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ALUMINIZING OF METAL SURFACES BY ELECTRIC-SPARK ALLOYING

The analysis of the influence of the parameters of electrospark alloying with an alu-
minium electrode on the quality (roughness, microstructure of the coating, its con-
tinuity, phase composition, and microhardness) of the aluminized layer is presented.
The effect of finishing methods after aluminizing is evaluated. The heat resistance
of the obtained coatings is studied. Metallographic analysis shows that the coating
consists of three sections: a ‘white’ layer, a diffusion zone, and the base metal.
With an increase in the discharge energy, such quality parameters of the surface
layer as thickness, microhardness of both a ‘white’ layer and a transition zone, and
roughness are increased. The continuity of a ‘white’ layer at the discharge energy
W,=10.52J is low (of 50-60% ); with a subsequent increase in the discharge energy,
it increases and, at W, = 6.8 J, it is of 100%. An increase in the discharge energy
during electric-spark alloying (ESA) leads to a change in the chemical and phase
compositions of the layer: at low discharge energies, a layer is formed, consisting
mainly of o-Fe and aluminium oxides. As W, increases, the layer consists of iron and
aluminium intermetallic compounds, as well as free aluminium, that is confirmed
by the data of local x-ray microanalysis. For practical application, it is possible to
recommend the process of aluminizing by the ESA method, using the modes (dis-
charge energy in the range of 4.6—6.8 J and productivity of 2.0-3.0 ecm?/min). Such
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process provides the formation of a ‘white’ layer with a thickness of 70-130 pm,
microhardness of 5000-7500 MPa, roughness (R,) of 6—9 pm, and continuity of 95—
100% . In order to increase the thickness of the aluminized layer, it is recommended
to preliminarily apply grease containing aluminium powder to the steel surface and,
without waiting for it to dry, carry out ESA with an aluminium electrode. In this
case, the coating continuity is of 100%, the layer thickness is of up to 200 pm,
and the microhardness is of 4500 MPa. The paper presents the results of study of
the quality parameters of multicomponent aluminium-containing coatings of Al-S,
Al-C-S, and Al-C—B systems. Replacing the aluminium electrode with graphite one
leads to a decrease in the thickness and continuity of a ‘white’ layer, respectively, to
50 pm and 30% . In turn, the microhardness on the surface increases to 9000 MPa.
The addition of 0.7 boron to the consistency substance leads to an increase in the
thickness and continuity of a ‘white’ layer, respectively, up to 60 nm and 70% . The
microhardness on the surface rises to 12000 MPa. In order to reduce the roughness
of the surface layer and to obtain continuous coatings, it is recommended to carry
out ESA with an aluminium electrode, but at lower modes.

Keywords: electrospark alloying, coating, aluminizing, microhardness, continuity,
roughness, structure, x-ray diffraction analysis, x-ray spectral analysis.

1. Introduction

Thanks to the development of scientific and technological progress
(STP), various industries are constantly being improved. Those are met-
allurgical, oil refining, chemical, aerospace, coal mining, and others. In
Ukraine, up to 40% of the industrial potential is occupied by the me-
chanical engineering, which produces various machines and equipment.
With advent of new machines and equipment, there have been being
increased the requirements for their parts, which operate under extreme
environmental conditions and at constantly increasing operating parame-
ters (pressure, temperature, speed, radiation exposure, etc.) Up to a
certain time, the problems connected with protecting the parts from
various types of wear had been resolved through choosing materials for
their manufacture. As a rule, those are expensive and difficult to pro-
cess steels and alloys.

For example, the sealing rings of face impulse seals (FIS) are en-
tirely made of wear-resistant materials such as tungsten carbide and
silicon carbide. The cost of the rings made of these materials reaches
hundreds and thousands of US dollars, which determines the high cost
of the sealing units in general [1-3].

Taking into consideration that the destruction of a part usually be-
gins from the surface, in recent decades, much attention has been paid
to improving the known technologies and developing the new technolo-
gies, which can properly change the quality parameters of the part sur-
face layers. For example, a promising way to increase the wear resis-
tance of FIS rings can be the formation of quasi-multilayer coatings,
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which combine the lubrication and anti-wear properties, on the working
face surfaces. Such coatings can be the combined electrospark coatings
that conjoin hard wear-resistant and soft antifriction materials [4, 5].

A new composite material combines the protective properties of the
coating with the mechanical strength of the base. A part made of a
cheaper and easily workable base material and that possessing a surface
layer formed due to the use of progressive, low-energy-intensive and
environmentally friendly technology is not inferior in any way, and of-
ten, in terms of individual features (durability, cost, consumption of
metal-cutting tools and accessories, the presence of alloying elements,
etc.) is superior to a part made of an integral material. Thus, techno-
logical solutions aimed at creating fundamentally new materials with
increased surface wear resistance, relatively high strength and viscosity
are an urgent problem [6—-8].

Currently, designers and technologists abound with a large number
of technologies designed to provide a surface layer of a part with the
necessary physical, chemical, tribological, and operational properties.
So the surfaces of parts are subjected to various types of strengthening
to protect them from various types of wear and the negative effects of
the environment. Those are as follows: various methods for spraying of
metal-ceramic coatings [9—11], depositing coatings of composite mate-
rials [12, 13], performing centrifugal reinforcement of steel surface
layers with tungsten carbide particles [14], applying the coatings with
layers of aluminium oxide [15—17], performing the process of electro-
chemical chromium plating in flowing electrolyte [18]. To study the
damaged coverings, the authors of paper [19] improved the method of
processing images of metal structures. A special place among the tech-
nologies used to improve the quality features of part surfaces is occu-
pied by chemical-thermal treatment technology (CTT) [20—-22].

The CTT combines carburizing, nitriding, nitrocarburizing and a
number of other methods.

One of the popular methods of the CTT is an aluminizing process. It
is known [23] that in order to provide iron-carbon alloys with increased
scale resistance, resistance to atmospheric corrosion, and a number of
other properties, the aluminizing method is used. In addition, the com-
plex aluminized coatings [24] are characterized by a high melting point,
low density, high modulus of elasticity, heat resistance, resistance to
oxidation and ignition. Moreover, recently there has been being emerged
a tendency for the use of complex aluminized coatings to create protec-
tive and wear-resistant coatings.

There are well-known processes for aluminizing by methods of
chemical and thermal treatment [25—27]. According to the classic tech-
nology, aluminizing process consists in saturating the surface of a steel
part in molten aluminium. At the same time, there are other known
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methods for aluminizing process. For example, in work [28], the alumi-
nizing method includes the procedures of applying an aluminium layer
on a steel surface (usually by spraying), coating and annealing. In this
event, a special attention is paid to the roughness of the surface sub-
ject to the aluminizing procedure. Moreover, the availability of oxide
films, oil and dust is unacceptable therein. Despite the positive re-
sults, the above technology, as well as the classic technology of alumi-
nizing in melts, has a number of disadvantages intrinsic to the CTT
technologies.

In addition to the above, the most effective methods for controlling
the quality parameters of surface layers include the technologies using
the concentrated energy flows (CEF) for processing the material, for
example, plasma technologies (spraying [29—-31] and plasma processing
[32, 33]), and laser processing [34—36]. In the course of the CEF pro-
cessing, there occur non-equilibrium heating and cooling conditions,
which lead to the formation of a surface layer structure, which is fun-
damentally different from that provided by the traditional processing
methods. The electrospark alloying (ESA) method is one of the most
promising modern technologies, which are capable of controlling the
parameters of a part surface quality.

Carried out by using the CEF, the ESA method provides the forma-
tion of the nanolevel surface-layer structures having unique physical,
mechanical, and tribological properties [37].

When the electrodes are approaching each other, the surfaces are
being subjected to the local actions of the shock wave high pressures
and temperatures [38, 39].

