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Investigation of Aluminum Electrospark Alloyed
Coatings on Steels

OKSANA HAPONOVA , VIACHESLAV TARELNYK , NATALIIA TARELNYK ,
and GENNADII LAPONOG

The paper presents a study of the structure-phase state of aluminised coatings obtained by the
electrospark alloying (ESA) method. The influence of the discharge energy and the productivity
of the treatment process on the thickness of the hardened layer, its microhardness, continuity
and surface roughness of C20 and C40 steels has been studied. It is shown that the structure of
ESA coatings consists of a white layer, a diffusion zone and a substrate metal. Increasing the
discharge energy during ESA leads to a change in the chemical and phase composition of the
layer. With a 2-fold decrease in ESA productivity, the thickness of the ‘‘white’’ layer increases to
75 to 110 lm, its microhardness to 7450 MPa; the continuity of the coating tends to 100 pct.
With a 4-fold decrease in ESA productivity, the thickness of the ‘white’ layer also increases, but
not intensively, to 60 lm at Wp = 4.6 J and then does not change; at the same time, the surface
roughness Ra increases to 8.1 to 9.0 lm and the continuity is 95 pct. A 4-fold decrease in process
productivity contributes to the deterioration of coating quality parameters and an increase in
roughness. The study of the influence of the energy parameters of ESA, as well as the alloying
time (‘productivity’) of the process, is important for the improvement of hardening technology.
The paper proposes a mathematical model for predicting the coating parameters taking into
account the processing time of a given plane to be alloyed, i.e., the labour intensity of the ESA
process (the value of the inverse productivity). The equations of the mathematical model and
methods for determining the constants of the equations for predicting the parameters of the
alloyed layer have been obtained. An algorithm has been developed and the adequacy of the
mathematical model has been verified, which allows the prediction of the main technological
parameters of ESA in order to obtain a coating with the specified quality indicators.
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I. INTRODUCTION

IN recent years, environmentally friendly and
resource-efficient technological processes have been
developed and implemented to increase the service life
and reliability of components and tools and to ensure
their performance in harsh environments.[1–3] In many

cases, modifying the physical and chemical properties of
the surface layer of structural materials and products is
a sufficient and cost-effective way to improve their
performance, as the weakest element in the mate-
rial-working environment system is the material surface.
This highlights the importance of developing methods
and technologies for applying protective coatings to the
surface of materials. The need for coatings on parts
operating at elevated temperatures can be justified by
the impossibility of the required increase in the physical
and chemical properties of components and parts, even
when using new materials with an improved set of
chemical, physical, mechanical and other properties.
Promising methods of surface strengthening and

modification are methods based on treatment with
concentrated flows of energy and matter (CFE).[4,5]

Electrospark alloying (ESA) is one of the modern
methods of processing metal surfaces of CFE, which
allows obtaining surface structures with unique physical,
mechanical and tribological properties.[6] The advantage
of ESA is the environmental safety of the process, high
adhesion strength of the alloyed layer and the substrate
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material, the possibility of applying any conductive
materials to the surface, low-energy consumption of the
process, and ease of technological operations. Electro-
spark alloying, having wide possibilities of formation in
the surfaces of a certain structure, phase and chemical
composition, allows to improve their operational
properties.

II. LITERATURE REVIEW

Literature and patent sources contain an increasing
number of works related to the study of processes
occurring in the surfaces of parts,[7,8] the improvement
of known ones[9,10] and the development of new tech-
nologies[11,12] that allow to control the quality param-
eters of the surface layers of parts in the required
direction. New composite materials consisting of a
cheaper and easier to manufacture substrate material
and having a surface layer formed using advanced,
low-energy and environmentally friendly technology are
not inferior and in some respects (durability, cost,
consumption of cutting tools and equipment, presence
of alloying elements, etc.) they are even better than the
existing ones.

One of the most popular methods of surface modi-
fication is alitisation, which is used to provide iron–car-
bon alloys with increased resistance to scale,
atmospheric corrosion and a range of other properties.

In addition, complex coatings after alitisation[13,14] are
characterised by high melting point, low density, high
modulus of elasticity, heat resistance, oxidation and
ignition resistance. Recently they have also been used to
make protective and wear-resistant coatings.
The classical alitisation technology is diffusion satu-

ration. The application of this technology has been used
to study the structure and phase composition of the
coating,[15] as well as its effect on the structure and
properties of the products after alitisation of structural
steels in molten aluminium. Despite the positive results,
classical aliteration technology has a number of disad-
vantages inherent to diffusion methods.[16]

Technologies that use concentrated energy flows
(CEF) for material processing occupy a special place
among hardening technologies. The use of CEF creates
non-equilibrium heating and cooling conditions in the
surface. This leads to the formation of structures that
are fundamentally different from those produced by
traditional processing methods. These are plasma tech-
nologies[17,18] and laser processing.[19,20] This group
includes one of the most promising modern technolo-
gies, the application of which makes it possible to
control the quality parameters of the surfaces of
parts—electrospark alloying (ESA). ESA technology
creates structures in the surface layers of components
with unique physical, mechanical and tribological prop-
erties at the nano level.[21]

The essence of the ESA process is the erosion of the
anode material by spark discharge in a gaseous medium
and the transfer of the erosion products to the cathode.
On the surface of the cathode, a layer with a modified
structure and composition is formed due to the transfer
and diffusion of the material as well as to the effect of
the thermal and mechanical impulses generated during
the electrospark alloying process. As a result of the
action of a pulse, craters are formed on the anode and
cathode in the gaseous medium. However, under the
influence of a spark discharge in a gaseous medium,
differences in crater formation are observed due to a
more intensive transfer of eroded material to the
opposite electrode, especially the cathode. The craters
formed on the cathode by the interaction of the
transferred anode, cathode material and the inter-elec-
trode medium are filled to varying degrees by the formed
material. This material is different from the substrate
material. It is not amenable to etching with the reagent
intended for the substrate material. The reason for the
different phenomena at the anode and the cathode is
that the spark discharge energy released at the anode is

Table I. ESA Modes Using the ‘‘Traditional’’ Method (‘‘Elitron-52A’’)

Mode Number Discharge Energy, Wp (J) Voltage (V) Capacitance, C (lF) Productivity (cm2/min)

1 0.52 75 300 1.0 to 1.3
2 1.30 95 480 1.3 to 1.5
3 2.60 75 1560 1.5 to 2.0
4 4.60 100 1560 2.0 to 2.5
5 6.80 210 2040 2.5 to 3.0

Fig. 1—ESA alitisation scheme.
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an order of magnitude higher than that released at the
cathode. This results in the formation of a larger crater
on the anode. The influence of thermomechanical
factors is also less.

The method of electrospark alloying allows to treat
near-surface layers of widely used construction materials
based on iron, titanium, aluminium by applying metals,
hard alloys, superhard materials to the surface; to
change the chemical and phase composition of the
surface in a given direction by alloying with metals,
intermetallics, compounds, graphite in order to increase
corrosion resistance, wear resistance, change electrical
resistance, emission-adsorption, thermophysical and
other properties; to vary in a given direction microcrys-
talline, macrocrystalline, nanostructure of near-surface
layers of materials; to restore the geometrical dimen-
sions of machine parts and tools with the simultaneous
hardening of the surface.

