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Abstract: The electrospark deposition (ESD) technique is a low-heat-input process that has great
potential for coating applications and the restoration of damaged high-value parts. Carbon steels are
commonly used as a substrate material for ESD coatings. However, we demonstrated that carbon
steels could be used successfully as the electrode tool for the ESD process. Furthermore, ESD coatings
commonly have a high as–deposited roughness. In view of this, in order to reduce the roughness of
the ESD coatings, electrodeposition as a tool to alter surface morphology was investigated. Hence,
the micro-leveling power of several electrolytes for Ni, Fe-W, Fe, and Cr electrodeposition were
evaluated. The maximum leveling effect was detected for Ni electroplated from the Watts electrolyte.
Thus, the novel hybrid coatings based on an ESD layer and a subsequent layer of electrodeposited Ni
were obtained. ESD layers were obtained by using the following electrode tools as anodes: several
types of carbon steels (St20, St30, and St45), alloys T15K6 (WC + TiC + Co), CuNiZn; and NiCr. The
morphology and structure of the obtained hybrid coatings with an electrodeposited Ni top-layer was
analyzed and compared to ESD coatings from the point of view of their wear and corrosion behavior.
The wear rate of the novel ESD coatings based on carbon steels was comparable with coatings
obtained using the NiCr electrode tool. Moreover, for all the studied cases, the corrosion resistance of
the hybrid coatings was higher than for their ESD counterparts and close to electrolytic chromium.

Keywords: electrospark deposition; carbon steels; electrodeposition; hybrid coatings; hard alloys;
corrosion; wear resistance

1. Introduction

Nowadays, versatile processes (electrodeposition, sol–gel, chemical/physical vapor
deposition, micro-arc oxidation, thermal spraying etc.) have been adopted for various
functional modifications of surfaces, ranging from wear and corrosion-resistant coatings to
gas-barrier and biocoatings [1,2].

Protection and repair have a very important role in modern technology in industry.
The coating and repair procedures that can be performed in situ and, at the same time, can
take into account demands for energy saving and sustainability have gained increasing
interest [3]. The electrospark deposition (ESD) process was developed by Lazarenko and
has been known about since 1964 [4], but it has been recognized worldwide as a 21st century
technology; many researchers have pointed out that this low-heat-input process has great
potential for coating applications and the restoration of damaged high-value parts (see,
e.g., [5]). The main advantage of ESD is a low-heat-input pulsed micro-bonding process
that uses short-duration, high-current electrical pulses to weld a consumable electrode
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material to a metallic substrate, i.e., allows a good adhesion of coating to the substrate [6–8].
During the ESD process, the electric current short pulses generated between the tip of the
electrode tool (anode) and the substrate (cathode) direct the molten droplets from the anode
towards the cathode, where they produce strongly adhered deposits [9,10]. Moreover,
the ESD does not produce significant high thermal stress because heat dissipates during
the duty cycle [6]. Additionally, the rather high cooling rate of ESD yields the formation
of versatile nanocrystalline or amorphous structures [9]. Other advantages of the ESD
process are a pollution-free process, the technological feasibility of forming new phases
under normal atmospheric conditions, relatively inexpensive equipment, which can even
be portable for use in the field or lab [6].

Various compositions of electrode materials are available to increase the surface hard-
ness and wear resistance, such as metal alloys [11,12], extra hard compounds (classic hard
alloys based on carbides, borides, and nitrides of W, Ti, Zr, Cr, including nanostructured
ones) [13,14], the addition of ceramic nanoparticles (e.g., ZrO2, Al2O3, NbC, Si3N4, W,
WC, and WC-Co) to the composition of electrode materials leads to a modification in their
structure and improvement of the physicomechanical properties [15].

It is known that the discontinuous nature of the ESD method results in deposits
having rough surfaces. Such surfaces are not desirable for many applications of ESD.
Therefore, as-deposited surface roughness should be lowered [6], decorative appearance
or electromagnetic properties, the hybrid processes, i.e., obtaining coatings composed of
two or more layers deposited by different methods [16], and multi-method and duplex
coatings [17] can be used.