At the same time, there occurs the anode instantaneous heating rate
of, and a drop or solid particle of the anode material starts moving to
the cathode. While flying from the anode to the cathode, the fragments
have been being heated to a high temperature. The temperature of the
short-term heating of the surface micro-volumes reaches (5—7)-10% K.
The spark discharge occurs in microscopically small volumes and lasts
of 50—400 microseconds. On the cathode, there have been being formed
the impressions and micro-baths, wherein the particles of the anode and
cathode have been interacting with each other and the environment,
activating the diffusion processes. This results in the formation of the
new phases and a change in the structure of the surface layer.

As compared to the traditional methods of the surface treatment,
among the main advantages of the ESA technology, it is reasonable to
note its environmental and technogenic safety, the possibility of its ap-
plication in local areas, which requires no protection of adjacent sur-
faces from the negative impact of the ESA process, a high degree of the
applied metal adhesion, the absence of contractions and deformation,
ability to be built into any technological process, etc. [40, 41].
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Practically, in all known literature and patent sources, the disad-
vantages of the ESA process include as follows: increased surface rough-
ness, in some cases, porosity up to 2 um, small coating thickness, redu-
ced fatigue strength, etc. [42, 43]. At the same time, it should be noted
that in some cases, the specified disadvantages appear as advantages.

For certain technologies of strengthening and restoring the parts
(various spraying methods, application of metal-polymer materials
(MPM), etc.), for better adhesion of the applied materials to the sub-
strate, it is necessary to create some roughness thereon, using any
known methods and means (grinding wheels, lathe cutters, etc.) [44].
Formed by the above methods, the roughness protrusions and depres-
sions are of sharp shape. This event leads to the appearance of the stress
concentrators on the surface of the part, which becomes the reason for
the decrease in the part fatigue strength.

Having been processed by the ESA method, the surface roughness
has another sloping profile without sharp differences [45]. In recent
years, this made it possible to use the ESA method in the combined ESA
technologies with the procedure of applying metal-polymer materials
(MPM) [46].

The analysis of the operation of the parts working under difficult
operating conditions showed that the vast majority of them do not re-
quire ‘thick’ layers as strengthened surface layers. The wear of the or-
der of 0.02 mm of the surface of the neck of the shaft for a rotary
machine (compressor, pump, centrifuge, electric motor, etc.) or of the
surface in contact with that of the part pressed onto the shaft results in
the destruction of the press joint. In turn, at ‘finishing’ ESA, it is pos-
sible to obtain the wear-resistant coatings of high quality (100% conti-
nuity and the thickness of up to 1.0 mm and even more), for example,
at restoring the surfaces of screw compressor belts [47].

As for the presence of pores in the coatings, this is also an advan-
tage of the ESA method. For many years, the technologists have been
looking for the ways to create such a structure of the surface layer, in
the pores of which a lubricant could be kept in the friction pairs [48,
49], for example, in the bearing necks of the shafts [50, 51].

The paper of [52] represents the results of an investigation of the
corrosion resistance of the aluminium coatings on the St3 steel obtained
in molten aluminium. It is shown that with an increase in the thickness
of the coating obtained by the ESA method with an aluminium elec-
trode, the resistance to atmospheric corrosion increases. The authors
also note that the porosity of the electrospark aluminium coatings is not
a limiting factor. Electrochemical corrosion develops in the pore spaces
in the presence of electrolyte (moisture). At the same time, the coating
serves as the anode, and the steel as the cathode. Under the condition of
a porous coating, the base metal has been being protected electrochemi-
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cally until the layer dissolves. The cathode has been being protected
with the use of an anode mechanism. In the case of the non-porous elec-
trospark aluminium coatings, in addition to the above-described mecha-
nism, there is also a shielding mechanism for the protection against
corrosion destruction. This protection increases with increasing oxide
layers on the aluminium coatings.

As shown in works [53, 54], the electrospark aluminium coatings
reliably protect steel in phosphoric acid and water-salt environments.

Authors of Ref. [565] proposed a method for applying the coatings
that includes the procedure of electrospark alloying a metal surface
with the use of an aluminium electrode. The structure and composition
of the coatings were studied using the methods of electron microscopy,
x-ray structural and micro-x-ray spectral analyses. The researched tech-
nology has some advantages as compared to the other already known
technologies. However, such an ESA technology with the use of an alu-
minium electrode is performed in a protective environment (argon),
which significantly increases the costs of the process, and in addition,
the specified technology is used only for titanium parts.

Therefore, the development of a new aluminizing technology based
on the ESA method, the study of the influence of the process energy
parameters on the structural and phase state of the surface layer, as
well as the properties provided by the aluminized layer, are topical. The
analysis of the relevant literature and patent sources, as well as a num-
ber of the studies, which had been conducted by the authors of this pa-
per, showed the promising nature of the investigations aimed at im-
proving the aluminizing technology at the cost of its implementation by
the electrospark alloying technologies.

Thus, the available data on phase and structural transformations in
the surface layers of steels and various metals during the ESA process
with the use of an aluminium electrode-tool, the data on the correlation
dependences between the parameters of the ESA process and the struc-
tural changes in the metal surfaces give rise to the need in the analysis
of the accumulated experience, the systematization of the literary and
patent sources in of this area, and setting targets for subsequent studies.

The objectives of this work are the following:

(i) to investigate the influence of the parameters of electrospark al-
loying (discharge energy and alloying productivity) with an aluminium
electrode on the quality (roughness and microstructure of the coating, its
continuity, phase composition and microhardness) of the alloyed layer;

(ii) to analyse the influence of the methods of the finishing surface
treatment of parts after aluminizing on the quality of the coating;

(iii) to conduct the comparative heat resistance tests of the alumi-
nized coatings obtained by the classical technology (in molten alumi-
nium) and ESA with the use of an aluminium electrode;
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(iv) to investigate the quality parameters of the multi-component
composite coatings.

2. Methodology

To determine the influence of the energy parameters of the ESA equip-
ment on the qualitative parameters of the coatings, the samples were
made of steel 20 and steel 40 with the size of 156x15x8 mm, which were
coated with the use of an aluminium electrode at the Elytron 52A mod-
el using different modes. Moreover, each ESA mode corresponded to its
own discharge energy and productivity that is, the area of the formed
coating per unit of time (Table 1).

After the ESA process with the use of the aluminium electrode, to
reduce the surface roughness, the alloying process was carried out with
the use of the same electrode or graphite, but at lower modes.

The surface roughness after the ESA process was measured by tak-
ing and processing the profilograms at the profilograph-profilometer of
201 model of the Caliber plant production.

The metallographic analysis of the coatings was performed using
the MIM-7 optical microscope and the JEOL JSM 7100f electron micro-
scope; the durometric research was fulfilled at the PMT-3 device.

X-ray radiographic examination was carried out under the atmo-
sphere of CuK, radiation at the PROTO AXRD diffractometer equipped
with a silicon point detector (SPD). The diffraction patterns were taken
using the step-by-step scanning method. The scanning step was 0.050;
the exposure time at the point was 2 s. The experimental results were
processed using the program for the full-profile analysis of the x-ray
spectra from the mixture of polycrystalline phase components Powder-
cell 2.4. Due to the multiphase nature and the superposition of a num-

Table 1. Dependence of the ESA productivity on the discharge energy [59]

Discharge energy (W), J 0.52 1.3 2.6 4.6 6.8

Productivity, cm?/min 1.0-1.3 | 1.3-1.5 | 1.5-2.0 | 2.0-2.5 | 2.5-3.0

Table 2. The characteristic features of the process
for aluminizing the samples of steel 20 [73]

No. series Viscous substance composition Alloying electrode (anode)
1 33.83% S + 56% Al (mass.%) aluminium
33.3% S + 56% Al (mass.%) graphite
3 33.83% S + 56% Al + 0.7% B (mass.%) |graphite
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ber of peaks, their separation was carried out by approximating the
diffraction maxima with the Pseudo-Voigt 2 function. Using the least
squares method, the best composability was achieved between the ex-
perimental and approximating profiles, taking into account the doublet
of CuK, radiation.