The main advantages of ESA technology compared to
traditional surface treatment methods are: environmen-
tal and human safety, application in local areas where
there is no need to protect neighbouring surfaces from
the negative effects of the process, high adhesion of the
applied metal, absence of distortion and deformation,
and the ability to be integrated into any technological
process.[22,23]

Electrospark alloying (ESA) as a method of applying
functional coatings compares favourably with other
methods such as laser treatment, thermal spraying and
traditional diffusion saturation. Studies[24,25] show that
ESA can effectively increase the wear resistance, hard-
ness and corrosion resistance of surfaces without the
need for sophisticated vacuum equipment or high
temperature furnaces. The process is technologically
simple, economically feasible and environmentally
friendly. It does not produce significant waste or gas
emissions.[12]

At the same time, due to the pulsed nature of the
discharge, the thermal impact zone in ESA is signifi-
cantly smaller than in laser or arc processing, reducing
the risk of deformation of the substrate material.[26]

Unlike laser deposition, ESA allows small areas to be
processed without changing the geometry of the part.
When machining bearings, tools or hydraulic cylinder
components, ESA coatings show a lower coefficient of
friction and longer service life compared to analogues
produced by traditional surface treatment methods.[27]

In addition, numerous studies have confirmed the high
corrosion resistance of coatings produced by the
ESA.[28]

The disadvantages of ESA are an increase in surface
roughness and unevenness, pores in the surface layer,
residual tensile stresses and a reduction in fatigue
strength.[29,30] It should be noted that as a result of the
subsequent surface plastic deformation treatment, these
disadvantages are eliminated and the fatigue strength
becomes higher than before the ESA treatment.[31,32]

The disadvantages of the ESA method are sometimes
attributed to the limited formation of surface layers in
thickness. However, there are technologies that can be
used to obtain wear-resistant coatings of high quality
(100 pct continuity and thickness up to 1.0 mm or even
more).[33]

As shown in References 34, 35, aluminium electro-
spark coatings reliably protect steel from corrosion
damage. In addition, complex coatings after alitisa-
tion[36] are characterised by a high melting point, low
density, high modulus of elasticity, heat resistance,
oxidation and ignition resistance. Recently, they have
also been used to create protective and wear-resistant
coatings. Diffusion methods of alitisation are
known.[35,37,38] In this technique, the surface is saturated
with aluminium in an aluminium melt.
The authors have shown that as a result of alitisation

by dipping in molten aluminium, a layer of
metastable FeAlm and multiple twinned Al13Fe4 phases
is formed at the steel–coating interface.[39] However, it is
very difficult to control the thickness of the layer and
hence the quality of the coating using this technology,
because aluminium is a low-melting metal that crys-
tallises quickly on the surface, making it difficult to
remove its excess. The authors of Reference 37 sug-
gested that after dipping in a liquid aluminium bath, the
subsequent heat treatment should be carried out. How-
ever, such a technology requires an additional techno-
logical step, which may have limitations in industrial
applications due to certain constraints: increased energy
consumption, labour intensity, increased technological
processing time, inability to process only the required
surfaces of parts, etc.
Other alitisation techniques are also known. For

example, the alitisation method involves applying a
layer of aluminium to a steel surface (usually by
spraying), plastering and annealing. In this case, partic-
ular attention is paid to the roughness of the surface to
be aluminised, with oxide films, oil and dust being
unacceptable. Despite the positive results, the technol-
ogy described, as well as the traditional melt alumini-
sation technology, has a number of disadvantages
inherent in the diffusion process. These are bowing
and deformation; cumbersome and expensive techno-
logical equipment; duration of the process, use of

Table II. ESA Modes According to the Second Method

Discharge Energy (Wp), J 0.52 1.3 2.6 4.6 6.8

Productivity (cm2/min)
1st Option 0.5 to 0.6 0.6 to 0.7 0.7 to 1.0 1.0 to 1.2 1.2 to 1.5
2nd Option 0.2 to 0.3 0.3 to 0.4 0.4 to 0.5 0.5 to 0.6 0.6 to 0.7
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energy-intensive equipment, etc. In addition, certain
operations are unsafe for the environment.[40] Therefore,
other methods are being developed as an alternative.
The ESA method does not have the considered limita-
tions and disadvantages and can be proposed for
obtaining aluminised coatings on steels.

The analysis of the relevant literature and patent
sources, as well as a number of studies by the authors of
this paper,[41,42] has shown that the discharge energy
(Wp) has been investigated in the study of the param-
eters of operation of ESA devices in a wide range and
the productivity in accordance with the recommenda-
tions.[41] It should be noted that the productivity
parameters used are more suitable when hard wear-re-
sistant metals (vanadium, titanium, tungsten, etc.) are
used as the tool electrode material, so it is scientifically
and practically expedient to conduct studies on the effect
of ESA productivity in a wider range of alloying times
on the quality parameters of the formed surface layer
when using an aluminium tool electrode.

It is therefore relevant to:

– Investigation the effect of the productivity of the
process of electrospark alloying of steel surfaces with
an aluminium tool electrode on the structure forma-
tion and quality parameters of the surface layer of
steels after alloying;

– Development of a mathematical model that allows
the prediction of the main technological parameters
of ESA in order to obtain a coating with specified
quality parameters.

III. RESEARCH METHODOLOGY

Samples of C20 and C40 steels (carbon contents of 0.2
and 0.4 pct, respectively) with dimensions of 15 mm 9
15 mm 9 8 mm were used as substrate.
Electrospark alloying was carried out using an

Elitron-52A ESA unit, which provides a discharge
energy Wp in the range 0.05 to 6.80 J in an air medium.
Aluminium was deposited with an uncoated electrode
tool using an aluminium wire with a diameter of
3.0 mm.

Two methods of alitisation by the ESA method were
studied. The treatment scheme is shown in Figure 1.

The first, the ‘‘traditional’’ technique, consisted in
treating the surface of the samples with an aluminium
electrode according to the generally accepted modes
given in Table I. The alloying modes (voltage, capaci-
tance) correspond to a certain discharge energy specified
in the device data sheet.
The productivity in this investigation was defined as

the ratio of the surface area treated per unit time (cm2/
min). This means that the value was obtained by
dividing the known treated area (1 cm2) by the actual
treatment time. The time was measured using a stop-
watch for each alloying mode. Productivity ranges were
established for each ESA regime. These values are
shown in Tables I and II. This approach ensures
consistency in the interpretation of the effect of produc-
tivity as an independent treatment variable.
The second technique of alitisation by the ESA

method consisted in treating the surface of the samples
with an aluminium electrode according to the reduced
values of productivity.
Deposition productivity is the area treated per unit

time (cm2/min). Increasing the treatment time (min)
decreases the productivity of the ESA. When using ESA
in practice, it is difficult to determine the optimum
specific alloying time. This is due to the non-linear
change in the total weight gain of the sample (mass
transfer) with increasing treatment time. The increase in
weight gain occurs up to a certain alloying time, after
which the deposited coating may be destroyed and the
increase stops. Therefore, the optimum alloying time
(ESA productivity) is an important technological
parameter of the treatment.
The second technique treatment aimed to isolate the

effect of productivity as an independent variable while
keeping the discharge energy constant. This was done by
applying reduced productivity values for each discharge
energy.
Table II shows the treatment options for the second

technique:

– the first, when the productivity was reduced by ~ 2
times;

– the second, when the productivity was reduced
by ~ 4 times.

Fig. 2—Aluminised coating morphology on C20 steel after ESA at discharge energies: (a) 0.52 J, (b) 1.30 J, and (c) 2.6 J.
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Similar studies will allow the influence of not only
discharge energy but also another important parameter
of the ESA process—productivity—on the structural
and phase state of the coatings to be assessed.

The current is measured by an ammeter on the panel
of the ESA unit. The discharge energy (Wp) is calculated
using the following formula[43]

Wp ¼ k
C�U2

2
; ½�

where k is a coefficient that takes into account circuit
losses (k = 0.6 to 0.7); C is the storage capacitor
capacitance, F; U is the no-load voltage, V.

To assess the surface roughness of each sample, five
independent scans were taken using the Profilo-
graph-Profilometer mod. 201 of the ‘‘Kalibr’’ company
by taking and processing profilograms. The mean and
standard deviation were calculated.
Metallographic analysis of the coatings was per-

formed using a Neophot 21 optical microscope and an
SEO-SEM Inspect S50-B scanning microscope equipped
with an X-MaxN20 detector (Oxford Instruments plc).
The SEM was also used for local micro-X-ray spectral
analysis of the coatings. Coating continuity was anal-
ysed on optical microscopy specimens using stereometric
metallography methods. Microhardness was determined
using a PMT-3 device, the load was 20 g. A minimum of
five indentations were made in representative areas of

Fig. 3—Structure of the alitised coating (optical microscopy) on steel C20 after ESA at the discharge energy: (a) 0.52 J, (b) 1.30 J, and (c) 2.6 J.
Areas of microstructure: 1: ‘‘white’’ layer, 2: diffusion zone, 3: substrate.

