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A new method of nanostructuring of the surface by electrospark alloying
method (ESA) using special processing media (SPM) with carbon nanotubes is
proposed. The influence on the ESA regimes and the composition of the SPM
on the microstructure and hardness of the coatings has been considered. While
processing the Armco iron, with an increase in the discharge energy, the
thickness and continuity of the coating increase. In the microstructures, the
nanoscale phases of 40 nm to 1300 nm are detected, and they are evenly
distributed in the coatings. Adding nanotubes helps to increase the continuity,
thickness and hardness. Because of the ESA process, coatings with a uniform
distribution of molybdenum are formed. Carbon, apparently in the form of the
carbon nanotubes, is concentrated on the surfaces of the samples being pro-
cessed, regardless of the discharge energy during the ESA process. The use of
the proposed ESA method has a positive effect on the quality parameters of
the coating.

INTRODUCTION

The problem of energy saving has become one of
the most important human problems. Rational and
cost-effective use of natural resources, reduction of
harmful emissions into the atmosphere and efficient
use of electric and thermal energy are extremely
important in modern society. In recent years,
Europe has continued to face a growing shortage
of energy resources and increasing cost of energy
sources. Specialists in many industries, including
machine building, have a priority task, which is to
increase the energy efficiency of both newly created
and already used technological machines and equip-
ment by reducing their energy consumption.

Existing methods of surface modification are
energy intensive. In the last years, the quality of
surface layers of machine parts has been improved
by using surface treatment methods with

concentrated flows of energy and matter, one of
which is the method of electrospark alloying (ESA),
the process of transferring material to the surface of
the product by a spark electric discharge.1 Its
specific features, which attract technologists, are2,3

the locality of the action, low energy consumption,
no volumetric heating of the material, strong con-
nection of the applied material to the base, ease of
automation and possibility of combining operations.

However, challenges for technologists are the
development of technologies to obtain unique coat-
ings with such high-quality properties as increased
wear resistance, durability, corrosion resistance,
etc. An alternative to the above is a process for
nanostructuring a surface by various methods. The
technologies of surface micro- and nanostructuring
of materials are important for various fields of
science and technology. The obtained nanostruc-
tures have unique properties. The creation of spe-
cial nanometer-scale structures on the surfaces of
solid bodies results in the improvement of both the
physical and mechanical properties of the material.
Therefore, there is a need to develop new processes
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for surface strengthening which are environmen-
tally friendly and energy efficient, namely, pro-
cesses based on the electrospark alloying (ESA)
methods.

ANALYSIS OF THE LATEST RESEARCH

An effective and economical way to increase the
durability of parts operating under conditions of
cyclic loads, contact fatigue and abrasion is to create
strong, durable and corrosion-resistant layers on
their surfaces. The new processes for strengthening
the parts, which are based on nanotechnology
methods, have been being developed intensively
using the impact of concentrated flows of high-
energy particles (ions, atoms, molecules and clus-
ters, etc.) on the surface of the part.

Successfully obtaining a nanocoating is the basis
for its application. Traditional technologies for
obtaining nanostructured coatings are chemical
vapor deposition (CVD) and physical vapor deposi-
tion (PVD). They regulate the thicknesses and grain
sizes of the coatings with the help of the technolog-
ical parameters. On the other hand, such methods
as the sol-gel method, laser deposition, thermal
spraying and others have been developed.4–7

Nowadays, the methods of surface nanostructur-
ing based on the use of concentrated flows of energy
and matter have been developed. One of those is the
method of electrospark alloying (ESA). ESA tech-
nology is used in various industries because of the
high adhesion of the formed coatings, the possibility
of local surface treatment of the responsible parts of
assemblies and mechanisms, including large-sized
parts, the relative simplicity of the alloying process,
absence of strict requirements for surface prepara-
tion before the use and high reliability of the
equipment. The technological process of coating is
environmentally friendly and characterized by low
energy consumption, high profitability and quick
payback of investments.8,9

The analysis of the literature10,11 on the issue of
improving the physical and mechanical properties of
working surfaces under the effect of the creation of
nanostructured electrospark coatings has shown
that the ESA method is promising. Thus, in,12 it
was shown that after the ESA process with bronze,
the ‘‘white layer’’ of the coating on 41Cr4 steel
consisted of the grains of 10 nm to 60 nm size. In,13

based on the obtained qualitative characteristics,
the author established that the ESA method allowed
controlling the dispersion of the crystalline struc-
ture of coatings. Moreover, the main principles of
the application of the ESA process, which con-
tributed to the formation of coatings with nanos-
tructures and ultra-fine grain structures, were
there formulated.