To study the distribution of the elements over the depth of the
layer, based on the detection of the characteristic x-ray radiation ex-
cited by the electron beam of the chemical elements being present in the
microvolume, a local x-ray microanalysis was carried out. For this, an
electron microscope equipped with an x-ray spectral microanalyser, ISIS
300 Oxford instruments, was used.

In order to increase the thickness of the high-quality structural
steel 20 layer aluminized by the ESA method, a viscous substance in the
form of a sulphuric ointment with 33.3% sulphur content was applied
onto the surfaces of the 15x15x8 mm sized samples. Before the applica-
tion, the aluminium powder of the PAD-0 mark (GOST 5494-95 was
added to the sulfuric ointment. The above aluminium powder is used in
powder metallurgy for coating applications by melting down on steel
surfaces. The maximum amount of the aluminium powder wanted to add
to the colloidal substance was 56%, a further increase led to a decrease
in adhesion.

After that, without waiting for drying the viscous substance on the
surface of the samples, the ESA process was performed with an alu-
minium electrode using the Elitron-52A model unit. The rods of &4 mm
and length of 45 mm made of the SvA99 (GOST 7871-75) grade alu-
minium wire were used as the tool electrodes.

To study the effect of carbon on the properties of the coating being
formed, the alloying process of the viscous substance of the composition
described above was carried out with the use of an electrode made of the
graphite of EG-4 grade.

To increase the microhardness of the surface layer of the sample,
boron powder was added to the viscous substance in the amount of
0.7%.

The discharge energy (W) during the ESA of all series of the sam-
ples was 6.8 J. Thus, the three series of the samples made of steel 20
were studied. The characteristics of those are summarized in Table 2.

The investigation of the formed surface layer structures, surface
roughness and microhardness measurements were carried out at the
equipment and according to the methods described above.
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3. Results and Discussions

3. 1. Evaluating Quality Parameters of the Surface Layer after Alumi-
nizing via ESA

The microstructures of the aluminium coatings on steel 20 depending on
the discharge energy (W) are shown in Fig. 1.

The metallographic analysis of the obtained coatings showed that
the microstructure consists of three (3) zones: (1) the ‘white’ layer is a
layer, which cannot be etched by ordinary etchants; (2) the transition
zone or the diffusion zone; (3) the base metal having a ferrite—pearlite
structure.

Table 3 shows the sizes of the microstructure zones depending on
the discharge energy. At the low ESA modes (W, = 0.52 J), a thin layer
of the transition zone with a thickness of 20—30 microns is formed. Its
continuity tends to 100% . There are separate areas of the ‘white’ layer
(up to 60%) with a thickness of 10—12 microns. As the discharge energy
increases, the thicknesses of the ‘white’ layer and the transition zone
increase. At W, = 1.30 and 4.60 J, the thicknesses of the ‘white’ layer
and the transition zone are respectively equal to 30—50 ym, 30-40 pm
and 50—-70 pm, 40—60 pm (Table 3). With strengthening the ESA mode,
the continuity of the surface layer increases. Thus, at W, = 2.6 J, the
continuity of the diffusion layer tends to 100%, and, that of the ‘white’
layer, the continuity tends to 85%.

Figure 2 presents the results of the durometric analysis of the mi-
crohardness distribution for the aluminized coatings. The maximum
hardness has been achieved on the surface and then it has been gradu-

Fig. 1. Cross-sectional microstructures of samples made of steel 20 with aluminium
coating obtained by the ESA method: W, = 0.52 J (a), W,=1.30 J (b), W, = 2.6 J
(c) [58]
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ally decreasing to the microhardness of the base of 1600-1700 MPa.
The microhardness values of the coating zones are determined by the
energy parameters of the ESA process: the higher the discharge energy,
the higher the hardness of the ‘white’ layer and, accordingly, of the
transition zone. Such differences in the microhardness values are due to
the diffusion of aluminium into the substrate, as well as a change in the
structural and phase composition of the layer.

The analysis of the iron—aluminium state diagram shows [60] that
the formation of intermetallics is likely in the ESA layer, which fact is
confirmed by the high hardness of the coating. Moreover, the formation

Table 3. Qualitative parameters of aluminized electrospark coatings on steel [57, 58]

E’; Thickness, pm Microhardness, MPa Roughness, pym % <
= oo
© g 4
@™ g4
& ‘white’ transition |, .., , transition )
% layer zone white” layer zone R, R, R 'éa
Bz 3 B
a O
Steel 20
0.52 10-12 20-30 2000 + 70 | 1900 * 50 1.3 2.3 9.3 60
1.30 30-50 30-40 2050 + 70 | 1850 + 80 1.9 6.2 | 21.6 80
2.60 | 40-50 30-50 2700 + 70 | 2000 + 200| 3.3 9.3 | 23.2 85
4.60 50-70 40-60 5010 + 90 | 2250 + 200| 6.2 16.3 | 40.6 95
6.8 up to 70| 110-130 | 7270 +£50 | 2370 + 70 9.0 18.1 58.3 | 100
Steel 40
0.52 10-15 10-20 2350 + 50 | 2000 * 50 1.6 3.0 8.1 50
2.60 30-70 30-70 3500 + 50 | 4500 * 50 1.9 4.1 11.6 70
6.8 60-130| 130-150 | 7400 + 70 | 2390+ 70 | 8.1 17.3 | 49.0 | 100
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Fig. 3. Diffractograms recorded from the surface of steel 20 after ESA with alu-
minium at different processing modes: W, = 0.52 J (a), W, =1.30 J (b) [59]

of nitrides and oxides cannot be excluded [61], because the electric-
spark alloying process was carried out in the air. Small volumes of pure
electrode material are very likely.

X-ray structure analysis was performed to determine the phase com-
position of the ESA coatings. The diffractograms recorded from the
surface of the sample after aluminizing at w,=0.52J, that is, at the
soft mode, indicate to the presence of diffraction maxima of two solid
solutions based on a phase with a b.c.c. structure — a-Fe and o'-Fe (229
space group) and aluminium oxide y-Al, (0, (227 space group) (Fig. 3).
o-Fe and o'-Fe differ only in the lattice periods that is apparently a con-
sequence of macrostresses arising because of accelerated cooling after
the electrospark treatment process (Table 4).

As the discharge energy increases, new phase components appear. If
at W, =0.52 J, only a solid solution of aluminium in iron and a small
amount of aluminium oxide was formed, because the ESA process was
carried out in the air, then at w,=1.30J, the conditions were created
for the formation of the phase with a monoclinic structure, namely,

Table 4. Parameters of crystal lattices of phases
and quantitative phase analysis after aluminizing process [59]

Parameters of phase Phase content,
ESA mode Phase crystal lattices, A % by mass
Wp =0.52J o-Fe a = 2.887 36
o'-Fe a = 2.907 47
y-Al, 4,0, a="7.980 17
Wp =1.304J Al a =4.056 19
Fe,Al,, a=15.403; b = 8.134; 81
c=12.473; p =107.933
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Fig. 4. Concentration curves of the Fe and Al distributions in the coating after the
ESA process: W, = 0.52 J (a), W, =1.80 J (b) [57]

Fe,Al,, (space group 12) and pure aluminium (space group 225). Ob-
viously, the appearance of the intermetallic phases contributes to an
increase in the hardness of the coating with an increase in the discharge
energy (Fig. 2).