Table III. Parameters of the Alitised ESA Coatings According to the Regimes Shown in Table I

Wp

(J)

Thickness (lm)
Microhardness, Hl

(MPa) Roughness (lm)

Continuity of the ‘‘white’’
Layer (Pct)

‘‘White’’
Layer

Diffusion
Zone

‘‘White’’
Layer

Diffusion
Zone Ra RZ Rmax

Steel C20
0.52 10 to 12 20 to 30 2000 ± 70 1900 ± 50 1.3 ± 0.85 2.3 ± 0.15 9.3 ± 0.55 60
1.30 30 to 50 30 to 40 2050 ± 70 1850 ± 70 1.9 ± 0.15 6.2 ± 0.40 21.6 ± 1.25 80
2.60 40 to 50 30 to 50 2700 ± 70 2000 ± 70 3.3 ± 0.20 9.3 ± 0.75 23.2 ± 1.65 85
4.60 50 to 70 40 to 60 5010 ± 90 2250 ± 70 6.2 ± 0.45 16.3 ± 1.0 40.6 ± 4.05 95
6.80 to 70 110 to 130 7270 ± 90 2370 ± 70 9.0 ± 0.65 18.1 ± 1.15 58.3 ± 4.15 100

Steel C40
0.52 10 to 15 10 to 20 2350 ± 70 2000 ± 70 1.6 ± 0.10 3.0 ± 0.20 8.1 ± 0.55 50
2.60 30 to 70 30 to 70 3500 ± 80 4500 ± 80 1.9 ± 0.15 4.1 ± 0.25 11.6 ± 0.75 70
6.80 60 to 130 130 to 150 7400 ± 90 2390 ± 70 8.1 ± 0.55 17.3 ± 1.25 49.0 ± 3.55 100
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each specimen. Results are presented as mean values
with standard deviation. X-ray diffraction studies were
carried out in Cu Ka radiation using a PROTO AXRD
diffractometer. The surface samples were prepared prior
to X-ray diffraction analysis for roughness reduction.

IV. RESULTS

A. Study of the Structure and Phase State of Aluminised
Coatings at Traditional Productivity

In order to evaluate the effect of the discharge energy
on the surface quality, the morphology of the surface of
the samples after the treatment was studied (Figure 2).
The general shape of the elements of surface micror-
oughness is uniform. A series of peaks and valleys can
be identified on the surface, the geometric dimensions of
which depend on the treatment regime. A significant

increase in micro-irregularities on the surface of the

sample is observed after ESA at Wp = 2.6 J, which is
associated with the localisation of the discharge flow
and the uneven distribution of the transferred substance
with an increase in the energy impact.[44] The values of
the surface roughness depending on the energy param-
eters of the treatment are presented in Table III.
The microstructure of the alitised surface of steel C20

depending on the discharge energy and at traditional
productivity (Table I) is presented in Figure 3. The
results of the optical microscopy show that the
microstructure is composed of three areas:

(1) ‘‘white’’ layer that does not get etched when
exposed to the reagent;

(2) diffusion zone;
(3) substrate, which has a ferrite-pearlite structure

characteristic of annealed steel C20.

In the ESA process, a layer of modified structure is
formed on the surface of the anode and cathode. When
exposed to chemicals used to identify the microstructure
of electrode materials, this layer remains ‘‘white’’, i.e., its
structure is not detected. Similar layers have been
observed on the surfaces of materials subjected to
mechanical processing (grinding, turning, milling, elec-
tromechanical processing), surface hardening processes
(e.g., shot treatment) and surfaces exposed to concen-
trated energy flows (laser, plasma, detonation, electric
spark treatment, etc.).[20,22,32]

The formation of ‘‘white’’ layers under conditions of
locally high temperatures and pressures is a common
feature of all these cases. The intensity of the impact on
the surface layer differs significantly from the above
processes (shock wave pressure of 0.1 Pa, temperature
of 5 �C to 40 9 103 �C). The high rate of heat removal
causes the temperature to drop rapidly to melting
temperatures and the associated phase transformations
within a layer thickness of a few microns. The crystalli-
sation, phase transformation, diffusion and chemical
interactions involved in the ESA process lead to the

Fig. 5—Diffractograms of coatings on steel 20 after ESA alitisation at discharge energies: (a) 0.52 J, and (b) 1.30 J.

Fig. 4—Distribution of microhardness (Hl) in the aluminised coating
(h) on steel C20 during ESA with discharge energy: 1: 0.52 J, 2:
1.30 J, 3: 2.6 J, 4: 4.6 J, 5: 6.8 J.
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formation of highly non-equilibrium structures with
very fine grain size and high heterogeneity in composi-
tion, structure and properties. The hardness of such a
layer is usually much higher than that of the electrode
materials. It is subject to stresses that exceed the internal
stresses in the electrode materials of the anode and
cathode.

The parameters of the microstructure sections formed
as a function of the discharge energy of the ESA process
are summarised in Table III.

In mode 1 ESA (Table I), a thin layer of the transition
zone is formed with a thickness of 20 ‚ 30 lm. The
continuity of this layer is close to 100 pct. Areas of the
‘‘white’’ layer (up to 60 pct) with a thickness of 10 ‚ 12
lm are detected. As the discharge energy increases, the
thickness of the ’white’ layer and the transition zone
grows. At Wp = 1.30 J, the thickness of the cured layer
and the transition zone are 30 ‚ 50 and 30 ‚ 40 lm,
respectively, and at Wp = 4.60 J: 50 ‚ 70 and 40 ‚ 60
lm, respectively (Table III). As the Wp increases, the
integrity of the coating improves. Thus, at Wp = 2.60 J,
the continuity of the diffusion layer is about 100 pct and
that of the ‘‘white’’ layer is about 85 pct.

The results of the microhardness distribution along
the depth of the alite layer are shown in Figure 4. It
should be noted that the maximum hardness is fixed at
the surface and gradually decreases to the substrate,
whose microhardness is 1600 ‚ 1700 MPa. A gradual
change in the microhardness of the coating (1 to 4 on
Figure 4) substrate indicates a good adhesion–diffusion
bond between the coating and the substrate. In coarse
modes, a higher change in microhardness is observed at
the coating–substrate interface due to stresses in the
surface layer[45] (5 on Figure 4). The microhardness of
the coating zones is determined by the energy param-
eters of the ESA: the more energy the discharge, the
higher the hardness of the ‘white’ layer and, accordingly,
the hardness of the diffusion zone. The change in
microhardness is probably caused by diffusing alu-
minium into the substrate and is also caused by
changing the phase composition of the coating.

According to the diagram of the Fe–Al state,[46] the
formation of intermetallic compounds is possible in the
alitised coating synthesised by the ESA method. The
formation of nitrides and oxides is also likely as ESA
was carried out in an air environment. Deposition of the
electrode material, aluminium, on the surface of the
treated material is also possible.

The conditions of the phase composition formation
during ESA are far from equilibrium.[16] This is due to
the heating and cooling conditions. There are rapid
heating and cooling in ESA. During cooling, the
temperature rapidly decreases from the melting point
to the phase transformation temperature. In this con-
text, metastable phases are formed during ESA, and it is
possible to form a nanostructure[45] and an amorphous
structure.[48] The phase composition is also influenced
by other factors, such as the chemical interaction of the
electrode materials with each other and with the
interelectrode medium, different erosion resistance of
the alloy electrode components, and more.[48] Studies of
the regularities in the formation of the structure and
phase composition of electrospark coatings have shown
that, despite the simplicity of the technology, ESA is a
complex and multivariate process.
The phase composition of the coatings formed after

the ESA process is determined. Diffraction patterns
(Figure 5) from the surface of the samples after ESA
according to the modes in Table I. The diffraction peaks
of two solid solutions with BCC structure—a-Fe and
a-Fe¢ (space group 229), aluminium oxide c-Al2.67O4

(space group 227) appear in the diffraction diagrams.
Table IV shows the lattice parameters of the phases.
According to Reference 41, the only difference between
the a-Fe phases and the a-Fe¢ phases is in the lattice
period. The difference in lattice parameters is due to the
macrostresses that occur during accelerated cooling
after ESA.
The phase composition of coatings is significantly

affected by the discharge energy. New phases appear as
the discharge energy increases. If in Regime 1 only a
solid solution of aluminium in iron and a small amount
of aluminium oxide is detected, because the ESA was
carried out in an air atmosphere, then in Regime 2
phases with a monoclinic structure are formed, namely
Fe4Al13 (space group 12) and aluminium is deposited
(space group 225). It is obvious that the hardness of the
coating is increased (Figure 4) by the appearance of
intermetallic phases of more than 80 pct by mass.
We have shown, as have the authors of References 22,

30, 49, that an increase in discharge energy leads to a
growth in the thickness of the coating and the diffusion
zone. The thickness of the diffusion zone of aluminium
in iron is 34 and 50 lm, respectively, on the samples
obtained in regimes 1 and 2 (Figure 6). It should be
noted that the amount of aluminium in iron also

Table IV. Phase Composition and Phase Lattice Parameters

Regime Phase Crystal Lattice Parameters (nm) Content of Phases, Pct (Wt)

1 a-Fe a = 0.2887 36
a-Fe¢ a = 0.2907 47
c-Al2,67O4 a = 0.7980 17

2 Al a = 0.4056 19
Fe4Al13 a = 1.5403, b = 0.8134, c = 1.2473 81
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increases: at a discharge energy of 1.30 J, a layer (up to
4 lm) containing ~ 1.5 to 2 times more aluminium is
formed on the surface of the sample. XRD data
(Table IV) confirm the presence of free aluminium in
the layer.