The aim of this study is to obtain hybrid coatings using the combination of ESD and
electrodeposition methods, and perform an investigation of their functional properties,
namely, structure, wear and corrosion. Such types of hybrid coatings have not been investi-
gated previously. The ESD coatings were obtained by ESD using the following electrodes:
(i) a conventional T15K6 hard metal, because it exhibited a good set of mechanical proper-
ties, which predetermine the prospects for its practical application in manufacturing cutting
and stamping tools, operating under dynamic conditions [18]; (ii) a CuNiZn alloy obtained
by the magnetron sputtering process demonstrated reasonable corrosion resistance [19],
(iii) Ni-Cr because of the bond strength between the coating and the base metal [20], and
high resistance to gas corrosion [21] (iv) pure Ni deposited by EDS for comparison with
electrochemically deposited Ni; (v) electrodes of steel 45, steel 20 and steel 3 were used
because of the low price of these materials.

The deposition of hybrid coatings was obtained by combining ESD with the elec-
trodeposition of coatings possessing high resistance to corrosion such as nanocrystalline
and resistive-to-corrosion Fe-W [22,23], Ni, and Cr. Indeed, electrodeposition has gained
substantial attention due to its advantages, such as being efficient, reliable, economical
and simple to operate among the different methods used to protect industrial components
from corrosion, wear/abrasion failures [24]. Because of the exceptional improvement in
hardness, corrosion and wear properties that can be achieved from electroplated nickel and
chromium coatings, they are being widely utilized in the manufacturing, automotive, avia-
tion and electrical industries. Ni-based coatings have been shown to improve the surface
properties of various substrates, including the mechanical properties, adhesion, lubrication,
corrosion, wear, and scratch resistance, and they have been widely used in the chemical,
automobile, aerospace, and electrical industries. Ni coatings have been used to protect
steel, Mg alloys, and other metals from corrosion [25–27]. It is known that even rough
chromium coatings (roughness 85.5 nm) exhibit excellent friction reduction; while its wear
rates increase with the increase in the normal load, the wear resistance becomes poor [28].
Cr-electrodeposited coatings are being tried for high temperature applications owing to
their high thermal stabilities. Industries such as nuclear power plants and refineries are
sectors that are beginning to benefit from Cr coatings. Comprehensively, assessments have
shown that metallic Cr coating is the most promising technology for further development
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in tackling the problem of modular corrosion [29]. Therefore, these techniques have been
chosen for the synthesis of novel ESD and hybrid coatings.

2. Materials and Methods

The novel hybrid coatings were formed by electrodeposition of metal layers on the
already obtained ESD layer. The ESD layers were obtained in the manual mode using a
portable installation “Alier 31” (Moldova) [30].

All layers were deposited under the same technological parameters provided in Table 1.
The AISI 1030 (St30 carbon steel) plate having dimensions of 10x50x4mm was used as a
substrate for all deposits. The surface of the substrate was mechanically ground in order to
obtain the final roughness 0.3 µm.

Table 1. Electrospark deposition parameters and composition of electrode tools used for ESD layers.

Sample No. Electrode Material Used for ESD Layer ESD Parameters
1 T15K6 (WC 79 %; TiC 15 %, Co 6%)

Manual mode
Pulse energy: 0.07 J;

Application speed 2.5 cm2/min;
Deposition time: 4 min.

2 CuNiZn (Cu 52%, Ni 11%, Zn 33%, Mn 4%)
3 Ni-Cr (Ni 79%, Cr 19%, Fe 2%)
4 AISI 1045 (St45)
5 AISI 1020 (St20)
6 AISI 1030 (St30)

The selection of material for the electrodeposited metal layer as a component of
hybrid coatings was based on the assessment of the micro-leveling power of the corre-
sponding electrolytes. Thus, several electrolytes were investigated in order to evaluate
their micro-leveling power (P). Namely, nickel electrodeposition was carried out from the
Watts electrolyte of the following composition (g/L): NiSO4·7H2O–250, NiCl2·6H2O–40,
H3BO3–30, saccharin–1; pH 4.0–4.5; 60 ◦C. The cathodic current density was 2 A/dm2, and
nickel plate was used as a counter electrode. The nickel was deposited as “thin” (12 min,
~4.5 µm) and “thick” (100 min, ~36 µm) layers.

Hard chromium was deposited from the electrolyte (g/L): CrO3–250, H2SO4–2.5, at
60 ◦C; cathodic current density 30 A/dm2, deposition time 160 min (~ 44 µm).