The authors of works [62, 63] and the authors of the present paper
have shown by example of Mo—Fe, Cu—Fe pairs that an increase in the
discharge energy contributes to the growth of the coating thickness and
the enlargement of the diffusion zone between the coating and the sub-
strate.

At the values of W, =0.52 J and W, =1.30 J, the dimensions of the
diffusion zone of aluminium in iron are of 34 and 50 pum, respectively,
and the content of aluminium in iron increases (Fig. 4). Thus, at W, =
=1.30 J, a thin layer of up to 4 microns is formed on the surface, and
the aluminium content thereof is approximately of 1.5—2 times higher.
The presence of free aluminium in the layer is confirmed by the x-ray
structural analysis data (Table 4).
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Fig. 6. Cross-sectional microstructure of steel 40 samples with aluminium coating:
W,=0.52J (a), W,=2.6 J (b), W,=6.8J (c) [57]

The analysis of the measurement of the roughness of the steel sam-
ple 20 surface layer after the ESA process with aluminium has shown
that the surface roughness increases with increasing the mode (Table 3):
at W, = 0.52 J, the roughness is R, = 1.3; at W, =2.60 J, R, = 3.3. A
further increase in discharge energy up to 6.8 J is accompanied by a
significant increase in the surface roughness: R, = 58.305 ym, R, =
=9.039 ym and R, = 18.142 pm (Fig. 5).

The metallographic analysis of the aluminized coatings on steel 40
showed that, as well as on steel 20, the formation of the three (3) zones
was observed (Fig. 6). It should be noted that, under the same condi-
tions of the ESA process on steel 40, there are formed zones, which are
larger in thickness (Table 1) and have the increased microhardness va-
lues (Fig. 7). Thus, at the ESA process of steel 40 with W, = 2.60 J, the
thickness of the ‘white’ layer is of 30-70 pm and the hardness (H ) of
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3500 + 50 MPa. The same for steel 20 is of 40-50 pm with H, = 2700 +
+ 70 MPa. As the discharge energy increases, the continuity of the
‘white’ layer increases, and that for the transition layer tends to 100%
(Table 3).

With increasing the ESA modes, there is increasing the depth of the
transition zone. At W, =0.52 J, it is not expressed, while at W, = 2.6 J,
it is of about 30—40 pm and is characterized by the increased hardness
of about 4500 MPa.

The reason for such an increase in the hardness of the transition
zone can be the phase transformations occurring therein when the steel
is heated up to a temperature value above the critical one and cooled at
an accelerated rate in the air. The section of incomplete recrystalliza-
tion is clearly visible in the microstructure, which for steel 40 is deter-
mined by heating to the temperature range of 730-755 °C. The metal in
this area is subject to partial recrystallization.
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Along with the grains formed in the course of the recrystallization
process, there are grains of the original metal. Despite cooling at the
accelerated rate after the ESA process (in the air), in view of the low
stability of the steel 40 supercooled austenite, the formation of a needle-
type structure (martensite) does not occur, which fact, as a result of high
hardness and brittleness, can lead to the formation of cracks. Therefore,
it can be assumed that despite the increase in the hardness of the sur-
face layer, its ability to small deformations remains. In addition, just as
on steel 20, the formation of intermetallics, nitrides and oxides is pos-
sible in the surface layer, because the ESA process is carried out in the
air, which event leads to a significant increase in the microhardness of
the coating and the transition zone.

The analysis of the surface roughness measurements for steel 40 samp-
les after the ESA process with aluminium showed that the surface rough-
ness increases as soon as the ESA mode increases. At w,= 0.52 J, the
maximum surface roughness is R, = 11.555 pym, and the average arithme-
tic values for R, and R, are of 1.853 and 4.144 pm, respectively (Fig. 8).

Thus, at the ESA process with an aluminium electrode of steel 20 and
steel 40, with an increase in the discharge energy, such qualitative pa-
rameters of the surface layer as roughness, thickness, microhardness of
the ‘white’ layer, and the transition zone increase (Table 3). The conti-
nuity of the ‘white’ layer at W, = 0.52 J is low (of 50-60%), and with a
further increase in the discharge energy, it increases and, at W,=6.8 J,
is of up to 100%.

3.2. Influence of the Methods for Finishing Surface Treatment
of the Parts after Aluminizing Thereof on the Quality of the Coatings

In Ref. [64], to reduce the roughness of the electroerosive coatings, it is
proposed to carry out the so-called soft alloying with graphite as a final
operation after the main alloying process. In this case, it is not a graphite
layer that is formed, but some diffuse layer, and the cathode metal is
ejected in the places where the pulses are applied, that is, the most pro-
truding parts of the surface are sprayed. As a result, the combs are
smoothed, and, therefore, the roughness of the surface is reduced.

In order to reduce the surface roughness after the ESA process with
an aluminium electrode, the authors of the paper have proposed to carry
out further processing with the same electrode (aluminium), but at lower
modes [58]. At the same time, herein, an electric discharge flows bet-
ween the top of the roughness protrusion and the aluminium electrode,
destroying the top of the protrusion and decreasing the surface rough-
ness. It was exposed [65] that such an ESA technology was effective.

Table 5 provides information on the productivity of the process at
executing the ESA technology with carbon (graphite electrode) and alu-
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Table 5. Dependence of productivity for ESA process by carbon and aluminium
of steel samples after their aluminization on the ESA discharge energy values [73]

Discharge energy (W), J | 0.52 | 1.3 | 2.6 | 4.8

Productivity, em2/min

0.8-1.0 | 1.0-1.2
0.5-0.7 | 0.7-1.0

1.3-1.5
1.0-1.2

1.6-1.8
1.2-1.5

ESA with aluminium
ESA with graphite electrode

minium relative the steel samples previously alloyed with aluminium,
depending on the discharge energy.

Figure 9 shows the results of measuring the surface roughness val-
ues for the sample made of steel 20, which has been subjected to the
aluminizing process by the ESA method, first at the discharge energy
W, = 2.6 J and the productivity of 1.8 cm?/min, and then at wW,=134J
and the productivity of 0.8 cm?/min. As a result, the surface roughnes-
ses are decreased as follow: R, = 9.297, R, = 1.263, and R, = 2.337 pm.

3.3. Comparative Tests
for Heat Resistance of the Aluminized Coatings

As far as is known, aluminized coatings provide iron-carbon alloys with
increased heat resistance. In this regard, an urgent task is to study the
heat resistance of aluminized coatings obtained by the ESA method.
Steel 20 was used as a substrate, the ESA layers were obtained in two
passes, first, with the discharge energy W, = 2.6 J and the productivity
of 1.8 cm?/min, and then, with the discharge energy W,=1.3 J and
the productivity of 0.8 cm?/min. According to the results of the
research, after such a treatment technology, the high-quality coatings
(of 100% continuity) with low roughness characteristics were formed
(Table 3, Fig. 5) [567].

For the comparative assessment of the heat resistance indices (Ag —
mass loss per unit surface area of the samples being tested, mg/cm?), the
samples made of steel 20 were tested after processing with the use of the
classic aluminizing technology (aluminizing in molten aluminium descri-
bed in detail in Ref. [66]) and without coating. The tests had been being
carried out in the air at the temperature of 980 °C for 50 hours. The results
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showed that the obtained ESA coatings were characterized by high heat
resistance values, even slightly higher than they are after the classical
technology of aluminizing in molten aluminium. Such test results make
it possible to recommend the technology of the ESA process with the use
of an aluminium electrode for solving the technical problem of increa-
sing steel oxidation resistance at elevated temperatures (Fig. 10).

After the heat resistance tests, the metallographic studies of the
sample oxidation natures were carried out. The oxide inclusions could
be observed at all the samples, and the samples without protective coa-
tings were especially intensively oxidized (Fig. 11, a).