The studies showed that, in addition to grinding
the fine structure blocks and increasing the density
of dislocations due to the application of the ESA
method, the process of nanostructuring the coatings

can occur because of the use of the anode materials
made of nanocomponents. Therefore, the results of
the studies indicate that the ESA method really
makes it possible to obtain nanostructured layers;
however, the technological features for obtaining
such coatings have not been presented in the
literature; the choice of the mode parameters of
the ESA process, as well as of the anode and cathode
materials, and others has not been justified. There-
fore, the creation of the technological foundations
for the development of the processes for surface
nanostructuring by the ESA method is an urgent
task.

In addition, most of the new technologies based on
the ESA method are application oriented to using
either powder materials with finely dispersed par-
ticles or alloys in the form of composite materials
containing the main matrix and various inclusions
of nanometer-sized particles therein.14–18 The
authors of19 had been studying the process of
nanostructuring C35 steel using the electrodes
based on tungsten carbide with the addition of the
Al2O3 nanopowders. It was established that on the
cathode surface (substrate), ordered accumulations
of nanoclusters had been being formed. Those
consisted of nanoparticles of up to 30 nm in size.
At the same time, it should be emphasized that the
addition of only 1% Al2O3 to the electrode-anode
made from hard alloy (WC � 92%, Co � 8%)
increased the efficiency of the alloyed layer forma-
tion three times, and the microhardness of the
coating became three to four times higher than the
microhardness of 35 steel.

Considering the works17–19 devoted to the study of
the structure and properties of the ESA coatings, it
should be noted that the improvement of the
physical and mechanical properties, in particular
the wear resistance, is facilitated by using the anode
electrodes with inclusions of components having
nanostructural structures. At the same time, the
amount of the nanoadditives may not exceed 1 to 5%
of the volume of the electrode.

To create an alloying electrode which contains
nanoparticles, the SHS method (self-propagating
high-temperature synthesis) is widely used. How-
ever, obtaining such electrodes is technologically
complex and economically expensive. Based on this,
it should be noted that it is necessary to study the
possibility of obtaining nanostructured coatings by
the ESA method in a simpler way, namely, using
special technological media created between the
anode and cathode (part) and including nanocrys-
talline particles of a dosed amount.

The authors have shown that the introduction of
the special processing media (SPM) into the inter-
electrode space during the ESA process makes it
possible to obtain the coatings from non-conductive
materials such as sulfur,20 boron,21 and nitrogen22

and create complex coatings.3 Moreover, the use of
the SPM provides an opportunity for significantly
improving the quality indicators of the surfaces
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being treated, for combining such properties as
running-in ability, corrosion resistance, and heat
resistance, wear resistance, etc., and also for
increasing the reliability and durability of respon-
sible machine parts.

To create the SPM-containing nanoparticles,
polymers are widely used as binding agents. In a
polymer material containing nanofillers, the most
important issue is the dispersion of the nanofillers
in the polymer bulk. In practice, various methods
for dispersing nanofillers in polymer bulk are
used.23 The most common technologies are ultra-
sonic dispersion (UD), high-speed mixing, and cal-
endering with the use of a three-roll mixer. Carbon
nanotubes are the most widely used non-metallic
matrix nanofillers. Sufficient works have been
devoted to the development of technology for the
production and study of the structures of carbon
nanomaterials.

The most widely used method for dispersing
carbon nanotubes is the ultrasonic dispersion
method, which allows uniformly distributing carbon
nanofillers in both various solvents and low-viscos-
ity epoxy oligomers as well as some polymers. The
authors of work24 showed that the process of mixing
components by ultrasonic waves made it possible to
distribute nanofillers sufficiently evenly in epoxy
resin. The use of this method of the distribution of
the nanotubes avoids the occurrence of the defects
associated with the violation of the integrity of their
structure.

The analysis of the literary sources has shown
that one of the most promising methods for improv-
ing the properties of the product surface layers is
the ESA method. It has been also noted that when
using the SPM, the metal surfaces of the parts can
be alloyed by both the conductive materials and the
dielectrics, which include, for example, materials
consisting of a combined matrix [epoxy resin with
nanofiller (two-dimensional boron nitride and zero-
dimensional silica)].25

Thus, the purpose of the work is to improve the
quality of the surface layers of the responsible parts,
which limits the life of the products. In this regard,
the work is aimed at studying the peculiarities of
the structure formation of the coatings obtained by
the method of electrospark alloying steel surfaces
using a special technological environment contain-
ing nanotubes.