The study of the roughness of the modified surface
after alitisation by the ESA method of steel C20 showed
that as the discharge energy increases, the surface
quality deteriorates (Table III): Ra = 1.3 lm at Wp =
0.52 J and Ra = 3.3 lm at Wp = 2.60 J. Increasing
the discharge energy to 6.8 J is accompanied by a
significant rise in surface roughness: Rmax = 58.305 lm,
Ra = 9.039 lm and Rz = 18.142 lm.

Optical microscopy results of samples of steel C40
after ESA metal treatment show that, similar to steel
C20, the coating consists of several zones. It should be
noted that in the same ESA conditions on steel C40, the
thickness of the hardened ‘white’ layer and the diffusion
zone is slightly greater (Table III). These areas also have
a higher microhardness. For example, the coating
obtained on steel C40 in regime 3 has a white layer
thickness of 30 ‚ 70 lm and Hl = 3500 ± 50 MPa,
and on steel C20 in the same regime 40 ‚ 50 lm and
Hl = 2700 ± 70 MPa. Coating continuity improves
and tends to 100 pct as the discharge energy increases.

Fig. 6—Element distributions in the alitised coating at ESA with discharge energy: (a) 0.52 J, and (b) 1.30 J.
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Higher discharge energy accelerates the diffusion
processes during ESA, and obviously the diffusion zone
between coating and substrate grows. For example, at
Wp = 0.52 J it is practically non-existent, whereas at
Wp = 2.60 J it is about 30 ‚ 40 lm and has an elevated
microhardness (4500 MPa). Phase transformations that
occur when steel is heated above critical temperatures
and accelerated cooling in air can cause the increase in
hardness in the transition zone. Some hardening of the
surface layer of the steel results from the accelerated
cooling after ESA. Similar to steel C20, intermetallics,
nitrides and oxides can form in the surface layer of steel
C40. This is due to the fact that the ESA process was
carried out in air. The formation of these phases helps to
increase the microhardness of the coating and the
diffused zone.

Thus, qualitative parameters of the surface layer such
as roughness, thickness, microhardness of the ‘white’
layer and transition zone rise with increasing discharge
energy during ESA with an aluminium electrode of steel
C20 and C40. The continuity of the ‘‘white’’ layer is low
at Wp = 0.52 J and amounts to 50 ‚ 60 pct. When the
discharge energy is further increased to 6.8 J, it grows to
100 pct.

B. Study of the Structure and Phase State of Aluminised
Coatings at Reduced Productivity

1. The first option
The microstructure of coatings produced by electro-

spark alloying (ESA) with an aluminium electrode varies
significantly depending on the treatment parameters, in

(a) (b) (c)

(d) (e)

Fig. 7—The structure of the alitised coating on steel C20 after ESA with reduced productivity (1st option, Table II) and discharge energy: (a)
0.52 J, (b) 1.3 J, (c) 2.6 J, (d) 4.6 J, and (e) 6.8 J. Areas of microstructure: 1: ‘‘white’’ layer, 2: diffusion zone, 3: substrate.
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particular the discharge energy (Wp) and the productiv-
ity. In all ESA regimes, the structure of the alloyed layer
consists of a ‘white’ layer, a diffusion zone and a
substrate material (Figure 7). The parameters of these
layers are determined by the treatment conditions
(Tables V and VI).

As the discharge energy is increased from 0.52 to
6.8 J, an rise in the thickness of the ‘white layer’ and the
diffusion zone is observed—from 20 to 75 and from 35
to 120 lm, respectively. Such patterns are in agreement
with the data from the literature, according to which a
more intense pulse effect promotes a deeper melting of
the substrate material and a deeper penetration of the
alloying element.[44,45] Coating continuity also improves
with increasing discharge energy, reaching almost 100
pct at Wp ‡ 2.6 J. This is due to the fact that at higher
discharge energy a wider zone of impact is formed on
the surface, ensuring better wettability of the substrate
by the aluminium. As noted in Reference 50, the
continuity of coatings is closely related to the formation
of repeated layers, which partially melt and level the
previously applied material.

With regard to the effect of the alloying time, i.e., a
reduction in the productivity of the treatment, an
increase in the thickness of the ‘‘white layer’’ and the
diffusion zone is observed in comparison with the
classical values (Table III). As the alloying time
increases, the period of exposure to elevated tempera-
ture rises, diffusion processes are activated, leading to
the formation of a homogeneous structure with fine-
grained phases formed under conditions of accelerated
cooling in air. Such processes can have a positive effect
on the adhesion of the coating, as slower crystallisation
hardening and longer contact of the melt with the
substrate contribute to deeper diffusion interpenetration
of the components.
A reduction in ESA productivity has a positive effect

on surface roughness (Tables V and VI). With a longer
treatment time per unit area, the tool electrode makes
more passes over the same surface area, which leads to
re-melting of the deposited layer and filling of micro-
cavities with aluminium. This is corroborated by studies
showing the effect of levelling the microrelief due to heat
accumulation and re-melting of low-melting phases.[51]

Table V. Qualitative Parameters of the Surface Layers of C20 Steel Samples After ESA with an Aluminium Electrode According

to the Second Method

Discharge
Energy (J)

Productivity
(cm2/min)

Thickness (lm)
Maximum Microhard-

ness (MPa) Roughness (lm) Continuity
of the
‘‘White’’
Layer (Pct)

‘‘White’’
Layer

Transition
Zone

‘‘White’’
Layer

Transition
Zone Ra Rz Rmax

ESA Productivity According to Table II, First Option
0.52 0.5 to 0.6 20 35 2200 ± 50 1950 ± 50 1.1 ± 0.05 2.1 ± 0.15 8.7 ± 0.75 80
1.30 0.6 to 0.7 50 50 2250 ± 50 1950 ± 50 2 ± 0.15 5.1 ± 0.30 16.3 ± 0.95 90
2.60 0.7 to 1.0 60 55 2900 ± 70 2100 ± 50 3.8 ± 0.20 6.3 ± 0.35 19.6 ± 1.35 95
4.60 1.0 to 1.2 70 70 5300 ± 70 2350 ± 50 6.2 ± 0.45 12.1 ± 0.85 33.1 ± 2.35 100
6.8 1.2 to 1.5 75 120 7400 ± 90 2400 ± 50 9.0 ± 0.55 15.4 ± 0.95 45.2 ± 2.65 100

ESA Productivity According to Table II, Second Option
0.52 0.2 to 0.3 25 40 2250 ± 50 1980 ± 50 1.3 ± 0.05 2.0 ± 0.15 8.5 ± 0.75 95
1.30 0.3 to 0.4 50 55 2300 ± 50 2000 ± 50 2 ± 0.15 6.1 ± 0.35 15.6 ± 1.25 100
2.60 0.4 to 0.5 57 60 2950 ± 50 2050 ± 50 3.8 ± 0.25 9.1 ± 0.60 18.1 ± 1.10 100
4.60 0.5 to 0.6 60 80 5300 ± 70 2000 ± 50 6.2 ± 0.40 16.0 ± 0.95 31.2 ± 2.35 100
6.8 0.6 to 0.7 60 100 7300 ± 90 2150 ± 50 9.0 ± 0.50 18.1 ± 1.25 43.3 ± 2.45 100

Table VI. Qualitative Parameters of the Surface Layers of C40 Steel Samples After ESA with an Aluminium Electrode According
to the Second Method

Discharge
Energy (J)

Productivity
(cm2/min)