The iron deposition was performed from the electrolyte (g/L): FeSO4·7H2O–200,
Al2(SO4)3–100, pH 2.4–2.5; 60 ◦C. The counter electrode was steel plate. The cathodic
current density was 5 A/dm2, and steel plate was used as a counter electrode.

Electrodeposition of Fe-W alloys was carried out from citrate electrolyte (g/L):
FeSO4·7H2O–55.6, Na2WO4·2H2O–132.0, citric acid–32.7, Na3C6H5O7–85.2; pH 6.9; 80 ◦C;
the cathodic current density was 5 A/dm2, and steel plate was used as a counter electrode.

The chemical composition, surface morphology and cross-sections of the deposits were
studied by scanning electron microscope (SEM, Hitachi TM3000, Tokyo, Japan) equipped
with an INCA energy dispersive X-ray spectroscopy detector (EDS, Oxford Instruments,
Buckinghamshire, UK) at an accelerating voltage of 15 kV.

The structure of coatings was examined by means of X-ray diffractometer SmartLab
(Rigaku) equipped with an X-ray tube with a 9 kW rotating Cu anode. The measurements
were performed using Bragg–Brentano geometry with a graphite monochromator on the
diffracted beam and a step scan mode with a step size of 0.02◦ (in 2θ scale) and counting time
of 1 s per step. The XRD patterns of the upper electrodeposited Ni layer were investigated
using the grazing incidence (GIXRD) method. The angle between the parallel X-ray beam
and the surface of the specimen (angleω) was adjusted to 0.5◦. Phase identification was
performed using the software package PDXL (Rigaku) and the ICDD powder diffraction
database PDF4+ (2022 release). The size of the electrodeposited Ni-layer crystallites was
calculated based on the broadening of XRD peaks using the graphical Halder–Wagner
method implemented into PDXL software.
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The profilograms of the obtained surfaces were recorded using a Surtronic 25 profilo-
graph (Taylor-Hobson, UK). The micro-leveling power, P, of the electrolytes was determined
based on variations in the height of the surface microprofile peak with an increase in the
average coating thickness on the surface having sinusoidal profile as described in [22]. The
obtained profiles were approximated by a sine-wave shape, and the height of the peaks
was examined using the TalyMap Gold 5.0 software. The parameter P was calculated for
each electrodeposit according to the Formula (1) [31]:

P =
a

2πdm
ln

Ht

H0
(1)

where a is a profile wavelength, dm is an average thickness of electrodeposited coating,
H0 and Ht is an initial peak height (peak–trough height difference) and current peak height.

The friction and wear behavior of the deposits were evaluated in unlubricated ball-
on-disk conditions. The following test parameters were applied: normal load was 10 N,
sliding speed was 0.3 m/s, sliding distance was 500 m, diameter of track 9 mm. The
samples were oscillated against a rigidly fixed corundum ball counterbody with a diameter
of 6.35 mm. All tests were performed at room temperature and at 50% relative humidity.
The typical morphologies of wear tracks were analyzed with an optical microscope. The
wear rate of the coatings was assessed by analyzing mass loss using a ViBRA AF-225DRCE
analytical balance.

Electrochemical measurements were performed in a conventional three-electrode
cell using a SP-150 potentiostat (Biologic, France). The tests were carried out in corro-
sive media (3.5% NaCl) using an Ag/AgCl reference electrode and an auxiliary graphite
electrode. OCP was measured as a function of time for 30 min until a stationary state
was reached. Potentiodynamic polarization measurements were carried out at electrode
potentials from −400 to +400 mV with respect to the OCP at a scanning rate of 1 mV/s.
Values of corrosion current density were calculated using Evans diagrams and applying
the Tafel approximation.

The standard deviations of wear rate (20%) and corrosion current density (30%) were
rather elevated, which were linked to the varied roughness and porosity in different spots
of the ESD and hybrid coatings.

