diffraction (XRD) and scanning elec-
tron microscopy. In addition, the friction and wear properties of the coatings and substrates
were investigated systematically by conducting ball-on-disc sliding wear tests. The experi-
mental results demonstrate that the wear resistance of the steel substrate, which contains a
TiCN coating deposited via the ESD process, is noticeably enhanced under the dry sliding
wear conditions. In addition, while the microhardness of substrate is 232 HV on average, the
microhardness of the coating reaches 870 HV onto the surface.
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1. Introduction

The electrospark deposition (ESD) process is a sur-
face treatment technique to produce hard and wear-
-resistant coatings on various metallic materials. It
uses high current/low voltage electrical pulses of short
duration to coat an electrode material (anode) with
a substrate (cathode) [1]. During the process, stored
energy from high voltage capacitors is discharged
through an electrode of the material to be deposited.
Thus, a small molten part of the material is removed
from the electrode and coated to the substrate in the
form of a sudden spark [1, 2].

The ESD coating process offers some unique ad-
vantages relative to electrodeposition and other sur-
face modification techniques. In the ESD process, the
total heat input to the workpiece is relatively small
and the bulk substrate remains near ambient temper-
ature. Thus, the bulk metallurgical structure of the
substrate is relatively unchanged, and thermal dis-
tortions are minimized. The heat rapidly dissipates
leading to rapid solidification. This results in an ex-

tremely fine-grained coating of high density, hardness
and strength. The ESD process allows the use of any
electrical conductor as the electrode; therefore, a vari-
ety of surface types can be formed. The process can be
used to deposit even ultra hard ceramic coatings on a
metallic substrate. It has originally been used to gen-
erate wear-resistant and corrosion-resistant coatings.
Additional advantages of the ESD process are that it
is relatively inexpensive and that portable equipment
can be used [1, 3].

Cermet-based coatings are extensively used not
only to fulfil the requirements of enhanced wear resist-
ance for many applications of surface engineering, but
also to enhance the service life of working tools and
machine parts. TiCN-based cermet coatings combine
the advantages of the high hardness of TiC, the ductil-
ity of TiN, and high adhesion strength, giving TiCN-
-based cermet coatings significantly improved mechan-
ical properties relative to TiC or TiN coatings. There-
fore, TiCN coatings are highly promising for various
wear applications [4-8].

Several high-energy coating technologies have been
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used to produce TiCN coatings, however, the ESD
process is a simple and cost-effective low-energy tech-
nique. This method produces metallurgical bonding
between the coatings and substrates, resulting in
a much better coating adhesion compared to other
low-energy coating processes, such as detonation-gun,
plasma-spray, and electrochemical plating [1, 2]. In
view of the potential demand for wear-resistant coat-
ings deposited at low substrate temperatures, it is im-
portant to study the preparation and properties of
these TiCN coatings in detail. In this paper, we report
the results of the analysis of the structure-property
relationship in these coatings and their dependence
on the deposition conditions when synthesized by the
ESD process.

The aim of the present research is to coat TiCg. 7-
No.3 on the St37 steel substrate by using the ESD pro-
cess and to analyse the morphology, microstructure,
and sliding wear behaviour of the coatings. Friction
and wear measurements were carried out in a ball-on-
-disc tribometer using alumina balls.

2. Experimental procedure
2.1. ESD device

A special ESD machine was employed in the ex-
periments. The ESD coating system was described in
previous work [9]. Its power consumption was 180 W
and the output of stabilized voltage was constant at
40 V.

2.2. Materials

In the ESD process, a number of different treat-
ing electrode materials can be used, but these mater-
ials must conduct electrical current. In this study, ti-
tanium carbonitride (TiCy7Ng.3) produced by a con-
ventional powder metallurgy technique was selected
as a treating electrode material. The powder mix-
ture, consisting of TiC(70)-TiN(30) alloy powder and
a small amount of Al powder as a liquid-phase ad-
ditive for sintering, was prepared in a turbula mixer
for 3h at 60 Hzs~!. The mixture was then uniaxially
pressed into bar shapes (4 mm thick x 5 mm wide X
15mm long) at a pressure of 450 MPa. The pressed
compacts were sintered in vacuum at 1400°C for 1
h. To deposit a coating on the St37 steel workpiece
(10 x 10 x 10 mm?), the sintered electrodes of TiCN
containing Al were used.

