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Abstract—A combination of X-ray diffraction and X-ray fluorescence analysis has shown that the strength-
ened layer formed during electric spark alloying of 65G steel with a processing electrode made of the T15K6
hard alloy is a nanocrystalline material, the ratio of the crystalline and amorphous phases in which is achieved
by changing the discharge energy. Since an increase in discharge energy leads to an increase in surface rough-
ness and its amorphization, there is an optimal value of discharge energy at which maximum wear resistance
of the resulting nanocomposites is achieved. At £ = 0.2 J, the wear resistance of the hardened layer is 7—
10 times higher than the wear resistance of the untreated surface.
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INTRODUCTION

Among various methods of surface modification,
such as electrodeposition, physical vapor deposition
(PVD), magnetron and plasma sputtering, plasma-
electrolytic saturation of the surface, etc., electric
spark alloying (ESA) occupies a special place due to its
advantages such as: (a) strong metallurgical connec-
tion between the modified surface and the original
one; (b) high corrosion and wear resistance; (c) rela-
tively low temperature influence and, as a conse-
quence, minimal mechanical damage. The obvious
advantages of the method include its simplicity, acces-
sibility and relatively low cost of equipment and tech-
nology itself. The method is based on the use of trans-
fer of anode material to the surface being treated by
spark discharges in various environments: air, inert
gas, dielectric liquid, etc., as well as in vacuum.

Technologists and researchers owe the origin of
this method to engineers from the USSR, spouses
B.R. and N.I. Lazarenko, as evidenced by their early
publications dating back to the 1950s, as well as more
recent ones [1, 2]. The use of electric spark modifica-
tion of surfaces, initially steels, and subsequently a
wide range of materials, provided an effective and eco-
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nomically sound solution to a number of technology
problems: hardening the surface and increasing its
wear resistance [1—3], increasing corrosion resistance
[4, 5], and now also the production of biologically
compatible surfaces [6]. As has been shown in a num-
ber of recent studies, surface nanostructuring occurs
during ESA [7—18], which is achieved either naturally
[7=9, 11, 16] or by inserting ultrafine material into the
processing electrode (PE) [10, 12, 17, 18].

Moreover, based on experiments [19], when car-
bon nanotubes are used as PE, we can talk about the
technical justification of nanoelectroerosion and elec-
trical discharge processing of metamaterials and
nanostructures [20]. Considering the fact that as a
result of the ESA process, the resulting surfaces are
nanocomposites [13, 19, 21], the composition of
which is determined by both the PE material and the
surface being processed, their properties are also
largely determined by both the PE material and pro-
cessed surface [22].

Recently, it seems obvious that nanostructuring of
surface layers and the application of nanostructured
coatings is an effective method for strengthening mod-
ern structural and instrumental materials. Using the
concept of nanocrystalline materials [23], for which
the volume of individual elements (grains) is less than
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Table 1. Work regimes of the Alier -31 installation
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Regime Pulse duration, us, =10% | Pulse amplitude, A, £20% Energy, J Freqielr(l);)//, Hz,
L (]

1 16 125 0.036 3200

2 31 125 0.070 1600

3 62 175 0.200 800

4 125 175 0.390 400

5 250 175 0.790 200

6 500 175 1.580 100
Table 2. The chemical composition of OE and of the processed surface

Fe C Si Mn W Ti Co

OE - — - — 79(WC) 15(TiC) 6
Steel 65G 98 0.6—0.7 0.17—0.37 0.8—1.2 — — —

the volume of the boundaries between them, it
becomes possible to control the properties of surface
layers based on nanostructuring. One of the methods
for implementing this process is ESA.

The purpose of this work is to study the composi-
tion, structure, and properties of 65G steel, subjected
to modification using ESA and using T15K6 hard
alloy containing W and Ti carbides as a PE, and Co as
a binder material. Since one of the main applications
of this steel is the use as part of soil-cultivating
machines, the change in the properties of the surface
of the steel after its ESA modification was assessed by
measuring its wear resistance depending on the modes
of electric spark action. According to [24], ESL is one
of the modern technologies that improves the wear
resistance of soil-cultivating equipment. The study
involved obtaining an answer to the main question of
materials science: composition—structure—property
in relation to the ESA modification of the steel under
study, which, in turn, should provide effective meth-
ods for its processing.

SURFACE TREATMENT METHOD
AND CHARACTERIZATION
OF THE OBTAINED SURFACES

The processing was carried out using an installation
for applying electric spark coatings Alier-31 (Scinti,
Moldova), the use of which provided the processing
modes presented in Table 1.

Using the above processing modes, the surfaces of
samples made of 65G steel (GOST 1050—88) were
modified, the chemical composition of which is pre-
sented in Table 2. The chemical composition of OE
made from the T15K6 hard alloy is also given there.

The processing was carried out in automatic mode
when the sample was moved relative to the PE at a
speed of 0.16 mm/min. The total processing time for
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one sample was 8 min, which, with a sample size of
30 x 40 mm (1200 mm?), provided a surface modifica-
tion rate of 0.66 min/cm?. The PE with an area of
2 x 2 mm? was fixed in a vibrator operating at the fre-
quency presented in Table 1, depending on processing
modes. In the process of surface modification, as the
mass of the electron was produced, the distance
between the rod and the sample was adjusted. The sig-
nal was a decrease in the intensity of spark discharges.