3. Results and Discussions
3.1. Leveling Power of Investigated Electrolytes

One of the ways to reduce the roughness of the surfaces obtained by ESD is to elec-
trodeposit another layer from the electrolyte that possesses a high leveling power. Leveling
power (P) describes the distribution of the electrodeposition rate of a metal/alloy over the
cathodic microprofile. The microdistribution has a nonuniform character which appears
due to the uneven availability of the microprofile for the diffusion. Diffusion limitations can
occur both for the deposited metal ions and for some other of the electrolyte’s components
(e.g., hydrogen, other molecules/ions from the electrolytes forming on the anode) that
could affect the electrodeposition kinetics and uniformity of the deposited layer, including
inhibition of the electrodeposition process by adsorption of any organic compounds present
in the electrolyte at a rate sufficient for its inhibiting action to become diffusion controlled.
Thus, the inhibition might be different on certain parts of the surface that are unequally
accessible for diffusion. All these considerations are effective if the parameters of the
cathode microprofile (depth and distances between asperities) are close to a diffusion layer
(usually ca. 10 µm). Therefore, the leveling power is a multivariable parameter that for any
given electrolyte can only be evaluated experimentally.

Thus, the micro-leveling power can be expressed as the distribution of the thickness of
the deposit along the surface profile and its value can be positive (P > 0) or negative (P < 0)
depending on the evolution of the microprofile of the electrodepositing coating from the
given solution.
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When P > 0, the electrodeposit grows predominantly in the grooves (valleys) compared
to the microprotrusions, and consequently the initial profile is leveled. The micro-leveling
power (P) of the electrolytes for the deposition of nickel, chromium, iron and Fe-W alloy
was evaluated (Figure 1). The performed investigation showed that the maximum micro-
leveling power (maximal values of P) was obtained for Ni electrodeposition in comparison
to the other studied electrolytes. This can be related to a higher hydrogen evolution rate in
the cases of Fe-W, Fe and Cr deposition. The leveling effect of nickel was evident when the
thickness of it exceeded 10 µm on the surfaces with a sinusoidal profile.
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Figure 1. The micro-leveling power (P) as a function of the thickness of Ni, Cr, Fe and Fe-W
electrodeposits.

In order to obtain hybrid coatings with decreased roughness, the combination of ESD
with electrodeposited Ni was chosen based on the nickel leveling effect. The measured
roughness, Ra of the hybrid coatings (see Table 2) also proved the positive leveling power
of the Ni electrolyte. Namely, the surface roughness of all samples tended to decrease
even after a short deposition time (12 min). Moreover, by electrodeposition of thicker Ni
layers, the leveling effect was even more pronounced (see Table 2 and Figure 2). Because
of the poor leveling effect of Fe-W alloys and Fe, these materials were not used in further
investigations of hybrid coatings.

Table 2. Roughness of ESD and hybrid coatings with “thin” and “thick” electrodeposited Ni.

No
Hybrid Coating

ESD Layer
“thin” Ni “thick” NiSt30 Substrate

Ra, µm
Electrode tool Ra, µm Ra, µm

Abbreviation

1 T15K6 4.9 ± 0.4 3.8 ± 0.4 2.3 ± 0.2 T15K6-Ni
2 CuNiZn 2.3 ± 0.4 2.5 ± 0.7 1.2 ± 0.2 CuNiZn-Ni
3 NiCr 3.8 ± 0.5 3.1 ± 0.4 2.5 ± 0.1 NiCr-Ni
4 St45 3.8 ± 0.3 4.4 ± 0.4 2.3 ± 0.1 St45-Ni
5 St20 3.7 ± 0.2 4.7 ± 0.9 3.7 ± 0.3 St20-Ni
6

0.3 ± 0.1

St30 5.7 ± 0.5 3.6 ± 0.6 1.6 ± 0.2 St30-Ni
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3.2. Surface Morphology, Composition and Structure of ESD-Ni Hybrid Coatings

The morphology of some hybrid coatings with “thin” deposited Ni is presented in
Figure 3. It can be seen that morphology of these samples reflects the results obtained for
surface roughness. Namely, the surface morphology of hybrid coatings synthesized using
T15K6 hard alloy or NiCr was rather irregular (Figure 3a,c) in comparison to the more
uniform surface obtained by deposits obtained using the CuNiZn electrode (Figure 3b)
or the carbon steel St30 electrode (Figure 3d). Moreover, CuNiZn has minimal roughness
and high degree of Ni coverage in comparison with the other obtained hybrid coatings,
probably due to less oxidation of the surface after the electrospark treatment.
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A cross-sectional investigation of the samples was also performed (Figure 4), including
the elemental semi-quantitative line-scan analysis (Figure 5). Three layers could be detected
on T15K6-Ni cross-section (Figure 4a), consisting of electrodeposited Ni (A), and two layers
appearing after ESD treatment (B and C). The layer C is a so-called “white layer”, which is
formed between the substrate and the electro-spark layer. It forms during each electrical
discharge that generates heat energy in a narrow area that melts, evaporates and even
ionizes the work-piece material. Some of the melted and all of the evaporated material is
then quenched and flushed away by dielectric liquid and the remaining melt recast on the
finished surface.
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a b 