RESEARCH METHODOLOGY

For conducting the study, 15 9 15 9 8-mm sam-
ples were made of Armko iron. This material was
chosen because when studying the coatings formed
on technically pure iron, the factors of the alloying
element influencing the structure formation during
the ESA process could be excluded. Surface prepa-
ration of the samples was performed according to
standard methods.8

When forming the coatings by the ESA method,
molybdenum electrodes were used in the form of a
wire. Table I presents the SPM compositions being
investigated.

To disperse the carbon nanotubes in the matrix,
the ultrasonic dispersion method was used in com-
pliance with the technology presented in.24 The
composition of the SPM was chosen empirically.
This situation was conditioned by the need to obtain
a homogeneous distribution of nanoparticles in the
non-metallic matrix.

The Armco iron samples had been being treated
for three stages: in the first stage, the surface was
alloyed with a molybdenum electrode at the dis-
charge energy of 0.13 J or 0.52 J. At the second
stage, the SPM-containing nanoparticles were
applied to the surface and, without waiting for
them to dry, the treatment was repeated using the
ESA method with a molybdenum electrode at the
same discharge energy as at the first stage.

To carry out the electrospark alloying process, the
ESA unit of the Elitron-22A model was applied. For
the research, the discharge energies of Wp = 0.13 J
and 0.52 J were used. For comparison, samples
made of Armco iron without the SPM were studied
after alloying by a molybdenum electrode at the
discharge energy of 0.13 J or 0.52 J.

After completing the ESA process, the surface
roughness was determined using a profilograph-
profilometer device, model 201, produced by the
Kalibr plant. The measurement results were dis-
played through a special device on the computer
monitor in the form of graphs.

To identify the structural components by metal-
lographic methods, the sections in different cross-
sections (transverse, longitudinal, oblique), mainly
relative to the processing surface, were made from
the samples after the ESA process. To increase the
optical contrast between different structural com-
ponents and provide selective coloring, the process
of chemical etching of the sections was carried out
using special reagents. Manufacturing the thin
sections, preparing the surfaces, and carrying out
the metallographic studies were performed accord-
ing to the known methods.26 A 3% to 5% solution of
nitric acid in ethyl alcohol was used as a reagent for
the procedure of chemical etching of Armco iron.

The study of the microstructural parameters of
the coatings was carried out on microsections using
a scanning electron microscope (SEO-SEM Inspect
S50-B model) equipped with an AZtecOne type
energy-dispersive spectrometer with an X-MaxN20
model detector (manufactured by Oxford Instru-
ments plc).

To analyze the Vickers hardness distribution in
the surface layer and by the depth of the thin
section from the surface, a NOVA 330/360 hardness
tester (manufacturer: INNOVATEST Europe BV,
The Netherlands) was used in accordance with ISO
6507. The load was 20 g.

Nanostructuring of Metallic Surfaces by Electrospark Alloying Method…



RESEARCH RESULTS

Analysis of the topography of the surface of the
samples after ESA using the proposed method
showed that the surface roughness depends on the
energy parameters of alloying (Table II). The com-
position of SPM practically does not affect Ra.

For example, Fig. 1 represents the topographies of
the surfaces of the Armco iron samples after the
ESA processes at different alloying modes according
to the Mo-SPM-Mo scheme. The SPM comprises
0.2% of the multi-walled ARKEMA carbon nan-
otubes. While analyzing the topography of the
surfaces of the samples being studied, it can be
concluded that with an increase in the discharge
energy, the formation of a uniform and continuous

coating is noted, but with increased roughness
(Table 2). Figure 2 represents the surface roughness
profilograms of the samples after the ESA process.
While the ESA process with Wp = 0.52 J, nano-
sized inclusions were formed in the coatings. They
are evenly distributed in the coating surface layers
(Fig. 1d).

Consider the peculiarities of the coating structure
formation while processing Armco iron by the ESA
method with a molybdenum electrode and using the
SPM composed of the multi-walled ARKEMA car-
bon nanotubes (0.2%) in the epoxy resin of Epoxy
510 type without a curing agent. The ESA process
was carried out at discharge energies of 0.13 and
0.52 J. Figure 3 shows the microstructures of the
coatings and Vickers hardness distribution.