After liquidly aluminizing, in addition to the diffusion zone, on the
aluminized surface layer, there is a zone of aluminium remained after
the termination of the aluminizing process. This is evidenced by duro-
metric studies.

After the heat resistance test (Fig. 11, b), there is observed the pro-
cess of oxidation of the metal under the coating. This is evidenced by
the presence of an oxide layer separating the surface layer and the base.
Obviously, the similar nature of the destruction of the coating and, con-
sequently, the oxidation of the base metal leads to a decrease in the
mass of the samples in the course of the high-temperature tests (Fig. 10).

As for a sample with an aluminized coating obtained by the ESA
method, a decrease in the thicknesses of the ‘white’ layer is observed
(Fig. 11, d). Therefore, during the high-temperature tests, the destruc-
tion of the surface layer occurs, and in this event, the loss of mass is
associated with a physicochemical process that mainly occurs in the sur-
face layer, but not in the base metal. Moreover, despite the process of
oxidation, the surface layer maintains increased hardness (Fig. 12).

Therefore, the aluminized coatings, which are obtained in molten alu-
minium and done by the ESA method, retain the increased hardness values
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Fig. 11. Microstructures of aluminized coatings on
steel 20 after heat resistance test (testing in the air
at 980 °C, 50 h). Here, a — without coating (unetched
metallographic sample); b — aluminizing in molten
Al (unetched metallographic sample); ¢ — alumini-
zing in molten Al (after etching in 3% to 5% HNO,
solution); d — aluminizing by the ESA method (after
etching in 3% to 5% HNO, solution) [57]

and protect the base metal from oxidation, which fact is evidenced by a smal-
ler amount of oxides in the near-surface layer of the base metal (Fig. 11).

Thus, the analysis of the structural and phase formation features of
the surface layers of carbon steels after aluminizing with the use of the
ESA method showed that the structure of the layer consists of three
zones: the ‘white’ layer, the diffusion zone, and the base metal. As the
discharge energy increases, such qualitative parameters of the surface
layer as thickness, microhardness of the ‘white’ layer and transition
zone, and roughness increase. The continuity of the ‘white’ layer at
W,=0.52 J is low (of 50-60% ).With a further increase in the discharge
energy, it increases and, at W, = 6.8 J, it is of 100% . When the energy
parameters of the ESA process are increased, the chemical and phase
compositions of the layer change: at low discharge energies, a layer
mainly consisting of a-Fe and aluminium oxides gets forming. With an
increase in W, the layer starts consisting of intermetallics of iron and
aluminium, as well as free aluminium. This event is confirmed by the
data of local micro-x-ray spectral analysis.
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A comparative analysis of the substrate influence on the quality
parameters of the surface layer has shown that when replacing steel 20
with steel 40, the thicknesses of the ‘white’ layer and the transition
zone of steel 40 increase, namely, there increases the depth of its zone
of increased hardness, the same concerns the value of its microhardness.
Surface roughness practically does not change.

For practical application, it is possible to recommend the process of
aluminizing by the ESA method with the use of the modes (discharge
energy with W, =4.6-6.8 J and productivity of 2.0-3.0 cm?/min), which
ensure the formation of the ‘white’ layer of 70—130 microns thick, mic-
rohardness of 5000—-7500 MPa, roughness (R,) of 6—9 microns and con-
tinuity of 95-100%.

In order to reduce the roughness of the surface layer and to obtain
the continuous coatings, it is recommended to perform ESA process
with the same electrode (aluminium), but at the lower modes.

The comparative studies of heat resistances of the aluminized coa-
tings obtained by the classical technology (in molten aluminium) and
those done by the ESA process with an aluminium electrode have shown
that the electrospark coatings are characterized by high heat resistance.
The conducted metallographic analysis of the nature of the oxidation of
the sample after the heat resistance test has shown that after the test,
the base metal is oxidized, which event is evidenced by the presence of
oxides in the surface layer. The samples without protective coatings
oxidize especially intensively. Obtained in molten aluminium and by the
ESA method, the aluminized coatings retain the increased hardness va-
lues protect the base metal from oxidation, as evidenced by the lower
content of oxides in the surface layer of the base metal and sufficient
hardness of the coating. The results of the study make it possible to
recommend the ESA technology with an aluminium electrode to increase
the resistance of steel to oxidation at elevated temperatures.
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3.4. Quality Parameters of Multicomponent Composite Coatings
3.4.1. Al-C-S Coatings Obtained via the ESA Methods

Complex Al-C-S coatings were obtained by the ESA method according
to the technology presented in Table 6.

The microstructural analysis of the samples has shown that in the
surface layer, the formation of individual depressions with a depth of
up to 150 pm is observed. As shown in [68], when an electric-spark dis-
charge passes through a metal, a depression of a crater type is formed;
the depth and diameter of such a depression depend on the parameters
of the electric spark effect. The spark discharge is accompanied by the
heat generation; the rate of temperature increase is of up to 10° °C/sec,
which is typical only for explosive processes [69]. According to paper
[70], about 25% of the metal volume in the electroerosive depressions
reaches the boiling point, and the instantaneous pressures on the sur-
face reach hundreds of thousands atmospheres.

On the sample of steel 20, the three zones have been being distin-
guished in the area of the depression of the crater type (Fig. 13).

The first is a reflowing and poorly etched zone. During the ESA
process, the metal in this zone is in a liquid state. It consists of colum-
nar crystals. The high rate of crystallization determines the anisotropy

Table 6. Technology for obtaining complex A1-C—S coatings [73]

Viscous substance composition Alloying electrode (anode)

33.3% S + 56% Al (mass.%) graphite

Table 7. Qualitative parameters of surface layers of A1-C—S system obtained
by the ESA method on steel 20 and steel 40 [56]

Thickness | Microhardness Roughness, pm Continuity
Discharge energy, J of ‘white’ |of ‘white’ layer, of ‘white’
layer, nm MPa R, R, R,.. layer,%
Steel 20
0.52 150 9300 + 50 2.1 3.9| 8.9 90
2.60 110 9200 + 70 4.2 8.7 1 30.2 80
6.8 till 60 9000 + 50 8.5 | 10.2 | 62.4 50
In stages 6.8 and 2.6 till 60 9000 + 50 4.3 8.4 | 32.3 70
{)n;;ages 6.8; 2.6 and | 1)) g9 9000+ 50 | 2.6 | 4.4|11.5 80
Steel 40
0.52 till 180 9500 + 50 1.9 3.8 8.7 90
2.60 till 130 9300 + 50 3.9 8.5 |15.3 80
6.8 till 80 9100 + 50 7.8 | 11.3 | 58.1 60
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Fig. 13. Microstructure of steel 20 sample: 1, 2,
1 3 are zones in the region of depression of crater
type (electrode is graphite, W, = 6.8 J, surface of
steel 20 sample before ESA process is covered
with a viscous substance composition containing
33.3% of sulphur and 56% of Al powder) [67]

of the crystal growth, namely, the accel-
erated growth of the main axes of den-
drites oriented in the direction of heat
3 removal. On the side surface, the thick-
ness of the layer of the columnar crystals
increases from the bottom to the exit of

the depression [71, 72].

The second is a transition zone, which is adjacent to the first and
consists of the grains of complex shapes. This is the zone of thermal
influence. The third is the original metal zone, which is adjacent to the
first two ones and has an original structure.

There has been studied the effect of the ESA modes on the quality
parameters of Al-C—S coatings.