      A    B C Substrate 

Figure 5. Line-scan EDS analysis of elemental composition of T15K6-Ni coating demonstrating the
variation of each element (Ni (a), Fe (b), C (c), Ti (d) and O (e)) across the different layers, where:
A—electrodeposited Ni layer; B—ESD layer; C—“white layer”; substrate—steel St30.
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The recast layer is referred to as a “white layer” [32]. However, the layer C does not
necessarily occur in all ESD processes (e.g., Figure 4b), but only in some cases and is based
on the displacement of the electrode with respect to the substrate. This is an intermediate
and non-uniform region. Generally, when the deposition is performed manually, it is
difficult to calculate the overlap percentage, as this depends on the movement speed of the
electrode [6]. Moreover, the novel ESD and hybrid coatings based on carbon steels and Ni
are much more uniform and compact (Figure 4b).

Furthermore, the components of one layer often penetrate into another (Figure 5)
due to roughness propagation during the ESD layer-deposition process. Thus, in the
composition of the electrodeposited Ni layer (B), the elements of the second layer may be
present as Fe and C. Apparently, this is a consequence of high roughness in the ESD layer
and the measurement limits of EDX analysis (a few microns).

In order to gain a more comprehensive knowledge of the structure and composition
of the fabricated hybrid coatings, XRD analysis was employed (Figure 6). The top elec-
trodeposited Ni layer of the hybrid coatings was investigated by the grazing angle XRD
method to distinguish its peaks from the ESD layers below. In the XRD pattern of the
top Ni layer (Figure 6a), the crystallographic planes (111), (200), and (220) of the cubic
structure of Ni (ICDD # 00-004-0850) were present (corresponding peaks are at 2θ = 44.51,
51.85, and 76.37◦). Moreover, the Ni layer deposited on the ESD coatings consisted of
11.3 ± 0.5 nm crystallites (determined by the Halder–Wagner method), and the mentioned
nanocrystalline Ni peaks were observed in all studied coatings (Figure 6).
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Furthermore, in order to differentiate the peaks appearing from the substrate St30
(Figure 6a, bottom pattern) and coating, the XRD pattern of the St30 was recorded. The
XRD pattern of the substrate indicated a cubic Fe structure (ICDD # 00-006-0696) with high
intensity peaks at 2θ = 44.67, 65.02 and 82.33◦. The Fe (Kβ) peak at 2θ = 40.2◦ appeared
due to high-power X-ray radiation.

The abovementioned data obtained on the position and intensities of the diffraction
peaks of St30 substrate and the top Ni layer were essential for further investigation of
chemical compounds formed during the layers’ fabrication by the electro-spark method.
Here, it should be mentioned that for studies of deeper electrospark deposited layers
Bragg–Brentano geometry matched optics was used.

It was found (Figure 6b) that the ESD layers of the hybrid coatings obtained using St30,
St20 and St45 electrode tools contained a small amount of Fe0.92O (ICDD # 04-011-7333)
(corresponding diffraction peaks at 36.08, 41.9, and 60.75◦). Moreover, based on the intensi-
ties of the peaks, it can be concluded that the maximum amount of FeO was formed in the
St20-Ni hybrid coating.

The formation of the T15K6-Ni hybrid coating (Figure 6b) was characterized by
additional XRD peaks, which could be attributed to Fe3O4 (ICDD # 04-025-3486),
W (ICDD # 00-004-0806) and TiC (ICDD # 01-080-4397). Their appearance is a natural
consequence of the use of T15K6 hard alloy for ESD. Furthermore, the peaks attributed to
these compounds were broad, which indicated that they were composed of nanocrystallites
(below 4 nm) and had very close crystal lattice parameters, which complicates the exact
assignment of the peaks.

The XRD pattern of the CuNiZn-Ni coating was characterized by the appearance
of diffraction peaks at 2θ = 43.4 and 63.05◦, which could be attributed to Cu0.57Zn0.43
(ICDD # 04-021-2017). In addition, a small amount of Fe3C (ICDD # 00-003-0400) may have
been formed during the preparation of this coating, as the weak diffractions peaks were
visible for this compound.