Table I. SPM composition and alloying modes for obtaining functional coatings by the ESA method

Stages of applying the coatings SPM composition

ESA
modes,
Wp, J

Stage I: ESA by Mo, Stage II: applying
the SPM, Stage III: ESA by Mo

Multi-walled ARKEMA carbon nanotubes (0.2% by weight) in the
epoxy resin of Epoxy 510 type without curing agent

0.13

0.52

Table II. Summary data of the parameters for the obtained coatings

Electrode materials,
ESA technology SPM composition

Wp,
J

Thickness
of the
‘‘white’’
layer, lm

Micro
hardness

of
‘‘white’’

layer, HV

Continuity
of ‘‘white’’
layer, %

Surface
roughness,

Ra, lm

Cathode: Armko iron,
anode: Mo

Without SPM 0.13 20–30 446 50 0.98

Cathode: Armko iron,
anode: Mo (stage I: ESA
by Mo, stage II: applying
SPM, stage III: ESA by
Mo)

Multi-walled ARKEMA car-
bon nanotubes (0.2% by

weight) in the epoxy resin of
Epoxy 510 type without cur-

ing agent

0.13 30–40 608 50 1.26

0.52 30–40 1300 70 2.67
Cathode: Armko iron,
anode: Mo (stage I : ESA
by Mo, stage II: applying
SPM, stage III: ESA by
Mo)

Multi-walled CABOT carbon
nanotubes (0.25% by

weight) + water with surfac-
tant (sulfanole)

0.13 30–40 551 80 1.60

0.52 30–40 534 70 3.33
Cathode : Armko iron,
anode: Mo (stage I: ESA
by Mo, stage II: applying
SPM, stage III: ESA by
Mo)

Single-walled Tuball Ocsial
carbon nanotubes (0.01% by
weight) in the epoxy resin of
Epoxy 510 type without cur-

ing agent
0.13 30–

40
1438 80 1.72

Single-walled Tuball Ocsial
carbon nanotubes (0.6% by
weight) in polycarbonate

0.13 40-50 949 40 1.85
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The microstructure after ESA process consists of
three zones, namely, the upper ‘‘white’’ layer, which
is not etched in the reagent, the diffusion zone and
the base with a ferrite structure corresponding to
Armco iron. While processing Armco iron, with an
increase in the discharge energy, the thickness and
continuity of the coating increase. In addition, there
is an increase in hardness from 446 to 1300 HV. It is
necessary to note the effect of ARKEMA nanotubes
on the hardness characteristics. At the ESA process
with Wp = 0.13 J, the coatings without the SPM
have hardness of 446 HV, those with ARKEMA
nanotubes (0.2%) 608 HV. There is also a slight
increase in the thickness of the ‘‘white’’ layer and
the continuity of the coating due to the use of the
SPM (Table 2). Obviously, the positive effect of the

nanotubes on the quality parameters and the prop-
erties of the coatings is related to the formation of
the nanostructures (Figs. 4 and 5). In the
microstructures, the nanoscale phases of 40 to
60 nm size are found, and they are evenly dis-
tributed in the coatings.

Figures S1 and S2 in the supplementary material
present the maps of the distributions of the ele-
ments in the electrospark coatings obtained at
Wp = 0.13 J and Wp = 0.52 J using the SPM com-
posed of multi-walled ARKEMA carbon nanotubes
(0.2%) in epoxy resin of Epoxy 510 type without a
curing agent. Because of the ESA process, coatings
with a uniform distribution of molybdenum are
formed. Generally, during the ESA process, carbon,
apparently in the form of carbon nanotubes, has

Fig. 1. Topographies of the surface areas of the Armco iron samples after the ESA process by molybdenum and SPM components [multi-walled
ARKEMA carbon nanotubes (0.2% by weight) in the epoxy resin of Epoxy 510 type without curing agent] at different magnifications: (a, c) after
the ESA process by the Mo-SPM-Mo at Wp = 0.13 J; (b, d) after the ESA process by the Mo-SPM-Mo at Wp = 0.52 J.
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been being concentrated on the surfaces of the
samples being processed regardless of the discharge
energy values.

There is a need to consider the peculiarities of
coating structure formation during processing of
Armco iron by the ESA method with a molybdenum
electrode and using the SPM composed of multi-
walled CABOT carbon nanotubes (0.25% by weight)
in water with a surfactant (sulfanole). The ESA

process was carried out at discharge energies of 0.13
J and 0.52 J. Figure 6 shows the microstructures of
the coatings and dependences of Vickers hardness
distribution.

As in the previous study, the microstructure after
the ESA process consists of three zones, namely, the
upper ‘‘white’’ layer, which is not etched in the
reagent, the diffusion zone and the base with a
ferrite structure corresponding to Armco iron. A
thin discontinuous layer is formed on the surface of
the sample subjected to alloying process without the
SPM. While processing the Armco iron sample with
the use of the SPM at the same mode, a change in
the coating parameters is observed. The thickness
and continuity of the coating increase. In addition,
there is an increase in the hardness values from 446
to 551 HV. Further increasing of the discharge
energy values has no effect on increasing the
hardness and continuity of the coating (Table II).