2.3. Coating process
The ESD process is performed using a hand-held

applicator in air at room temperature. In the system,
the voltage drops at the interelectrode gap (17 V), and

the amount of electricity (3 C) is kept constant. The
ESD process was conducted in air with a series of rect-
angular pulses of a duration of 200 us, a repetition rate
of 100 Hz, and amplitudes of current of 400 A.

2.4. Wear-resistance and friction tests

A standard ball-on-disc tribometer (CSM Instru-
ments) was employed to investigate the wear beha-
viour of TiCN-coated and uncoated samples. The tri-
bometer was controlled by its PC software, which al-
lowed to follow the evolution of the friction coefficient.
The dry sliding wear test experiments were performed
in air at room temperature and at a relative humid-
ity of 502 %. An alumina ball with a diameter of
6 mm was loaded with constant normal loads of 5 N
and 10 N, while the sliding speed was 10 cms™!, and
the sliding distance was 200 m. After the wear tests,
in order to find the wear coefficient, the lost volume of
the wear track was measured by using an optical pro-
filometer (DEKTAKS, Advanced Development Pro-
filometer Veeco).

2.5. Characterization

Both the surface morphology on the coated samp-
les and thickness of the deposit layer were invest-
igated using a scanning electron microscope (SEM,
Philips XL 30 SFEG). Phase composition, microstruc-
ture, and elemental distribution analyses of the de-
posit layer were performed using an X-ray diffracto-
meter (Bruker D8 Advance) and an embedded EDX
digital controller (EDX detector operating 15 kV) at-
tached to the SEM. X-ray diffraction pattern meas-
urements were performed in the range of 20° to 90°,
at a scanning speed of 2° min—!, in Cu Ka radiation,
and with the value of A at 0.1504 nm.

Vickers microhardness (HV) measurements were
taken on polished cross-sections of the coatings. These
measurements were made with a microhardness tester
(MHT-10 Microhardness Tester, Anton Paar) at a
load of 50 g and a loading time of 10 s. Metallographic
analysis was carried out using an optical microscope
(Zeiss Avio, Imager) equipped with VideoTest Struc-
ture software. Roughness measurements were conduc-
ted by using a profilometer device (SJ-400 Mitutoyo)
with a precision of 0.01 um. The thickness of the de-
posit layer was measured by a thickness meter Du-
alScope MP-40 (Fischer Inst.). Mean value and error
variance were calculated based on 20 random meas-
urement points onto the coating of the surface.

3. Results and discussion

The top surface morphology of the coating depos-
ited on the St37 steel substrate by the ESD process
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Fig. 1. The morphology (a) and EDX analysis (b) of the
coating surface obtained by using the ESD process.
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Fig. 2. SEM micrograph of a cross-section of ESD depos-
ition TiCN coatings onto St37 steel substrate.

and the EDX analysis are illustrated in Figs. la,b.
The presence of Ti, N, C, Al, and Fe elements proves
the alloy formation between the coating and the sub-
strate. As can be seen, the coating surface is charac-
terized as irregular and rough view, due to the globu-
lar mass transfer mechanism during the ESD process
from the electrode to the substrate. This is a charac-
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Fig. 3. Graphical representation of the elemental distribu-
tion of Ti, C, N, Al, and Fe along the cross-section.

teristic feature of the ESD process [2, 3]. A molten
globular droplet forms at the end of the TiCN elec-
trode tip, and it is moved by discharge plasma chan-
nel towards the substrate surface, which leads to a
“splash” appearance. Similar results were reported in
earlier studies [10, 11]. This shows the roughness and
uniformity of the coating. The average roughness (of
fifteen measurements) was reported to be approxim-
ately R, = 7.8 £+ 3.2 um for the surface of the coating.
Some random results were taken by using a DualScope
thickness meter on the surface of the coatings, and
then an average coating thickness of these results was
calculated to be 27.9 + 17.2 um.

Figure 2 presents a typical SEM micrograph for
a cross-section of the electrospark deposited TiCN
coatings on the steel substrate. It can be seen that
there are three continuous zones (deposition layer,
transition zone, and substrate) throughout the cross-
-section. There is a continuous interface between the
coating and the substrate. The excellent metallurgical
bonding between the coating and the substrate was es-
tablished by alloying. However, the coating thickness
is not uniform, as seen by the presence of a few micro-
-cracks and micro-pores. This indicates that both the
deposited material (TiCN) and the substrate must
have been molten during the process, and some gas
bubbles and solidification cracks had been formed.