The microstructural analysis of A1-C—S coatings on steel 20 showed
that (Fig. 14, a) the ‘white’ layer was formed on the surface; after it, the
diffusion zone and the base metal were observed. It should also be noted
that at processing steel 20 with the use of the ESA method by graphite,
the continuity and the thickness of the ‘white’ layer was of 50% and
60 pm, respectively (at W, = 6.8 J). In turn, the microhardness on the
surface was 9000 MPa (Fig. 14, b and Table 7. In Ref. [68], it was shown that

50 100 150 200 250 h, pm
a b

Fig. 14. Microstructure (a) and distribution of microhardness in the surface layer
(b) of steel 20 sample after processing with the use of the ESA method by a graphite
electrode (W, = 6.8 J) [56]
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in the course of the electrospark treatment of the iron-based alloys, there
was a significant decrease in the size of the substructure blocks, an in-
crease in the defect concentration, and an increase in the number of the
microdistortions of the thermal influence zone. Such changes in the micro-
structure and substructure of the steel led to a noticeable increase in the
microhardness of the ‘white’ layer (Fig. 14). The atmospheric elements
(nitrogen, oxygen) can play a certain role in increasing the hardness. While
passing under the action of electric discharges into an active state,
those can interact with the surface layers and strengthen the material.
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The presence of sulphur in the solid substance contributes to the
sulphidizing process. Table 8 shows the change in the sulphur content
by depth from the surface of steel 20 after the ESA process with the dis-
charge energy of 6.80 J. Thus, the amount of sulphur is maximum on
the surface, and it has been decreasing with distance from the surface.

It should be noted that at simultaneously saturating steel with car-
bon, sulphur and aluminium by the ESA method, with a significant in-
crease in the discharge energy (from 0.52 to 6.8 J) there is an increase
in surface roughness and a decrease in the continuity of the coating
(Table 7). Figure 15 shows the sample surface profilograms after pro-
cessing with the use of the ESA method.

A study of simultaneously saturating 38Kh2MUA (41CrAlMo7)
steel with carbon, sulphur and aluminium by the ESA method with the
use of a graphite electrode at different modes has been carried out.

The metallographic analysis has shown that the coatings obtained at
W,=0.13 J and 0.52 J consist of three areas (Fig. 16): (1) ‘white’ layer,
(2) transition zone, (3) base metal.

However, along with an increase in the discharge energy of up to
4.9 J, a sublayer of up to 10 uym thick has been being formed between
the ‘white’ layer and the transition zone (Fig. 16, c).

In addition, along with an increase in the discharge energy, the
thickness of the ‘white’ layer and its continuity have been increasing
(Table 9). Thus, at W, = 0.13 J and W, = 4.9 J, the thickness of the
‘white’ layer is of 10 ym and 70 pm; the continuity is of 60% and
100%, respectively.

The durometric studies have shown that along with increasing the
discharge energy, the microhardness of the ‘white’ layer has been in-

Table 8. Sulphur content in steel 20 surface layer, while processing by the ESA
method at simultaneously saturating steel with carbon, sulphur and aluminium [56]

Distance from the surface, ym | 20 | 40 | 60 | 80 | 100 | 120 | 140 | 160 | 180

Sulphur content, % 0.21{0.15{0.12|0.09|0.08|0.05(0.05|0.03|0.03

Table 9. Qualitative parameters of surface layers at simultaneously
saturating of 388KhX2MUA (41CrAlMo7) steel with carbon,
sulphur, and aluminium with the use of ESA method [67]

. Thickness of | Microhardness Roughness, pm Continuity
DlschargJe ‘white’ layer, | of ‘white’ layer, of ‘white’
energy, pm MPa R, R, R, layer,%

0.13 10 5126 0.8 2.1 6.5 60
0.52 30 5890 2.3 4.4 15.1 90
4.9 70 7721 8.2 18.3 47.3 100
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Fig. 17. Distribution of elements in the Al-C—S coating obtained with the use of
ESA method: W, =0.18 J (a); W, = 4.9 J (b) [73]

creasing. Thus, at the discharge energy of W,=0.13 J, H, = 5126 MPa,
and at W, =4.9 J, H, = 7721 MPa (Fig. 16, d).

The discharge energy, whereat the ESA process takes place, affects
the distribution of the elements in the resulting coating. The analysis of
Fig. 17 picture disclosed that, with an increase in the discharge energy
on the surface of the coatings, a decrease in the mount of sulphur is
observed, which is apparently associated with the burning out of sul-
phur during the flow of a pulsed discharge during the ESA process.

Thus, the peculiarities of the AlI-C—S coating structure formation
obtained by the ESA method have been investigated. It has been shown
that the formation of separate depressions of up to 150 ym in depth is
observed in the surface layer. On the steel 20 sample, the three zones
have been being distinguished in the area of the depression crater. The first
is a reflowing and poorly etched zone. In the course of the ESA process,
the metal in this zone is in a liquid state. The second is a transition zone,
which is adjacent to the first and consists of the grains of complex
shapes. This is a zone of thermal influence. The third is the original
metal zone, which is adjacent to the first two ones and has an original
structure. The effect of the ESA process modes on the quality parame-
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ters of the AI-C-S coatings has been studied. With a significant in-
crease in the discharge energy (from 0.52 to 6.8 J), there is an increase
in the surface roughness and a decrease in the continuity of the coating.

The microstructural analysis of A1-C—S coatings on steel 20 showed
that the continuity and thickness of the ‘white’ layer was 50% and
60 pm, respectively (at W, = 6.8 J). In turn, the microhardness on the
surface is of 9000 MPa. The presence of sulphur in the solid substance
contributes to the occurrence of the sulphidizing process. In this event,
the amount of sulphur is maximum on the surface and decreases with
distance from the surface. There has been carried out the investigation
of the process for simultaneously saturating 38KhX2MUA (41CrAlMoT7)
steel with carbon, sulphur and aluminium by the ESA method with a
graphite electrode at different modes. The metallographic analysis has
shown that the coatings obtained at W, = 0.13 J and 0.52 J consist of
three (3) zones: the ‘white’ layer, the transition zone and the base met-
al zone. However, with an increase in discharge energy of up to 4.9 J,
a sublayer with a thickness of up to 10 um is formed between the ‘white’
layer and the transition zone. In addition, with an increase in the dis-
charge energy, the thickness of the ‘white’ layer, its microhardness and
continuity increase. Thus, at W, =0.13 J and W, = 4.9 J, the thickness
of the ‘white’ layer is of 10 and 70 pm, H, = 5126 MPa and
H, = 7721 MPa, the continuity is of 60 and 100% , respectively. The x-ray
microspectral analysis has shown that the sulphur content is maximum
on the surface and decreases sharply deeper into the metal.

3.4.2. AlI-C-B Coating Obtained
from the ESA Methods with Aluminium Electrode

The research results indicate that the microstructure of Al-C—B coa-
tings consists of several areas, the number and parameters of which are
determined by the energy modes of the ESA process (Fig. 18).

At the relatively low discharge energies of 0.13 J and 0.55 J, the
obtained layers consist each of three areas, namely, the upper ‘white’
strengthened layer, the diffusion zone, and the base metal that is, steel
40 of a ferrite—pearlite structure (Fig. 18, a, b). In this case, a value of
the ‘white’ layer for the above modes is of 15-20 pm (Table 10). An
increase in the discharge energy of up to 4.9 J results in changing the
number of the areas and their structures (Fig. 18, ¢). Those are as fol-
lows: the upper layer of a dendritic structure becomes of up to 60 um,
there occurs an interlayer of up to 20 pm, the diffusion zone, which is
characterized by crushed structural components and in this connection,
has an increased etch ability in a reagent, and the base metal.