There is a need to consider the peculiarities of the
coating structure formation during processing
Armco iron by the ESA method with a molybdenum
electrode and using the SPM composed of the
following:

1. A single-walled Tuball Ocsial carbon nanotube
(0.01% by weight) in the epoxy resin of Epoxy 510
type without a curing agent.

2. The single-walled Tuball Ocsial carbon nan-
otubes (0.6% by weight) in polycarbonate.

The ESA process was carried out at discharge
energies of 0.13 J. Like the classic electrospark
coatings, the above ones each also consists of a
‘‘white’’ layer, a diffusion zone and a ferrite struc-
ture of Armco iron (Fig. 7). The thickness and
hardness values of the obtained coatings are
affected only by the compositions of the SPMs. The
discharge energy values and the initial electrode
materials did not change for this study. Notably, the
availability of the nanotubes in the course of the
ESA process has a positive effect on the quality
parameters of coatings obtained. Thus, the content
of the Tuball Ocsial nanotubes for 0.01% in the SPM
contributes to increasing the continuity, thickness,
and hardness from 446 to 1438 HV, i.e., three times.
A further increase in the content of the

Fig. 2. Profilograms of the surface roughness of the samples after the ESA process: (a) without the SPM, (b) after the ESA process by Mo-SPM-
Mo [SPM: multi-walled CABOT carbon nanotubes (0.25% by weight) + water with a surface active agent, namely surfactant (sulfanole)],
Wp = 0.13 J.

Fig. 3. Microstructures (a-b) and distribution of microhardness (c) in
coatings on samples made of Armco iron after the ESA process by
Mo-SPM-Mo; the SPM is composed of multi-walled ARKEMA carbon
nanotubes (0.2%) in the epoxy resin of Epoxy 510 type without a
curing agent : (a) coating obtained at Wp = 0.13 J; (b) coating
obtained at Wp = 0.52 J; on the graph (c): 1: without the SPM,
Wp = 0.13 J; 2: Wp = 0.13 J; 3: Wp = 0.52 J.

Gaponova, V.B. Tarelnyk, N.V. Tarelnyk, and Myslyvchenko



nanoparticles up to 0.6% has no effect on ensuring
the quality indicators of the coatings. In this case,
sufficient continuity is not provided (Table II).

Analysis of the microstructure of the coating,
which had been obtained applying the ESA method
by the molybdenum electrode without using the
SPM, has shown that the dendritic structure has
been being formed during the course because of
carrying out the process of accelerated cooling after
processing (Fig. 8, a). The introduction of the SPM

containing Tuball Ocsial nanotubes (for 0.01% by
weight) significantly affects the microstructure of
the coating. In the surface layer, there is a sharply
defined zone of the crystals directed normally to the
surface (Fig. 8b–d). This testifies to the directed and
accelerated heat removal during the crystallization
process. Because of adding the nanotubes to the
SPM, the process of grinding the crystallites is also
noted in the coating.

Fig. 4. Microstructures of coatings on the Armco iron samples after the ESA process, the Mo-SPM-Mo coating is obtained at Wp = 0.13 J, the
SPM is the multi-walled ARKEMA carbon nanotubes (0.2%) in the epoxy resin of Epoxy 510 type without a curing agent: at magnifications: (a)
30,000 times and (b) 100,000 times.

Fig. 5. Microstructures of the coatings on the Armco iron samples after the ESA process, the Mo-SPM-Mo coating obtained at Wp = 0.52 J, the
SPM is the multi-walled ARKEMA carbon nanotube (0.2%) in the epoxy resin of Epoxy 510 type without a curing agent: at magnifications: (a)
50,000 times, (b) 100,000 times.
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The introduction of the Tuball Ocsial nanotubes
for 0.6% in the SPM significantly changes the
structure. No dendritic structures are detected
(Fig. 9a). In the surface layer of the coating, the
nanoscale inclusions of 90 nm to 130 nm (Fig. 9b)
are recorded in the matrix, which is similar to the
amorphous state, and these inclusions have differ-
ent chemical compositions compared to those of the
coatings, as evidenced by the image of the
microstructure in a backscattered electron detector
(BED) (Fig. 9c). Notably, the samples being studied
were subjected to ESA treatment by a molybdenum

electrode at Wp = 0.13 J. Thus, the changes in
microstructure are associated with the influence of
the nanotubes on the structure formation.