Thickness (lm)
Maximum Microhard-

ness (MPa) Roughness (lm) Continuity
of the
‘‘White’’
Layer

‘‘White’’
Layer

Transition
Zone

‘‘White’’
Layer

Transition
Zone Ra Rz Rmax

ESA Productivity According to Table II, the First Option
0.52 0.5 to 0.6 25 40 2400 ± 50 2100 ± 50 1.0 ± 0.05 3.0 ± 0.25 6.2 ± 0.50 60
2.60 0.7 to 1.0 70 80 3650 ± 50 4600 ± 50 1.9 ± 0.15 4.1 ± 0.25 8.6 ± 0.65 90
6.8 1.2 to 1.5 110 140 7450 ± 70 2490 ± 50 8.1 ± 0.55 17.3 ± 1.05 42.1 ± 2.85 100

ESA Productivity According to Table II, the Second Option
0.52 0.2 to 0.3 30 45 2450 ± 50 2130 ± 50 1.6 ± 0.05 3.0 ± 0.25 6.1 ± 0.55 95
2.60 0.4 to 0.5 70 80 3650 ± 50 4650 ± 50 1.9 ± 0.15 4.1 ± 0.30 7.7 ± 0.60 100
6.8 0.6 to 0.7 100 130 7300 ± 70 2030 ± 50 8.1 ± 0.60 17.3 ± 1.15 39.1 ± 2.75 100
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Figure 8 shows the microhardness test results of the
surface layers obtained by the second method. It shows
that as the discharge energy higher, the microhardness
of the surface layer increases, both in the ‘white’ layer
and in the transition (diffusion) zone. Thus, as the
energy rises, the zone of higher microhardness increases.
The maximum microhardness is observed at the surface
of the formed layers. It gradually decreases from the
surface to the substrate.

ESA hardening is associated with the formation of
non-equilibrium structures in the surface layer during
heating and cooling.[48] The high rate of heat dissipation
causes the temperature within a small layer to drop
rapidly to melting temperatures and corresponding
phase transformations. In this case, the crystallisation
and phase transformations that follow the ESA treat-
ment lead to the formation of highly non-equilibrium
structures with very fine grains, high levels of hetero-
geneity in composition, structure and properties.[52]

Ultra-high heating and cooling rates, contact of juvenile
surfaces with each other and with medium elements
under conditions of impulse exposure to high temper-
atures and pressures, high rate of diffusion processes
leading to chemical interaction of electrode materials
with the medium, etc. cause the appearance of ESA
layers with increased values of microhardness.

An analysis of the influence of the substrate material,
steel C20 and C40, showed that the changes in the
microhardness increase both in the white layer and in
the transition (diffusion) zone are insignificant (see
Tables V and VI).

2. The second option
Figure 9 shows different sections of the surface

structure of samples of steel C20 after ESA with an
aluminium electrode at a factor 4 reduced productivity
(ESA modes 2nd option, Table II). Tables V and VI
summarise the data on the quality parameters of the
coatings for steel C20 and C40, respectively. It should be
noted that the characteristics of the microstructure do
not change with decreasing productivity. The coating
consists of a ‘white’ layer on the surface, a diffusion zone
and the substrate material. At the same time, the
continuity increases to 100 pct at almost any discharge
energy. The thickness of the ‘white’ layer and the
diffusion zone increases from 25 to 60 and 40 to 60 lm,
respectively, with rising Wp from 0.52 to 2.6 J, then
remains practically unchanged at Wp = 4.6 J and even
decreases at Wp = 6.8 J.

The surface roughness with a decrease in the produc-
tivity of ESA (using the 2nd option) decreased slightly in
relation to the value of the roughness, which corre-
sponds to the productivity indicated in Table II for the
1st option. As the productivity of the ESA process is
lowered, the processing time for 1 cm2 of surface area
increases. The crystallisation of each subsequent layer is
slower due to the heat accumulation of the low-melting
metal (aluminium) melt. However, the roughness reduc-
tion process is not as intense. This can be explained by
the fact that with each successive ‘‘pass’’ of the
aluminium electrode tool, the difference between the

amount of aluminium and steel in the coating becomes
smaller.
The microhardness distribution in the surface layers

obtained by the second method is shown in Figure 10. It
can be seen that the coating has a well developed
diffusion zone. The microhardness gradually decreases
from the surface to the substrate. As with other ESA
regimes, the increase in microhardness is associated with
the peculiarities of structure-phase transformations and
the formation of a non-equilibrium state in the surface
layer.
Analysis of the results showed that a 4-fold reduction

in productivity has a negative effect on the quality
indicators of aluminised coatings. Irrespective of the
substrate material, treatment at low energies (0.52 to
2.60 J) leads to a slight change in microhardness and
coating thickness, and at rough conditions (4.60 to
6.8 J) even to a deterioration of these parameters
compared to other treatment methods. The reason for
these results seems to be related to the peculiarities of
the ESA technology.
It should be noted that although a 4-fold reduction in

productivity results in a moderate increase in surface
roughness (Tables V and VI), the continuity is signifi-
cantly improved, reaching 100 pct. This is explained by
the mechanism of coating formation at low productivity.
The longer treatment time allows a more uniform and
repeated deposition of the electrode material (alu-
minium), which contributes to the gradual filling of
microcavities and surface irregularities, remelting of the
deposited material and compaction. As a result, even if
the surface becomes rougher due to the larger size of the
solidified droplets during ESA under more severe ESA
conditions (discharge energy of 2.6 J and above), the
overall coating becomes more continuous. In addition,
the high thermal impact at reduced productivity
increases local melting and spreading of the material,
which contributes to improved adhesion and sealing of
microdefects. However, a significant reduction in pro-
ductivity in the coarse Wp mode increases the thermal
impact on the coating and diffusion zone, which reduces
their microhardness. The increase in the roughness of
the treated surface complicates the technological process
of hardening parts under manufacturing conditions,
since it is necessary to apply methods to reduce
roughness. For example, cutting, surface plastic defor-
mation and others.[31,53] Therefore, the increased pro-
ductivity of the ESA process is ineffective in practice.
Dependencies of changes in quality parameters: ‘white

layer’ thickness, microhardness and surface roughness
of steel C20 were constructed to evaluate the influence of
ESA operating parameters (discharge energy and pro-
ductivity) (Figures 11 and 12). The formation of a
continuous aluminised layer on steel C20 is observed at
discharge energies< 4.6 J and productivity< 1.0 cm2/
min for the first treatment option and< 1.3 J and
productivity< 0.3 cm2/min for the second treatment
option. The coating thickness is< 70 lm. Thus, a
reduction in the productivity by two times of the ESA
has a positive effect on the quality characteristics of the
aluminised layers, ensuring the formation of continuous
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Fig. 8—Distribution of microhardness in the surface layer of steel C20 (a) and steel C40 (b) after ESA with an aluminium electrode according to
the second method (1st option, Table II), discharge energy: 1: 0.52 J, 2: 1.3 J, 3: 2.6 J, 4: 4.6 J, 5: 6.8 J.
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coatings that can be recommended for use as heat
resistant.

The results obtained in this study indicate that a
decrease in productivity during electrospark alloying
(increase in alloying time) leads to a notable increase in
both the thickness of the aluminium coating and the
underlying diffusion zone. According to metallographic
studies, diffusion zone thicknesses of approximately 35
and 40 lm were observed for samples of C20 steel
processed under the regimes Wp = 0.52 J and produc-
tivity 0.5 to 0.6 cm2/min (first option) and productivity
0.2 to 0.3 cm2/min (second option) (Table V). Compo-
sitional analysis using scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy
(SEM–EDS) was carried out to further substantiate
these findings. This allowed visualisation and quantifi-
cation of the aluminium distribution over the surface
and depth of the treated layers as a function of
productivity at the same discharge energy. For samples

treated at a productivity of 0.5 to 0.6 and 0.2 to 0.3 cm2/
min, respectively, diffusion zone thicknesses of approx-
imately 45 and 60 lm (including coating) were observed
(Figure 13).
By reducing the productivity of ESA, there is a

tendency to increase the thickness of the aluminium
diffusion zone. In particular, compared to the tradi-
tional processing mode at a discharge energy of Wp =
0.52 J (see Figure 6), a decrease in the inverse of the
treatment time (i.e., productivity) leads to an increase in
the time of interaction between the electrode and the
sample surface, which contributes to the formation of
thicker layers with a higher aluminium content. This
behaviour is due to the fact that longer exposure to
discharge pulses creates conditions for deeper penetra-
tion of aluminium into the substrate, activation of
diffusion processes and accumulation of the alloying
element.