The durometric studies showed that with increasing energy impact
during the ESA process, the microhardness of both the upper streng-
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Fig. 18. Microstructures
(a—c) and microhardness
distribution (d) of the Al-
C-B coatings on steel 40.
Here, (a—c) W,=0.13 J (a),
W,=0.55J (b), W,=4.9J
(©); (@ W, = 0.13 J (1),
W,=0.55J(2), W,=4.9J
(3) [74]

Table 10. Qualitative parameters of AI-C—B coatings obtained
by the ESA method (here, S is a layer continuity) [73, 74]

Discharge energy, Roughness, pm Strengthened layer
J R, R, | R.. | H,MIa | & pm | S, %
Steel 20
0.13 1.1 2.7 7.2 5474 20 60
0.55 2.9 4.1 16.3 10196 30 80
4.9 8.9 18.7 46.1 11345 75 98
Steel 40
0.13 1.2 2.9 7.4 6487 15 55
0.55 2.9 4.5 17.3 10351 20 75
4.9 9.3 19.5 48.2 12350 60 95

thened layer and the diffusion zone has been increasing (Fig. 18, d).
Thus, at W,=0.13 J, H, = 6487 MPa, and at W,=4.9 J, H = 12350 MPa

(Table 10).
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Table 11. Crystal lattice parameters and quantitative phase
analysis of AI-C—B coatings on steel 40 [74]

Discharge energy, Ph Lattice periods, Phase content,
ase nm wt.%)
0.13 f.c.c. solid solution 36.189 8.95
b.c.c. solid solution 28.651 91.75
0.55 f.c.c. solid solution 36.189 8.31
b.c.c. solid solution 28.651 91.69
4.9 Fe, Al , a =153.920 9.46
b=281.779
c=124.914
B =107.3709
Fe,(CB) a = 50.81 43.43
b=267.79
c=45.170
f.c.c. solid solution a = 36.209 14.12
b.c.c. solid solution a = 28.699 32.88
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Fig. 20. Distribution of Fe,
C, and B in AI-C-B coatings
on steel 40 (W,=0.13 J) [73]
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taneously saturating steel 0 3 6 9 12 15 18 21 24 27 30 33 um
40 with Al, C and B by

the ESA method, because of mixing the base material with a viscose
substance containing aluminium powder and the material of the graph-
ite electrode, there occurs the process of alloying the b.c.c. solid solu-
tion, and as a result, its parameter increases. In addition, accelerated
cooling after the ESA process leads to the formation of thermal stresses
causing an additional increase in the parameter a and the microhardness
of the coating.

In addition to the b.c.c. and f.c.c. solid solutions with the crystal
lattice parameters changed to a greater extent (Table 11), the coatings
obtained at W, = 4.9 J are characterized by the presence of the interme-
tallics Fe,Al,, and the alloyed cementite Fe,(CB). The formation of these
phases contributes to a significant strengthening and increase of the
microhardness of the surface layer up to 12350 MPa (Table 10).

The x-ray microspectral analysis of the resulting coatings shows
that the surface layers have been being saturated with aluminium, bo-
ron, and carbon in the course of electrospark alloying. While increasing
the discharge energy, the diffusion zone has been increasing. Thus, at
the ESA process with W, = 0.13 J of steel 40, the diffusion zone is of
10-15 pum (Fig. 20).

At replacing the substrate made of steel 40 by that of steel 20, be-
cause of the ESA process, an increase in the thickness of the surface
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Fig. 21. Microstructures (a, c¢) and distributions of Al—
C-B coating microhardness values (b) on steel 20: (a, c)
] 4 W,=0.55J (a), W,=0.55J (c); (b)) W,=0.13 J (1),
¢ W,=0.55J(2), W,=4.9 J (3) [73]

Fig. 22. Structures of surface Al1-C—B coatings obtained by the ESA method on steel
20, where W, = 0.18 J (a), W, = 0.55 J (b), and W, = 4.9 J (c) [73]

layer is observed with a slight decrease in the microhardness thereof
(Fig. 21).

Figure 22 shows the results of the electron microscopic studies of
the Al-C-B coatings on steel 20. At W, = 0.13 J, the thin and discon-
tinuous layers are formed. With increasing the discharge energy values,
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Fig. 23. Distribution of elements in AlI-C—B coatings obtained by the ESA method
with a graphite electrode on steel 20, where W, =0.13 J (a) and W, = 4.9 J (b) [74]

the thicknesses of the coatings and their continuity values have been
increasing. In addition, it should be noted that with increasing the dis-
charge energy value, the diffusion zone of Al, C, and B has been increa-
sing. Thus, at W, = 0.13 J, this zone is of 5—7 pm, while at W, =4.9 J,
it is of 23—-25 um (Fig. 23). Carbon and aluminium diffuse to a greater
extent in depth from the surface.

Thus, the microstructural analysis of the AlI-C—B coating on steel
40 showed that the surface layer consists of several areas, the number
and parameters of which are determined by the energy modes of the
ESA process. At discharge energies of 0.13 and 0.55 J, the layers con-
sist each of three areas, namely, the upper ‘white’ strengthened layer,
the diffusion zone and the base metal that is, steel 40 of a ferrite—
pearlite structure. In this case, the size of the ‘white’ layer for these
modes is of 15-20 pm.

An increase in the discharge energy up to 4.9 J results in changing
the number of the areas and their structures. They are as follows: the
upper layer of a dendritic structure becomes of up to 60 pum, there oc-
curs an interlayer of up to 20 ym, the diffusion zone, which is charac-
terized by crushed structural components and in this connection, has an
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increased etch ability in a reagent, and the base metal. Durometric stud-
ies have shown that with increasing energy impact in the course of the
ESA process, the microhardness of both the upper strengthened layer
and the diffusion zone have been increasing: at W, = 0.13J, H, =
=6487 MPa, and at W, = 4.9 J, it is of 12350 MPa.

The results of the x-ray structural analysis have indicated that at
discharge energies of 0.13 J and 0.55 J, the phase compositions of the
coatings are represented by the solid solutions of b.c.c. and f.c.c. with
the parameters a = 28.651 nm and 36.189 nm, respectively. The coat-
ings obtained at W, = 4.9 J are characterized by the presence of the
Fe,Al,, intermetallics and alloyed Fe,(CB) cementite, in addition to the
b.c.c. and f.c.c. solid solutions with the crystal lattice parameters
changed to a greater extent. The formation of the above phases contrib-
utes to significantly strengthening and increasing in the microhardness
of the surface layer up to 12350 MPa.

The x-ray microspectral analysis of the resulting coatings showed
that the surface layers had been being saturated with aluminium, boron,
and carbon during the process of electrospark alloying. At increasing
the discharge energy, the diffusion zone has been increasing: at proces-
sing steel 40 with the use of the ESA method at W,=0.13 J, the diffusion
zone is of 10—15 pym. When replacing the substrate made of steel 40 by
that of steel 20, owing to the use of the ESA method, there is observed
an increase in the thickness of the surface layer with a slight decrease
in the microhardness thereof. At W, = 0.13 J, the thin and non-conti-
nuous layers are formed. At increasing the discharge energy, the thick-
nesses of the coatings and their continuity values have been increasing.
It should be noted that, at increasing of the discharge energy, the dif-
fusion zone of Al, C, and B has been increasing: at W, = 0.13 J, this
zone is of 5=7 pm, while at W, = 4.9 J, it is of 23-25 pm. Carbon and
aluminium diffuse more in depth from the surface.

4. Summary and Conclusions

The unique features of structure formation in the course of aluminizing
steel 20 and steel 40 under various ESA modes are considered. It is
shown that the layer structure consists of three areas: the ‘white’ layer,
the diffusion zone, and the base metal.

It has been established that with increasing discharge energy, the para-
meters of surface layer quality such as thickness, microhardness of the ‘white’
layer and transition zone and roughness increase. The continuity of the ‘whi-
te’ layer at W, = 0.52 J is low (of 50-60% ), with a subsequent increase
in the discharge energy, it increases and, at W, =6.8 J, it is of 100%.

It has been determined that hardening the ESA process leads to a
change in the chemical and phase compositions of the layer: at low dis-
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charge energies, a layer is formed, consisting mainly of o-Fe and alu-
minium oxides. With an increase in W, value, the layer consists of iron
and aluminium intermetallic compounds, as well as free aluminium,
which fact is confirmed by the data of the local x-ray microanalysis.