Figure 10 shows the results of the electron
microscopic studies. Those are clear from the areas
of the surface layers on the Armoco iron samples
after the ESA process at Wp = 0.13 J: without the
SPM (Fig. 10a) and with the SPM, which contains
Tuball Ocsial carbon nanotubes in the amount of
0.01% by weight (Fig. 10b). The distribution of the
carbon, iron and molybdenum along the depth of the
layer is also shown. The results of the analysis

Fig. 6. Microstructures (a-c) and distributions of microhardness (d) in the coatings on the Armco iron samples after the ESA process by the Mo-
SPM-Mo; the SPM is composed of multi-walled CABOT carbon nanotubes (0.25% by weight) in water with a surfactant (sulfanole): (a) without
SPM, Wp = 0.13 J; (b) the Mo-SPM-Mo coating obtained at Wp = 0.13 J; (c) the Mo-SPM-Mo coating obtained at Wp = 0.52 J; on the graph (d):
1: without SPM; 2: the Mo-SPM-Mo coating obtained at Wp = 0.13 J; 3: the Mo-SPM-Mo coating obtained at Wp = 0.52 J.
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indicate that the carbon content remains unchanged
in both cases; the diffusion zone of molybdenum is
12 to 14 microns. The addition of nanotubes to the
SPM contributes to obtaining the uniform chemical
composition and continuous coating.

CONCLUSION

1. The analysis of the topography of the sample
surfaces after the ESA process by molybdenum and
with the use of SPM has shown that with an
increase in the discharge energy, the formation of a
uniform and continuous coating is noted, however,
with increased roughness. In addition, the coating
contains the nano-sized inclusions, which are evenly
distributed in the surface layer.

2. Features of the coating structure formation
during ESA processing of the Aarmco iron by the
molybdenum electrode using the SPM composition

of the multi-walled ARKEMA carbon nanotubes
(0.2%) in Epoxy 510 type resin without a curing
agent were considered. The microstructures after
the ESA process consist of three zones: the upper
‘‘white’’ layer, which is not etched in the reagent,
the diffusion zone and the base of a ferrite structure
corresponding to the Armco iron. While processing
the Armco iron, with an increase in the discharge
energy, the thickness and the continuity of the
coating increases. In addition, there is an increase
in hardness from 608 HV to 1300 HV. The positive
effect of the nanotubes on the quality parameters
and hardness of the coatings is associated with the
formation of the nanostructures. In the microstruc-
tures, the nanoscale phases of 40 nm to 60 nm are
detected, and they are evenly distributed in the
coatings. Because of the ESA process, coatings with
a uniform distribution of molybdenum are formed.
Carbon, apparently in the form of the carbon

Fig. 7. Microstructures (a-c) and distributions of microhardness (d) of the Armco iron samples after the ESA process by Mo-SPM-Mo: a: without
the SPM; b: the Mo-SPM-Mo coating obtained at Wp = 0.13 J, the SPM: the single-walled Tuball Ocsial carbon nanotubes (0.01% by weight) in
the epoxy resin of Epoxy 510 type without a curing agent; c: the Mo-SPM-Mo coating obtained at Wp = 0.13 J, the SPM: the single-walled Tuball
Ocsial carbon nanotubes (0.6% by weight) in polycarbonate; on graph (d): 1: without the SPM; 2: Mo-SPM-Mo coating; the SPM contains Tuball
Ocsial nanotubes (0.01% by weight); 3: Mo-SPM-Mo coating; the SPM contains Tuball Ocsial nanotubes (0.6% by weight).
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nanotubes, is concentrated on the surfaces of the
samples being processed, regardless of the dis-
charge energy during the ESA process.

3. Features of the coating structure formation in
the course of the ESA processing the Aarmco iron by
the molybdenum electrode using the SPM composi-
tion of the multi-walled CABOT carbon nanotubes
(0.25% by weight) in the water with a surfactant
(sulfanole) have been considered. A thin discontin-
uous layer is formed on the surface of the sample
subjected to alloying without the SPM. While pro-
cessing the Armco iron with the SPM on the same
mode, changes in the coating parameters are
observed. The thickness and continuity of the
coating increase. An increase in hardness from 446

HV to 551 HV is noted. Further growth of the
discharge energy does not have any effect on
increasing hardness and continuity of the coating.

4. We considered the features of the coating
structure formation during the ESA processing the
Aarmco iron by the molybdenum electrode using the
following SPM compositions:

(1) Single-walled Tuball Ocsial carbon nanotubes
(0.01% by weight) in the Epoxy 510 type resin
without a curing agent.

(2) Single-walled Tuball Ocsial carbon nanotubes
(0.6% by weight) in polycarbonate.