(a) (b) (c)

(e)(d)

Fig. 9—The structure of the alitised coating (optical microscopy) on steel C20 after ESA with reduced productivity (2nd option, Table II) and
discharge energy: (a) 0.52 J, (b) 1.3 J, (c) 2.6 J, (d) 4.6 J, and (e) 6.8 J. Areas of microstructure: 1: ‘‘white’’ layer, 2: diffusion zone, 3: substrate.
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Fig. 10—Distribution of microhardness in the surface layer of steel C20 (a) and steel C40 (b) after ESA with an aluminium electrode according
to the second method (2nd option, Table II), discharge energy: 1: 0.52 J, 2: 1.3 J, 3: 2.6 J, 4: 4.6 J, 5: 6.8 J.
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In addition, the results of the analysis show that the
aluminium is unevenly distributed in the coating. It is
mainly concentrated near the surface. This localisation
of enrichment leads to the formation of an alu-
minium-saturated surface layer. This is important for
the subsequent properties of the coating, including its
hardness, oxidation and corrosion resistance. Produc-
tivity control is therefore an effective tool for adjusting
the thickness and chemical composition of coatings,
allowing the penetration depth and concentration of the
alloying element to be varied according to the require-
ments of the functional properties of the treated surface.

C. Mathematical Model for Predicting the Quality
Parameters of the Coating Produced by the ESA Method

1. Approaches to modelling
The traditional method of assessing the efficiency of

mass transfer from the anode to the cathode during
electrospark alloying (ESA) is to study the change in

electrode mass as a function of treatment time. Numer-
ous experiments have shown that in most cases the
cathode mass increases and the anode mass decreases at
the initial moment of ESA.[22,54,55] At the same time, the
absolute value of the decrease in the anode mass does
not coincide with the increase in the cathode mass,
which is explained by the fact that part of the substance
is removed from the surface of both electrodes into the
environment in the form of erosion products. After a
certain processing time, the increase in cathode mass
slows down and a decrease in cathode mass is observed.
This behaviour is explained by the fact that, at different
times of the ESA, two main competing processes
contribute differently to the mass transfer: (1) an
increase in the cathode mass due to polar mass transfer;
(2) the destruction of the coating due to the accumula-
tion of defects in it, the formation of brittle oxides and
nitrides. First, there is a preferential transfer of material
from the anode to the cathode, and then there is a
greater loss of coating mass as a result of its destruction.

Fig. 11—Variation of quality parameters: thickness of ‘white layer’ (a), microhardness (b) and roughness (c) of surface layers of steel C20 as a
function of discharge energy and ESA productivity (T) (according to the first option).
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At present, there is a qualitative explanation of the
mass transfer process during ESA, the theoretical
description of the change in electrode mass remains
open. This fact causes certain difficulties, since for each
new electrode pair and processing mode, the kinetic
dependencies of the electrode mass change have to be
found experimentally.

The mass transfer coefficient TK, which is defined as
the ratio of the change in cathode mass to the change in
anode mass, i.e., TK = Dmc/Dma,

[54] is often used to
describe the mass transfer quantitatively.

Another indicator related to mass transfer is the
thickness of the formed coating, which determines the
quality of the coating and the life of the product. It is
known[56] that in some cases 0.02 mm is sufficient to
ensure high wear resistance of the surface layer of a part,
for example in one-piece shaft–hub joints when the
contacting surfaces of the parts are joined by tension,
i.e., the shaft diameter is larger than the hub diameter,

and sometimes it is necessary to apply wear-resistant
coatings with a thickness of 2.0 mm or more.
The values of the electrospark alloying parameters

have a significant effect on the intensity of the coating
process and the quality of the surface. The most
important are the discharge power (energy) and the
alloying productivity (time), i.e., the area of surface
treated per unit of time. The influence of electrical
parameters (current, voltage, discharge energy, etc.)
when using different electrode materials has been
extensively studied.[22,36,56,57] An increase in discharge
energy leads to an increase in the size of each individual
electrical discharge and, within certain limits, con-
tributes to an increase in the amount of coating material
transferred and to deeper surface transformations in the
discharge zone. The same applies to the process time,
i.e., the labour intensity (reverse productivity), which
increases with the thickness of the layers applied.

Fig. 12—Variation of quality parameters: thickness of ‘white layer’ (a), microhardness (b) and roughness (c) of surface layers of steel C20 as a
function of discharge energy and ESA productivity (T) (according to the 2nd option).
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The main difficulty in using ESA in practice is the
selection of the optimum specific alloying time. This is
due to the non-linear change in the total weight gain of
the sample during ESA. As can be seen from Figure 14,
starting from the value of the brittle fracture threshold
of the modified surface layer tx, the total weight gain of
the cathode becomes negative. By increasing the specific
alloying time t> tx, the sample weight can become less
than the initial value. In general, an increase in sample
weight with a change in t is only observed when t< tx.
This discrepancy is mainly due to the process of
restoring parts, i.e., achieving a predetermined increase
in the linear size of the cathode. However, with regard to
the surface hardening process in the manufacture of
parts, where the increase in cathode weight should not
be large and in some cases is not allowed, new methods
of determining tx are required. At the same time, the
choice of tx at different discharge energies, interelectrode

media and alloying electrode materials is essentially the
basis of ESA technology.[54,58]

In work,[59] it was experimentally established that the
optimal doping time must be chosen for ESA sopt. It
should be slightly less than or equal to the time smax, for
which the maximum weight gain on the cathode is
achieved, and less time sbr, at where the reinforced layer
begins to break down.
In addition, the duration of alloying at the selected

alloying mode has virtually no effect on the roughness
index, but determines the amount of material trans-
ferred from the anode to the cathode, the coating
continuity and the coating thickness. By increasing the
duration of the ESA, which ensures maximum mass gain
on the cathode, the continuity and thickness of the
coating will increase as the amount of material trans-
ferred rises.
A similar approach can be used to analyse changes in

the thickness of the hardened layer (and/or diffusion
zone), the continuity of the layer and its microhardness
(Figure 15).
When changing the energy conditions of the alloying

or the alloying time (productivity), it is extremely
difficult to predict the direction of change in the
structural and phase state of the coating. An increase
in the total alloying time when using 1, 2,...,x alloying
cycles leads to an increase in the duration of the thermal
field, activation of diffusion processes, the possibility of
phase transformations in the coating, etc. The condi-
tions for crystallisation and cooling of the formed
coating are also difficult to predict. In addition, the
conditions for crystallisation and cooling of the formed
layer change. Therefore, it can be assumed that with
increasing cycles and changing alloying modes during
repeated cycles, the hardness will change to a certain
value.
With regard to the continuity (Figure 15(c)), if the

value of 100 pct is not reached during the first alloying
cycle, it tends to be reached during the subsequent cycles
with ESA. This is obviously due to the fact that the
treatment time for 1 cm2 of surface area increases with

Fig. 13—Element distributions in the alitised coating on steel C20 at ESA with discharge energy 0.52 J and productivity (a) productivity 0.5 to
0.6 cm2/min (first option), and (b) 0.2 to 0.3 cm2/min (second option).

Fig. 14—Change in weight of cathode (1) and anode (2) as a
function of applied energy and processing time. In the figure, DA is
the specific erosion of the anode, DK is the cathode growth, Wn is
the given value of the spark discharge energy when alloying a
substrate with an area of 1 cm2.
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the next treatment cycle. The number of ‘‘passes’’ of the
tool electrode, and therefore the degree of reduction of
the surface profile irregularities due to their melting and
filling of the discontinuities, depends on the treatment
time of each ESA cycle, i.e., on the productivity of the
process.

Therefore, the study of the influence of the energy
parameters of ESA as well as the alloying time (pro-
ductivity) of the process is important for the develop-
ment of hardening technology. In order to reduce the
number of experimental studies on the influence of
different factors on the quality parameters of ESA
coatings for a pair of electrodes, a mathematical model
for predicting these parameters is needed, taking into

Fig. 15—Change in hardened layer thickness (a), hardness (b) and continuity (c) as a function of applied energy and treatment time.
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account the processing time of a given plane to be
alloyed, i.e., the labour intensity of the ESA process (the
value of reverse productivity). Such a model will make it
possible to control the surface properties of the parts.