A comparative analysis, which had been being conducted to deter-
mine the substrate influence on the quality characteristics of the sur-
face layer while aluminizing thereof by the ESA method, showed that
when replacing steel 20 with steel 40, the thickness of the ‘white’ layer
and transition zone (i.e. the depth of the zone of increased hardness as
well as the value of its microhardness) increased. The surface roughness
remained virtually unchanged.

For practical application, there should be recommended the process
of aluminizing by the ESA method performed at the modes (the dis-
charge energy W, = 4.6-6.8 J and the productivity of 2.0-3.0 cm?/min),
which provide the formation of the white layer with the thickness of
70—-130 pm, the microhardness of 5000-7500 MPa, the roughness (R,)
of 6—9 pum, and the continuity of 95-100%.

To increase the thickness of the layer aluminized by the ESA meth-
od, a viscous substance containing aluminium powder, for example, that
consisting of 33.83% S + 56% Al (mass.%), is applied on the aluminized
surface of the steel, and without waiting for it to dry, the ESA process
is performed with an aluminium electrode. In this case, the coating con-
tinuity is of 100%, the layer thickness is of up to 200 pm, and the mi-
crohardness is of 4500 MPa. The presence of sulphur in the viscous
substance contributes to the performance of the sulphidizing process.

Replacing the aluminium electrode with graphite (carbon) leads to a
decrease in the thickness and continuity of the ‘white’ layer, respec-
tively, to 50 ym and 30% thereof. In turn, the microhardness on the
surface increases up to 9000 MPa.

The addition of 0.7 boron to the viscous substance leads to an in-
crease in the thickness and continuity of the ‘white’ layer, respectively,
up to 60 ym and 70%. In turn, the microhardness on the surface in-
creases up to 12000 MPa.

In order to reduce the roughness of the surface layer and obtain
continuous coatings, it is recommended to carry out the ESA process
with an aluminium electrode, but at lower modes.
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AJIITYBAHHS METAJIEBUX ITOBEPXOHDB
EJIEKTPOICKPOBUM JIEI VBAHHSIM

IIpoananizoBaHO BIIMB IIapaMeTPiB €JIEKTPOiCKPOBOro Jer'yBaHHA AaJIOMiHiOBUM
€JIeKTPOJOM Ha AKiCTh (IIE€PCTKiCTh, MiKPOCTPYKTYPY HOKPUTTS, HOT'0 CYIiJIbHICTB,
(daszoBuil cKJan i MiKpOTBepAicTh) aJIiTOBAHOIrO IIapy, OI[iHEHO BILJIUB MeTOXiB i-
HiITHOrO OOpOO6JIeHHA ITicasA aJiTyBaHHSA, BUBUEHO KAPOTPUBKICTL ONepsKaHUX IIO-
KputrtiB. Meranorpadiunuii aHaigisa mmokasaB, IO IOKPUTTS CKJIAZAIOTHCSA 3 TPbOX
OiNAHOK: «0ijoro» mrapy, AudysiiiHOi 30HM I OCHOBHOI'O MeTany. 3i 36iJbIIeHHAM
eHeprii po3psaay 3pocTaioTh TaKi mapamMeTpu SKOCTU IOBEPXHEBOTO IIapy sSIK TOBI[UHA,
MiKpOTBEpPAicTh «0isioro» mIapy Ta mepexigHoi 30HU, ITepcTKicTh. CyIigbHiCTh «0ijo-
ro» mapy 3a eneprii pospany W, = 0,52 [ e rusbkowo (50-60 %), 3 mopanbmum
30isplIeHHAM eHepril pospany spocrae ta 3a W, = 6,8 Iz cranosurs 100 % . 36im1b-
IeHHA eHeprii pospany mix yac exekTpoickposoro JeryBanua (EIJI) mpuBoauThk 1o
3MiH XeMiuHOro0 Ta (pa3oBOro CKJIALiB IIapy: 3a HUSbKUX €HEPTiil po3pany GopMyeThCA
map, 10 CKJaJaeTbCcsd mepeBakHO 3 a-Fe it okcuaiB Asfominito. 3i 36iablIeHHAM WP
map CKJaJaeThbes 3 iHTepMeTaifiB 3aaisa it anoMiHio, a TaKoK BIIBHOIO anoMiHifO,
10 HiATBEPAKYETHCA NAaHUMU JIOKAJbHOTO MiKPOPEHTI'€HOCIEKTPAJbHOI'O aHAaJi3y.
i IpaKTUYHOTO 3aCTOCYBAHHSA MOKHA PEKOMEHAYBATH IIPOIleC aliTyBaHHSA METOLOM
EIJI 3 BukopucranHaM peXuMiB (eHepris pospany B wexkax 4,6-6,8 [x i
nponyktusHicTs y 2,0-3,0 cM?/xB), AKi 3a0es3neuyoTh GOPMYBaHHA «0igoro» mapy
saBroBmIKN y 70—130 mxM, mikporBepgicTio y 5000—7500 MIla, mopctkictio (R,) y
6-9 MM i cyuinpHicTiO ¥ 95-100% . 3 MeTo0 36iJbIIEHHS TOBIIMHU AJiTOBAHOTO
uapy peKoOMeHIOBAHO Ha KPUIEBY MIOBEPXHIO IOIEPEJHHO HAHOCUTU KOHCHCTEHTHY
pPeYoBUHY, IO MiCTUTh aJTIOMiHIOBY myApy i, He YeKaiouu ii BUCUXAHHS, IPOBOAUTU
ELJI antomimitioBum egextpomom. Toxi cyminbHicTs moxputTss ckiaazae 100%,
roBiuHA mapy — m0 200 mxMm, mikporBepaicte — 4500 MIla. ¥ pobGoti mpexacras-
JIEHO Pe3yJbTaT! AOCIiIKEeHHSA ITapaMeTpPiB AKOCTU 6araTOKOMIIOHEHTHUX aJIIOMiHiii-
BMicHUX moKkpuTTiB cuctem Al-S, Al-C—-S, Al-C—B. 3amina anoMiHif10BOT0 €JIeKTPOLY
Ha rpadiToBuii IPU3BOAUTDH N0 MOHUMKEHHSA TOBIUHU Ta CYIiJbHOCTU «6iJIoro» I1apy,
BimmosimuO, mo 50 MM i 30%. ¥V cBoio uepry, MiKpoTBepAicTh HaA IMOBEPXHi mij-
Buinyerbea xo 9000 MIIa. MomaBanua mo KoHcucteHTHOI peuoBuuu 0,7 Bopy mpu-
BOAUTH 10 30i/JbIIIEHHA TOBIIWHU Ta CYIiJIbHOCTU «0ijoro» Imapy, BiAmoBigHO, 10
60 MM i 70% . MikporBepzicTs Ha moBepxHi 30iabinyersea 1o 12000 MITa. 3 metoro
MOHMIKEHHS IIIePCTKOCTY IIOBEPXHEBOTO IIapy 3a4JIs OLePKaHH CYI[IIbHUX TIOKPUTTIB
pexomeHnayerbesa npoBomutu EIJI anoMiHiioBUM eJIeKTPOJOM, aJjie Ha MEHIIHNX
pesKuMax.

KarouoBi cioBa: e1leKTpoiCKpOBe JIeTyBaHHSA, TIOKPUTTS, aJiTyBaHHSA, MiKPOTBEPIiCTh,
CYIILJIBHICTD, INIEPCTKiCTh, CTPYKTYpPA, PEHTI'€HOCTPYKTYPHUN aHaJi3, PEHTTeHOCIIEeK-
TpaJIbHUI aHaJi3.
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