The presence of the nanotubes during the ESA
process has a positive effect on the quality param-
eters of the coatings. Thus, the content of Tuball
Ocsial nanotubes for 0.01% in the SPM helps to

Fig. 8. Microstructures of the coatings on the Armco iron samples obtained after the ESA: (a) without the SPM at Wp = 0.13 J, (b-d) Mo-SPM-Mo
coating obtained at Wp = 0.13 J, the SPM: single-walled Tuball Ocsial carbon nanotubes (0.01% by weight) in the epoxy resin of Epoxy 510 type
without a curing agent: at magnifications of (b) 3500 times, (c) 20,000 times, (d) 50,000 times.
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increase the continuity, thickness and hardness
from 446 to 1438 HV, i.e., three times. A further
increase in the content of the nanoparticles up to
0.6% has no effect on ensuring the quality indicators
of the coatings. The introduction of the SPM con-
taining Tuball Ocsial nanotubes (0.01% by weight)
significantly affects the microstructure of the coat-
ing; the addition of the nanotubes to the SPM
contributes to grinding of crystallites in the coating
and to forming nanoscale inclusions of 90 nm to

130 nm in the matrix, which is similar to the
amorphous state, and these inclusions have a
different chemical composition compared with that
of a coating.

5. The introduction of the nanotubes into the SPM
has a positive effect on the quality parameters of
ESA coatings. The single-walled Tuball Ocsial car-
bon nanotubes for 0.01% and multi-walled
ARKEMA carbon nanotubes for 0.2% are the most
effective. The positive effect of nanotubes is

Fig. 9. Microstructures of the coatings on the Armco iron samples after the ESA process; Mo-SPM-Mo coating is obtained at Wp = 0.13 J, SPM:
single-walled Tuball Ocsial carbon nanotubes (0.6% by weight) in polycarbonate: at magnifications: (a) 1000 times, (b) 30,000 times, (c) 100,000
times.
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associated with the formation of a nanostructure in
the coating. Their introduction to the SPM helps to
increase hardness and continuity.
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4. J. Smolik, J. Kacprzyńska-Gołacka, S. Sowa, and A. Piasek,
Coatings 10, 807 https://doi.org/10.3390/coatings10090807
(2020).

5. L. Yanan, S. Ronglu, N. Wei, Z. Tiangang, and L. Yiwen,
Opt. Lasers Eng. 120, 84 https://doi.org/10.1016/j.optlaseng.
2019.03.001 (2019).

6. L.M. Berger, Int. J. Refract Metals Hard Mater. 49, 350 h
ttps://doi.org/10.1016/j.ijrmhm.2014.09.029 (2015).

7. J. Kiilakoski, C. Langlade, H. Koivuluoto, and P. Vuoristo,
Surf. Coat. Technol. 371, 245 https://doi.org/10.1016/j.surfc
oat.2018.10.097 (2019).

8. V.B. Tarelnyk, E.V. Konoplyanchenko, O.P. Gaponova,
N.V.Tarelnik. Ensuring the Protection of the Surfaces of
End Pulse Seals of Turbomachines by Forming Wear-
Resistant Nanostructures: monograph (Sumy: University
book: 2022), p. 252. (in Ukrainian).

9. V. Martsynkovskyy, V. Tarelnyk, I. Konoplianchenko, O.
Gaponova, M. Dumanchuk. Advances in Design, Simulation
and Manufacturing II. DSMIE 2019. Lecture Notes in
Mechanical Engineering (Cham: Springer: 2020); https://doi.
org/10.1007/978-3-030-22365-6_22.

10. Yu.K. Mashkov, D.N. Korotaev, MYu. Baibaratskaya, and
BSh. Alimbaeva, Tech. Phys. 60(10), 1489 https://doi.org/10.
1134/S1063784215100217 (2015).

11. J. Milligan, D.W. Heard, and M. Brochu, Appl. Surf. Sci.
256, 4009 https://doi.org/10.1016/j.apsusc.2010.01.068
(2010).

12. V. Ivanov, Lett. Mater. 10(4), 427 https://doi.org/10.22226/
2410-3535-2020-4-427-432 (2020).

13. R.L. Sakhapov, M.M. Makhmutov, and V.A. Sultanov, J
Phys Conf Ser. 1588(1), 012030 https://doi.org/10.1088/1742-
6596/1588/1/012030 (2020).

14. S.A. Velichko, I.N. Kravchenko, A.V. Martynov, and P.V.
Chumakov, Russian Eng. Res. 41(7), 661 (2021).

15. V.I. Yurchenko, E.V. Yurchenko, and A.I. Dikusar, Surface
Eng. Appl. Electrochem. 56(6), 656 https://doi.org/10.3103/
S1068375520060162 (2020).