The XRD pattern of the obtained NiCr-Ni and Ni-Ni coatings (Figure 6b) were sim-
ilar in terms of structural changes. The diffraction peaks of the formed alloys/solid
solutions had shifts towards smaller 2θ diffraction angles compared to the peaks of the
electrodeposited Ni layer (and St30 substrate), which indicates that compounds with
higher crystal lattice parameters were formed. These alloys can be matched with Cr0.4Ni0.6
(ICDD # 04-001-3422) for NiCr-Ni and Fe0.64Ni0.36 (ICDD # 00-047-1405) for Ni-Ni
coatings, respectively.

3.3. Wear and Corrosion Resistance of Hybrid Coatings
3.3.1. Wear Tests

The friction behavior (Figure 7) and wear rate (Figure 8), measured as weight loss
after total sliding distance of 500 m and an applied load of 10 N, were evaluated for
the synthesized coatings under unlubricated conditions and ball-on-disk configuration.
Furthermore, to the best of our knowledge, this is the first attempt to design and evaluate
the wear of ESD and hybrid coatings based on carbon steels, as normally they are only
used as substrate material. In order to investigate the wear behavior of the hybrid coatings,
the “thin” Ni (~4.5 µm) was electrodeposited on the top of the ESD layer. Moreover, as
discussed above (Figure 2, Table 2), the roughness decreased only slightly when “thin”
Ni was deposited. Thus, similar surface conditions for ESD and hybrid coatings could be
expected. Therefore, the obtained coatings “as-deposited” were investigated.
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Figure 7. Evolution of coefficient of friction against corundum with the total sliding distance at 10 
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ings based on CuNiZn, a longer running-in period and the smallest starting coefficient of 

friction were noted (Figure 7e), which could be linked to the presence of soft phases as 

Figure 7. Evolution of coefficient of friction against corundum with the total sliding distance at 10 N
for: ESD and hybrid coatings, electrodeposited Ni and substrate. The insets are the optical images of
the wear tracks at the end of the tests of hybrid: St20-Ni (a), St30-Ni (c), T15K6-Ni (d), CuNiZn (e)
and electrodeposited Ni (b) coatings.
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The evaluation of the coefficient of friction for EDS, hybrid coatings, reference materials
such as substrate, and electrodeposited Ni is shown in Figure 7. In general, a running-in
period appeared for all tested materials. The investigated ESD coatings based on carbon
steels (Figure 7 a–c) had common friction behavior, linked to the presence of the FeO phase
(Figure 6) in their structure. Namely, after ~25 m of sliding distance, the coefficient of
friction dropped markedly (Figure 7a–c), probably due to the oxidation of FeO into Fe3O4,
which is known for its lubricating properties [33]. Moreover, as can be seen in the example
of the ESD-St20 coatings (Figure 7a, inset), the oxidized part of the wear track (dark sports)
was not present on the entire area of wear track, but a larger part remained intact (white
areas) even at the end of the wear test. This could be attributed to superior wear resistance
(Figure 8), but also to the role of the high roughness of these coatings.

A similar effect of decrease in the coefficient of friction, but after ~50 m of sliding,
could be depicted for the case of the ESD coatings based on T15K6 (Figure 7d), which
could also be attributed to the Fe3O4 presence in the coating (Figure 6). Here, it should be
noted that the hard phases (TiC, W) present in these coatings will have an impact on the
coefficient of friction due to the interaction with the hard corundum counterbody, which
leads to a less pronounced decrease in the coefficient of friction (Figure 7d) compared to
the coatings based on carbon steels.

Furthermore, a decrease in the coefficient of friction at the beginning of the wear test for
the novel hybrid coatings and the electrodeposited Ni could be attributed to the formation
of nickel oxides. It could be suggested that the heat generated during the dry-sliding
wear test resulted in an increase in the interfacial temperature between the corundum
and the electrodeposited Ni. Indeed, nickel-containing coatings can easily oxidize and
form a stable nickel oxide layer [34]. Thus, these coatings demonstrated quite pronounced
oxidative wear or tribo-oxidation, which was optically visible throughout the wear track
(see Figure 7b, inset).