2. Mathematical Model Algorithm for Predicting
Coating Quality Parameters Obtained by the ESA
Method

It is known[60] that the high adhesion between the
coatings obtained by ESA and the substrate is explained
both by the intensive mixing of the electrode materials in
the liquid phase and by the diffusion of the anode
material into the cathode in the solid phase. The
diffusion processes are confirmed by the presence of a
diffusion zone between the white layer and the substrate.
This zone is not heated above the solidus temperature
and does not interact directly with the environment.
Therefore, its formation can be caused by the thermal
effect of a pulsed discharge and the diffusion penetration
of anode and cathode elements.

The diffusion coefficient is a temperature sensitive
property (T). The diffusion coefficient D is given by the
Arrhenius equation[61]:

D ¼ D0exp � EA

RT

� �
;

where EA is activation energy of the diffusion process; R
is the universal gas constant; T is temperature.
Such a dependence of the diffusion coefficient on

temperature is experimentally confirmed for many
systems with a high D value: for diffusion in interstitial
(e.g., carbon in a-Fe) and substitutional alloys (e.g., gold
in silver). The exponential dependence of D on temper-
ature is an expression of the fact that diffusion occurs as
a result of thermally activated movement of atoms,
which is always described by an exponent exp � q

kT

� �
;

where q is the activation energy of the elementary act of
moving the atom. In general, it will differ significantly
for chemical elements and crystal structures. The acti-
vation energy can be estimated from the slope of the line
that describes the dependence in coordinates lnD from
the reverse temperature T�1.
Studies of diffusion processes during electrospark

alloying have shown that the depth of penetration of
anode elements into the cathode during mass transfer in
the solid phase can be several to one hundred

Fig. 16—Dependence of the thickness of the hardened layer during ESA alitisation of steel C20 (a, b) and steel C40 (c, d): a, c—on the discharge
energy Wp; b, d—on the reverse discharge energy 1/Wp. Graphs 1: traditional technology of ESA alitization; 2: productivity was reduced by
about 2 factors (the 1st option, Table II); 3: productivity was reduced by about 4 factors (the 2nd option, Table II).
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micrometres or more, which has been repeatedly con-
firmed by metallographic and X-ray diffraction stud-
ies.[41,49,54,55,57,60,62] ESA results in irradiation, heating
of the surface layer of the body and its plastic
deformation, which distorts the lattice by forming point
(vacancy and penetration atoms), linear and surface
defects. In regular, defect-free structures, atoms are
arranged in a lattice to form a system with minimum
free energy. Displacement of atoms from their equilib-
rium position perturbs the lattice order. Energy is
expended to create such perturbations, which is stored
in the resulting defects. The value of the total energy of
the system will be greater than the minimum energy
characteristic of an ordered system of atoms by the
amount of stored energy, which is determined by the
number of defects in the lattice, their type, and is a kind
of measure of the lattice defectivity.

It should be noted that the heating temperature of the
cathode (the treated surface) depends on the discharge
energy (Wp) at which the ESA process takes place. The
existence of a directly proportional dependence indicates
that as the discharge energy increases, the diffusion
coefficients of the anode material elements into the

substrate rise, and consequently the process efficiency.
In this respect, the dependence of the thicknesses of the
‘white’ layer and the diffusion zone, as well as the
diffusion coefficients, obey the exponential dependence
(according to the Arrhenius equation).
On the basis of experimental studies, it was estab-

lished that during alitization by the ESA method of steel
C20 (Figures 8 and 10) with an increase in the discharge
energy, the thickness of the strengthened layer rises (ha,
lm). Indicator ha is complex, and consists of an growth
due to an increase in discharge energy and a decrease in
productivity.
Between values ha and the reverse energy of the

discharge (W�1
p ) to the period when Dha = Dha max, that

is, until the period when the growth with this doping
technology tends to the maximum value, there is an
exponentially diminishing dependence (Figures 16(b)
and (d)).
As the discharge energy rises, the thickness of the

strengthened layer during alitisation increases and
reaches its maximum value (Dhamax). In addition, the
increase ha of the strengthened layer grows stronger, the

Fig. 17—Dependence of the microhardness of the hardened layer during ESA alitization of steel C20 (a, b) and steel C40 (c, d): a, c—on the
discharge energy Wp; b, d—on the value of the reverse discharge energy 1/Wp. In graphs: 1: traditional ESA aluminisation technology; 2:
productivity was reduced by about 2 factors (the 1st option, Table II); 3: productivity was reduced by about 4 factors (the 2nd option, Table II).
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Fig. 18—Surface roughness as a function of ESA alitisation for steel C20 (a, b) and steel C40 (c, d): a, c—on the discharge energy Wp; b, d—on
the value of the reverse discharge energy 1/Wp. In graphs: 1: traditional ESA aluminisation technology; 2: productivity was reduced by about 2
factors (the 1st option, Table II); 3: productivity was reduced by about 4 factors (the 2nd option, Table II).

Fig. 19—Dependence of lnDha on Wp
�1 for the alitisation by the ESA method of the steels C20 (a) and C40 (b). In graphs: 1: traditional ESA

aluminisation technology; 2: productivity was reduced by about 2 factors (the 1st option, Table II); 3: productivity was reduced by about 4
factors (the 2nd option, Table II).
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greater the activation energy of the process of formation
of the strengthened layer during ESA (EaDh).

From the experimental dependence of ha on (W�1
p )

(approaching a decreasing exponent curve), it can be
concluded that lnDha is proportional to (� Wp

�1) and
the value of EaDh, i.e.,

lnDha : �W�1
p

� �
; EaDh: ½1�

Moving from the approximate equation to the exact
equation, the following is obtained:

Dha ¼ Dhamax � e
�EaDh
Wp : ½2�

Equation [2] is called the equation for predicting the
thickness of the hardened layer when alitising by the
ESA method.

Using (2)

EaDh ¼ Wp; ½3�

have:

Dha
Dhamax

¼ e�1: ½4�

Therefore, EaDh is a critical value equal to the
discharge energy at which Dha is e times smaller than
Dhamax. Call it the constant of Eq. [2] for the prediction
of the thickness of the hardened layer in the case of
alitisation by the ESA method. The dimension
[EaDh] = J.

Use a similar approach to analyse the dependence of
the microhardness of the hardened layer when alitiza-
tion by the ESA method Hla (Figure 17).

The equation for predicting the microhardness of the
hardened layer during alitization by the ESA method

DHla ¼ DHla max � e
�EaDHl

Wp : ½5�

In addition to the thickness and microhardness of the
hardened layer, the roughness of the formed surface
layer and its continuity are also affected by the ESA
modes (discharge energy and productivity).

At the same time, the surface roughness changes
significantly with the discharge energy when each
individual energy pulse affects different volumes of the
surface layer of both the anode (alloying electrode) and
the cathode (part). As a result, at different values of
discharge energy, a series of differently sized, more or
less regularly spaced elevations and depressions with
relatively small steps along the base length are formed
on the surface of the part. If the productivity of the
ESA, i.e., the treatment time per unit area, is varied and
the discharge energy is not varied, the effect of the unit
energy pulses remains unchanged, i.e., the size of the
roughness peaks and valleys remains unchanged. This is
confirmed by Figure 18, where all the roughness
measurement results for different process powers fit on
one line.

The proposed approach will be applied to the analysis
of surface layer roughness dependencies Raa when
alitization by the ESA method. The equation for
predicting surface roughness at alitization by the ESA
method:

DRaa ¼ DRaamax � e
�EaDRa

Wp : ½6�

The equation for predicting layer continuity at
alitization by the ESA method:

DSa ¼ DSamax � e
�EaDS
Wp : ½7�

Equations [2], [5] through [7] can be used to determine
the ESA mode required to obtain the desired thickness
and microhardness of the hardened layer, roughness and
continuity of the surface layer during ESA alitisation.
Then:

Np ¼
EaDRa

ln DRaamax

DRax

; Np ¼
EaDS

ln DSamax

DSx

: ½8�

According to Eq. [2], there should be a linear
relationship between the logarithm of the thickness of
the cured layer and the value of the reverse discharge

energy. Plotting dependency graphs lnDha from (W�1
p ).

The dependence of lnDha on Wp
�1 for the alumini-

sation of steel C20 by the ESA method tends to be a
straight line, as can be seen from Figure 19. The values
of the tangents of the angles of inclination of the lines to
the abscissa in the region of exponentially decreasing
dependence are given in Table VII.
The pre-exponential factor (Table VII) is found by the

segment truncated on the axis of the ordinates of the
direct exponentially decreasing dependence lnDha from
Wp

�1 (Figure 19), extended to the value of the abscissa
Wp

�1 = 0 (lnDha = lnDhamax at Wp
�1 fi 0).