16. P.M. Bazhin, A.M. Stolin, N.G. Zaripov, and A.P. Chizhikov,
Surface Eng. Appl. Electrochem. 52(3), 217–224 https://doi.
org/10.3103/S1068375516030030 (2016).

17. X. Wei, Z. Chen, J. Zhong, and Y. Xiang, Surf Coat. Technol.
296, 58–64 https://doi.org/10.1016/j.surfcoat.2016.03.090
(2016).

18. S.V. Nikolenko, S.N. Khimukhin, and P.S. Gordienko, Solid
State Phenomena. 316, 745–751 https://doi.org/10.4028/ww
w.scientific.net/SSP.316.745 (2021).

19. H. Aghajani, E. Hadavand, N.S. Peighambardoust, and S.
Khameneh-asl, Surfaces and Interfaces 18, 100392 https://d
oi.org/10.1016/j.surfin.2019.100392 (2020).

20. O.P. Gaponova, B. Antoszewski, V.B. Tarelnyk, P. Kurp,
O.M. Myslyvchenko, and N.V. Tarelnyk, Materials 14(21),
6332 https://doi.org/10.3390/ma14216332 (2021).

21. B. Antoszewski, O.P. Gaponova, V.B. Tarelnyk, O.M. Mys-
lyvchenko, P. Kurp, T.I. Zhylenko, and I. Konoplianchenko,
Materials 14(4), 739 https://doi.org/10.3390/ma14040739 (2021).

22. O.P. Gaponova, V.B. Tarelnyk, B. Antoszewski, N. Radek,
N.V. Tarelnyk, P. Kurp, and O.M. Myslyvchenko, J. Hoff-
man. Mater. 15(17), 6085 https://doi.org/10.3390/ma151760
85 (2022).

23. P.R. Thakre, Y. Bisrat, and D.C. Lagoudas, J Appl Polym
Sci. 116(1), 191 https://doi.org/10.1002/app.31122 (2010).

24. A. Yasmin, J.J. Luo, and I.M. Daniel, Compos Sci Technol.
66(9), 1182 (2006).

25. X. Li, Q. Wang, X. Cui, X. Feng, F. Teng, M. Xu, W. Su, and
J. He, Polym. (Basel). 14(17), 3618 https://doi.org/10.3390/
polym14173618 (2022).

26. Metallography of Steels: Interpretation of Structure and the
Effects of Processing.2018; 699.ISBN: 978-1-62708-148-1.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agree-
ment with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is
solely governed by the terms of such publishing agreement and
applicable law.

Nanostructuring of Metallic Surfaces by Electrospark Alloying Method…

https://doi.org/10.3390/coatings10090807
https://doi.org/10.1016/j.optlaseng.2019.03.001
https://doi.org/10.1016/j.optlaseng.2019.03.001
https://doi.org/10.1016/j.ijrmhm.2014.09.029
https://doi.org/10.1016/j.ijrmhm.2014.09.029
https://doi.org/10.1016/j.surfcoat.2018.10.097
https://doi.org/10.1016/j.surfcoat.2018.10.097
https://doi.org/10.1007/978-3-030-22365-6_22
https://doi.org/10.1007/978-3-030-22365-6_22
https://doi.org/10.1134/S1063784215100217
https://doi.org/10.1134/S1063784215100217
https://doi.org/10.1016/j.apsusc.2010.01.068
https://doi.org/10.22226/2410-3535-2020-4-427-432
https://doi.org/10.22226/2410-3535-2020-4-427-432
https://doi.org/10.1088/1742-6596/1588/1/012030
https://doi.org/10.1088/1742-6596/1588/1/012030
https://doi.org/10.3103/S1068375520060162
https://doi.org/10.3103/S1068375520060162
https://doi.org/10.3103/S1068375516030030
https://doi.org/10.3103/S1068375516030030
https://doi.org/10.1016/j.surfcoat.2016.03.090
https://doi.org/10.4028/www.scientific.net/SSP.316.745
https://doi.org/10.4028/www.scientific.net/SSP.316.745
https://doi.org/10.1016/j.surfin.2019.100392
https://doi.org/10.1016/j.surfin.2019.100392
https://doi.org/10.3390/ma14216332
https://doi.org/10.3390/ma14040739
https://doi.org/10.3390/ma15176085
https://doi.org/10.3390/ma15176085
https://doi.org/10.1002/app.31122
https://doi.org/10.3390/polym14173618
https://doi.org/10.3390/polym14173618

	Nanostructuring of Metallic Surfaces by Electrospark Alloying Method
	Abstract
	Introduction
	Analysis of the Latest Research
	Research Methodology
	Research Results
	Conclusion
	Acknowledgements
	Conflict of interest
	References