Moreover, when comparing the ESD and Ni hybrid coatings based on carbon steels, it
was noted that the ESD coatings had a lower coefficient of friction than the hybrid ones
(Figure 7a–c). Probably, this can be related to the interplay of iron and nickel oxides in
the case of hybrid coatings. In contrast, the addition of Ni decreased the coefficient of
friction for the T15K6 hybrid coating (Figure 7d), but the wear rate was higher for this
coating than for its ESD counterpart (Figure 8). This could be attributed to a higher degree
of oxidation of the hybrid coating (Figure 7d, inset) than for the electrospark ones, which
were practically intact during the friction test.



Lubricants 2023, 11, 205 12 of 16

After the running-in period, for all investigated cases, the coefficient of friction mostly
reached the steady state value. However, in the case of the ESD and hybrid coatings based
on CuNiZn, a longer running-in period and the smallest starting coefficient of friction
were noted (Figure 7e), which could be linked to the presence of soft phases as CuZn and
NiO in this coating (Figure 6). Furthermore, it could be seen that a pronounced scattering
in the first 300 m was characteristics for these coatings. The last could be attributed to
the continuous interaction of soft and hard phases as Fe3C (Figure 6) in these ESD and
hybrid coatings with the counterbody. Fe3C is known for its mechanical properties [35],
but coupling to soft phases leads to accumulation and plastic deformation of debris inside
the wear track (Figure 7e, inset) and three-body abrasive wear, leading to the highest wear
rates (Figure 8).

A similar wear mechanism was realized for the NiCr-Ni hybrid coating, where high
scattering was noted throughout the whole duration of the wear test (Figure 7f). Although,
as was shown in [36], the addition of metal oxide to the NiCr phase results in the decrease
in the coefficient of friction and an improvement of the wear resistance. In the present
study, the NiCr-Ni hybrid coating had a high degree of visible oxidation inside the wear
track (Figure 7f, inset) and thus, a lower coefficient of friction in comparison to the ESD
coating (Figure 7f); however, the wear resistance of the hybrid coating decreased (Figure 8).

Among all the ESD coatings, deposits based on T15K6 and carbon steels exhibit the
highest wear rate (Figure 8a). Here, it should be specified that the ESD St20 coating had
the highest wear resistance of the carbon steels used, probably due to a higher amount of
FeO in the coating (Figure 6b) and the wear rate for this coating was even lower than for
electrolytic hard chromium (Figure 8). The hybrid coatings were manifesting a lower wear
rate in comparison to their ESD counterparts (Figure 8b). However, in the case of St45-Ni
and St30-Ni coatings, the wear resistance was improved, especially for the St30 case. This
could be attributed to the more uniform coverage of the ESD layer by electrodeposited
Ni for St30-Ni coating (Figure 3d) and a higher oxidation degree inside the wear track
(Figure 7c, inset). Remarkably, the electrodeposited Ni coating had a very low wear rate
(Figure 8b), which approached the values of the T15K6 hard coatings.

Moreover, this study reflects the possibilities that can be associated with the use
of carbon steels as an electrode tool for the design of new coatings. However, future
experiments would generate more insight into the actual applications for these coatings.

3.3.2. Corrosion Tests

The composition, microstructure and density of the deposits are dependent on the
preparation methods and conditions. The variation in the corrosion rates and other prop-
erties of the surfaces with their fabrication method and structure are well known [37,38].
Therefore, examination of the corrosion properties of the obtained materials is an integral
part of modern materials science.

There were two types of hybrid coatings used for the corrosion tests: “thin” and “thick”
electrodeposited layers of Ni. The typical Evans diagrams obtained for the examined ESD
and hybrid coatings in the 3.5% NaCl solution are shown in Figure 9. In addition, for the
comparison of the corrosion properties, the coatings of Ni and Cr were electrodeposited on
the substrate (see Figure 9d); also, the corrosion of the substrate was investigated. As can
be seen, the corrosion potential for the ESD and hybrid coatings were essentially shifted
toward more positive values in comparison with the ones for the substrate: even the thin
Ni layer electrodeposited onto ESD coating caused the shift of corrosion potential to more
positive values by 100 mV that may have indicated the decrease in corrosion rate.
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Figure 9. Typical Evans diagrams obtained for ESD, hybrid and electrodeposited coatings recorded
in 3.5% NaCl. The examined coatings are indicated in the legend, where electrode-tools of: St30 (a),
CuNiZn (b), T15K6 (c) were used for ESD and hybrid layers, and electrodeposited Ni and Cr (d)
coatings are presented for comparison.