Activation energy calculation results EaDh (constants
of Eq. [2]) for predicting the thickness of the strength-
ened layer during alitisation using the ESA method,
determined in two ways, the first, when EaDh = Wp, the
second—at EaDh = |tga|, are given in Table VII.
Some incompatibility of the values of ESA constants

EaDh (up to 7 pct), determined by different methods, can
be explained as a consequence of various measurement
errors. In general, the convergence of the results is
satisfactory.
The proposed approach to calculations can be used to

determine

– activation energy constants (EaDHl) and the con-
stants of the equation for predicting the microhard-
ness of the hardened layer during alitization by the
ESA method of the steels;

– activation energy constants (EaDRa) and constants of
the equation for predicting surface roughness during
alitization by the ESA;

– activation energy constants (EqDS) and the constants
of the equation for predicting the integrity of the
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layer during alitization by the ESA method for
different productivities.

The summarized data of ESA constants, necessary for
calculating the quality parameters of the surface layer,
are given in Table VIII.

The analysis of Table VIII shows that as the produc-
tivity decreases, i.e. as the treatment time per unit area
of a part (labour intensity of the ESA process) increases,
the values of the ESA constants for the aluminised steels
C20 and C40 decrease. This can be explained by the fact
that with each successive cycle the amount of material
transferred from the anode to the cathode decreases, i.e.,
the aluminisation process ‘slows down’, saturation
occurs, which is typical of exponential dependencies.
At the same time, the effect of the aluminisation process
on the quality parameters of the surface layers of the
parts (thickness of the ‘‘white’’ layer and the diffusion
zone, microhardness, continuity, roughness) also
decreases.

It is important to state that the proposed mathemat-
ical model serves as an effective predictive tool for
optimizing ESA parameters to achieve aluminized
coatings with tailored characteristics such as thickness,
microhardness, surface roughness, and continuity.
Based on a combination of theoretical insights and
experimental validation, the model relates coating qual-
ity indicators to ESA parameters, specifically discharge
energy (Wp) and treatment time (reverse productivity).
Importantly, the model allows rapid prediction without
the need to repeat full-scale experiments for each new
treatment condition. The model also accommodates
both traditional and reduced productivity, allowing
flexible adaptation to manufacturing conditions. By
determining important parameters such as maximum

thickness, hardness and roughness during ESA process-
ing in certain modes, the model helps to avoid overtreat-
ment, which can compromise the continuity of the
coating and thus its quality. Overall, the model algo-
rithm provides a reliable basis for process planning and
control of ESA, reducing the number of experiments,
increasing treatment efficiency and improving coating
quality.
To address the issue of validation, a comparative

analysis was carried out using data from published
studies—for alitisation[41] and nitrocementation[63] by
ESA. The changes in the coating characteristics as a
function of the energy parameters of the treatment
predicted by the developed model, in particular the
exponential dependence of the hardened layer thickness
and microhardness on the inverse of the discharge
energy, are in agreement with the experimental data
reported in these papers. For example, the layer
thickness values obtained for certain ESA parameters
are within ± 10 pct of the values reported in Reference
41 for the alitisation of a steel substrate at classical ESA
productivity (Table I). In addition, the trends in
roughness and continuity change predicted by the
equations also agree with the experimental results,
confirming the reliability of the model for different
electrode material systems.
Although the model parameters were derived from an

experimental data set, the consistency of the results with
external studies supports the generalisability of the
model. Given the multi-parameter nature of the elec-
trospark alloying process, the authors recognise the
importance of further refinement of the mathematical
model. Future development should aim to incorporate a
wider range of influencing variables—such as electrode
material properties, pulse frequency, interelectrode gap

Table VII. Calculation of the Activation Energy Constant (EaDh) and the Constants of the Equation for Predicting the Thickness

of the Strengthened Layer During Alitization by the ESA Method of Steels C20 (in the Numerator) and C40 (in the Denominator)

at Different Productivity

ESA Mode EaDh = |tga| (J) EaDh = Wp (J) Pct Dha max(lm)

Traditional ESA Technology 0.989 0.99 1 74
1.10 1.17 6 120

Productivity Was Reduced by About 2 Factors (the 1st Option, Table II) 0.732 0.74 1 82
0.775 0.83 7 108

Productivity Was Reduced by About 4 Factors (the 2nd Option, Table II) 0.505 0.49 3 68
0.632 0.68 7 99

Table VIII. Summary of ESA Constants for Alitisation of C20 (Numerator) and C40 (Denominator) Steels at Different
Productivities

ESA Mode
EaDh =
|tga| (J)

Dhamax

(lm) EaDHl ¼ tgaj j(J)
Dhalmax

(MPa)
EaDRa =
|tga| (J)

DRaamax

(lm)
EaDS =
|tga| (J)

DSamax

(Pct)

Traditional ESA Technology 0:989

1:10

74

120

0:588

1:10

5472

7498

0:96

0:904

7

5

0:29

0:364

100

Productivity Was Reduced by About 2
Factors (the 1st Option, Table II)

0:732

0:775

82

108

0:557

0:775

5606

7544

1056

0:797

7:17

5:2

0:125

0:279

100

Productivity Was Reduced by About 4
Factors (the 2nd Option, Table II)

0:505

0:632

68

99

0:542

0:63

5579

7625

0:95

0:625

7:18

4:2

0:272

0:03

100
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and environmental conditions—to improve the accuracy
of predictions regarding the structure and properties of
ESA coatings. This will enhance the ability of the model
to serve as a comprehensive tool for process optimisa-
tion in various technological contexts.

V. CONCLUSIONS

(1) An analysis of the literature to identify trends in
improving the wear and heat resistance of mate-
rials has shown that an effective and economical
way to increase the durability of parts is to create
functional coatings on working surfaces. The
electrospark alloying (ESA) is energy efficient,
environmentally friendly and has a number of
other advantages. It allows the creation of surface
structures with unique physical and mechanical
properties.

(2) The peculiarities of microstructure formation
during the alloying of steels C20 and C40 under
different modes and methods of ESA are consid-
ered. The ‘‘traditional’’ alloying modes, ESA with
an aluminium electrode and modes with reduced
productivity (by a factor of 2 and 4) were studied.

(3) With the classic ESA process productivity values,
the layer structure consists of three areas: ‘white’
layer, diffusion zone and substrate metal. As the
discharge energy rises, the qualitative parameters
of the surface layer increase, such as thickness,
microhardness of the ’white’ layer and the tran-
sition zone, and roughness. Increasing the dis-
charge energy during ESA leads to a change in the
chemical and phase composition of the layer: at
low discharge energies, a layer is formed that
consists mainly of a-Fe and aluminium oxides; as
the discharge energy rises, the layer consists of
iron and aluminium intermetallics as well as free
aluminium.

(4) An analysis of the structure and properties of the
surface layers of steel parts after alitisation by the
ESA method with reduced productivity was
carried out. Two options of productivity reduc-
tion were studied in relation to the traditional
one: the first one with productivity reduced by a
factor of 2; the second one with productivity
reduced by a factor of 4. With a 2-fold decrease in
productivity and an increase in discharge energy,
the thickness of the ‘white’ layer increases to 75 to
110 lm; the microhardness of the ‘white’ layer
rises to 7450 MPa; the coating continuity tends to
100 pct. With a 4-fold decrease in productivity
and an increase in discharge energy, the thickness
of the ‘white’ layer also increases, but not
intensively, to 60 lm at Wp = 4.6 J and then
does not change; the microhardness of the ‘white’
layer rises to 7300 MPa; at the same time, the
surface roughness Ra rises to 8.1 to 9.0 lm and
the continuity is 95 pct. A 4-fold decrease in
productivity contributes to a deterioration in the

quality parameters of the coating and an increase
in roughness.

(5) The equations of the mathematical model and
methods for determining the constants of the
equations for predicting the thickness of the
aluminised layer, the maximum microhardness
of the surface layer, the maximum surface rough-
ness and the maximum layer continuity when
aluminising C20 and C40 steels by the ESA
method are proposed. An algorithm has been
developed and the adequacy of the mathematical
model has been verified, which makes it possible
to predict the main technological parameters of
ESA in order to obtain a coating with the
specified quality indicators.
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