The distribution of elements, such as Ti, C, N, Al,
and Fe, in the coating and the substrate was determ-
ined by EDX (Energy Dispersive X-ray Spectrum) ele-
mental line scanning technique, and these data are
presented in Fig. 3. According to the elemental graph,
the amount of Ti, C, N, and Al decreases from the
coating surface to the substrate, while Fe increases.
As aresult, there is a short-range interdiffusion (trans-
ition) zone, and this indicates the existence of a narrow
mixing and remelting layer between the substrate and
the coating material during the deposition process.
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Fig. 4. X-ray diffraction spectrum of TiCN coating on steel.
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Fig. 5. Microhardness depth profile of TiCN coating on steel.

The X-ray diffraction spectrum for the coated sur-
face is presented in Fig. 4, which reveals the present
phases in the coating. According to the spectrum, the
coating layer is mainly composed of titanium carbide
nitride (TiCo.7Np.3), martensite (Feq.945Co.055), and
aluminium iron (FezAl) phases. The presence of the
martensite and aluminium iron phases is related to
the alloying of the coating and the substrate and its
rapid solidification.

Figure 5 shows the microhardness distribution
along the depth of the electrospark deposited TiCN
coating on the steel substrate. The peak value for mi-
crohardness, HV, was found to be 870, which appears
on the top surface of the deposit layer, and is approx-
imately four times higher than that of the substrate
(232 HV). There is a gradual decrease in the micro-
hardness values with depth into the deposit layer to-
ward the substrate, and this situation is related to the
decreasing amounts of both the TiCy 7Ny 3 phase and
martensite phase through the transition zone and the
main substrate zone.
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Fig. 6. Wear volumes of TiCN-coated and uncoated steel
after sliding wear test against alumina ball.

Wear test results of the uncoated and ESD pro-
cessed TiCN-coated St37 steel samples under dry slid-
ing wear test conditions are presented in Table 1 and
Fig. 6 (units of specific wear rate, worn volume per
unit, sliding distance per unit, and normal load). It
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Fig. 7. Evolution of the friction coefficients against sliding distance (less than 100 m) for 5N (a) and for 10 N (b) loads.

Table 1. Sliding wear test results

Samples (load) Wear rate  Friction coefficient

(mm®* N~'m™) mean
St37 steel (5 N) 1.614 x 10~° 0.465
TiCN coating (5 N)  2.455 x 107° 0.431
St37 steel (10 N) 2.482 x 107° 0.488
TiCN coating (10 N) 1.360 x 10~° 0.328

is evident from Fig. 6 that TiCN electrospark depos-
iting on the steel significantly improves the wear res-
istance. Under 5N and 10N loads, the wear resist-
ances of the coated samples are, roughly, up to 7 times
greater and up to 2 times greater, respectively, than
those of the uncoated samples. The variation of the
friction coefficient with the sliding distance for the
electrospark deposited TiCN coating and St37 steel
substrate are also presented in Figs. 7a,b. The data
generally indicate nonlinear increases in the friction
coefficient during the sliding wear process until stable
levels are reached. It is noted that the average friction

coefficients for the coated and uncoated samples are
e = 0.431 and = 0.465, respectively, for a 5 N load.
For a 10 N load, the friction coefficient average values
are u. = 0.328 and p = 0.488 for coated and uncoated
samples, respectively. For TiCN-coated samples, fric-
tion coefficients were observed to be lower than those
of the uncoated samples. From the results of the wear
resistance and friction behaviour and microhardness
of the samples, it can be said that it is possible to ob-
tain very hard coatings that show wear resistant with
lower friction on the steel via the ESD process.

4. Conclusions

The electrospark deposition (ESD) process has
been successfully applied to deposit a TiCg 7N 3-10Al1
layer onto an St37 steel substrate in air. As the micro-
scopic observations reveal, the coating has an irregu-
lar and rough surface due to the globular mass trans-
fer mechanism occurring during the process. However,
the coating is fully dense with a minimal quantity
of micro-cracks and micro-pores, and the coating is
strongly adherent to the steel substrate. The thick-
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ness of the coating is typically more than 20 pm.

The coating is primarily composed of titanium car-
bonitride (TiC()jNO.g) and martensite (F61_945CO_055)
phases. The presence of these phases effectively im-
proves the tribological performance of the coating.
Thus, the wear resistance of the St37 steel substrate
with TiCN deposition via the ESD process is notice-
ably enhanced under the dry sliding wear conditions.
In addition, the hardness of the coating reaches 870
HV onto the surface. Via the ESD process, we have
been able to obtain very hard coatings showing high
wear resistance with low friction values.
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