The extracted corrosion current densities for all the investigated systems are sum-
marised in Figure 10. Notably, the obtained corrosion current density for nickel electrode-
posited on the substrate was higher than that obtained under similar conditions in [39]
(i.e., ~0.8 µA/cm2 calculated using the provided data of electrochemical impedance spec-
troscopy). The difference in corrosion current densities was probably caused by the higher
initial roughness of substrate and coatings than in the cited work.

As seen in Figure 10a, the ESD coatings of Ti15K6, Ni-Cr and St20 possessed a lower
corrosion current than the substrate applied. In the other cases, the corrosion currents
for the ESD coatings were higher than for the substrate even if the material of both the
substrate and anode for the coating by ESD was the same (St30). Actually, the ESD coating
contained some small amount of FeO (see XRD data in Figure 6) that did not reinforce the
iron matrix, and the included particles did not act as a physical barrier to the propagation
of defects, similar to [40].
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In contrast, the presence of iron oxide particles in the metallic matrix probably formed
galvanic microcells, which increased the dissolution of the iron matrix, and with the
increased roughness of the ESD-coating surface resulted in the initiation of local corrosion
and an increase in the apparent corrosion current density.

However, the corrosion current densities became essentially lower for hybrid coatings
compared to ESD coatings (see Figures 9a–c and 10b,c). Even the electrodeposited thin
Ni layer caused a decrease in corrosion current densities of up to 10 times for the hybrid
coatings based on ESD layers of St20, St30, St45, and NiCr (see Figure 10b). Such values
of corrosion current densities for hybrid coatings were lower than for electrodeposited
nickel (see Figure 10b) and were compatible with the corrosion current density obtained
for electrolytic chromium. Probably, some galvanic microcouples were formed resulting
in a decrease in the apparent corrosion current density. When a thicker layer of Ni was
electrodeposited onto the ESD coating of NiCr and St20, the corrosion current density
became equal to the corrosion current densities obtained for thick electrodeposited nickel
onto a substrate. Probably, on these ESD layers, dense, non-porous coatings of Ni were
formed, and the electrochemical properties of the surface were governed by an entire nickel
film. The essential decrease in apparent corrosion current densities was obtained for the
hybrid coatings based on ESD layers of T15K16, CuNiZn and St45 and St20. In these cases,
the decrease in corrosion current densities may be linked to the smoother surface (smaller
values of roughness) obtained when Ni was electrodeposited onto the rough ESD layer, i.e.,
linking to the leveling effect of nickel deposition.

4. Conclusions

This study was devoted to new possibilities of using carbon steels as electrode tools for
the design of new electrospark and novel hybrid (electrospark–electrochemical) coatings.
It was shown that carbon steels can be successfully applied to obtain ESD coatings that
possess reasonable wear resistance comparable to electrolytic chromium and even ESD-St20
coating may be close to hard ESD coating based on T15K6. The design of the electrospark–
electrochemical hybrid coatings was related to the possibility of electrolytes causing a
leveling effect on the surface profile, thus decreasing the roughness of ESD coatings.

It was found that the Ni electrodeposited from Watts electrolyte could manifest the
highest microleveling power and effectively decrease the roughness of electrospark deposits
by up to four times. However, the oxidation of the nickel during the friction tests led to
ambiguous behavior by the tested coatings. Namely, nickel oxide appeared to interact with
the other phases present or generated during the wear tests (e.g., Fe3O4, Fe3C, TiC), which,



Lubricants 2023, 11, 205 15 of 16

except for the St30-Ni coating, led to more pronounced tribo-oxidation wear in the case of
the hybrid coatings.

In contrast to wear, the corrosion resistance was improved considerably for all the
studied hybrid coatings in comparison to ESD. Remarkably, not only a thick deposit of
Ni, but even a thin ~4.5 µm layer could decrease the corrosion current density of the
ESD coatings by up to 15 times. The acquired data clearly show that ESD coatings based
on carbon steels can be successfully used as a wear-resistant material under dry friction,
and hybrid coatings for tribo-corrosion applications. However, future experiments would
generate more insight into the actual potential of these coatings.
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