The coefficient of the PE material transfer to the
sample (the ratio of the mass of the PE metal trans-
ferred in the form of a melt or during evaporation into
the interelectrode gap to the mass of the material
deposited on the substrate) averaged ~0.5 with an
average error of ~17%. No noticeable effect of dis-
charge energy on the transfer coefficient was found.

The elemental composition (wt.%) of the resulting
composites was determined using X-ray fluorescence
analysis (Xenemetrix, Israel). Light elements (carbon,
oxygen, nitrogen) were not determined in the version
of the method used. The analysis of surface layers was
carried out to a depth of 3—5 um.

The influence of the discharge energy was also
assessed by measuring the surface roughness after its
modification (R,, um) using a Surtronic profilometer
(Taylor Hobson, UK). Standard deviations are given
below as intervals.

The structure of the surface after its modification
was studied using an Empyrean diffractometer (Mal-
vern PANalytical, the Netherlands). Details of the
analysis of the resulting diffraction patterns will be
presented in Figs. 2 and 3.

Microstructural studies were carried out using a
Carl Zeiss FESEM scanning electron microscope
equipped with an EDX system.

The tribological properties of the samples were
assessed on a Bruker UMT TriboLab device at 20°C
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% W, Ti

% Fe

Fig. 1. Effect of discharge energy on the concentration of heavy elements in the coating after ESA.

using a ball-plane friction pair [25, 26] (silicon nitride
ball diameter 3 mm, hardness HV > 12, density
3.2 g/cm?, normal force 300 N and friction speed
0.015 m/s). The depth of the friction path was deter-
mined automatically.

RESULTS AND DISCUSSION
Composition and Structure of the Surface after ESA

During ESA, the PE material is transferred to the
surface of the workpiece under conditions of spark dis-
charges of varying intensity. As indicated above, the
transfer intensity was assessed at different discharge
energies by: (a) the relative value of mass transfer (by
measuring the transfer coefficient—the ratio of the
increase in the mass of the treated surface to the mass
removed from the surface of the PE); (b) the results of
X-ray fluorescence (XRF) (elemental) analysis, which
fixes the concentration (essentially relative) of heavy
elements of the PE transferred to the treated surface,
as well as heavy elements of the treated surface; (c) the
results of X-ray diffraction (XRD) analysis, which
makes it possible to evaluate the composition and con-
centration of crystalline structures in the surface layer
after ESA.

It is shown above that the transfer coefficient with
the used version of the surface modification method
did not change, within the measurement error,
depending on the discharge energy. As for the elemen-
tal composition, according to the results presented in
Fig. 1, with increasing discharge energy, an increase in
the content of W and Ti carbides is observed (judging
by the increase in the concentration of these elements)
and a decrease in the concentration of the main com-
ponent of steel (Fe). However, regardless of the dis-
charge energy, this element formed the basis of the
surface layer, since its concentration was ~60—80%
(mass). The results presented in Fig. 1 do not answer
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the question about the structure of the phases of the
surface layer (crystalline or amorphous), as well as
their chemical composition (the presence of corre-
sponding metals in the form of oxides of carbides or
nitrides, for example).

Significant additional information can be obtained
by using X-ray diffraction, the main results of which
are shown in Figs. 2 and 3. The presented pattern were
obtained by using an X-ray tube with CukK, radiation
at L = 1.54060 A in the 6—20 configuration according
to the following technique:

— in order to remove Fe and Ti fluorescence, an
algorithm was used according to [27];

— to remove pattern caused by radiation diffrac-
tion, at A = 1.54439 A, we used the method described
in [28];

— comparison of the positions of radiation maxima
was carried out according to ICDD (PDF 4+, 2022);

— quantitative analysis was carried out using the
Rietveld method in accordance with [29];

— to determine the size of crystallites, the modified
Williamson—Hall method was used [30].

From the presented spectra it follows that, in con-
trast to the substrate (steel 65G), on the treated surface
there are observed not only reflections caused by the
PE material (W and Ti carbides), but also iron carbide
(Fe94Cp06), as well as at low energy, a peak corre-
sponding to crystalline carbon is recorded (Figs. 2, 3).
It should also be noted that the reflex corresponding to
WC (the main component of the PE) is present when
treated with low discharge energy, but is absent when
treated with a discharge energy of 1.56 J (Fig. 3). It
seems obvious that during the ESA process, PE car-
bides are not only transferred to the surface being pro-
cessed, but are also synthesized during its processing.
In this case, the content of Fe carbide in crystalline
form can not only exceed the content of Fe, but also
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Fig. 2. Diffraction pattern of surfaces obtained at different discharge energies in comparison with the pattern of the substrate.
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Fig. 3. Results of quantitative analysis of XRD pattern: an example of the application of the Rietveld method in X-ray diffraction
analysis of samples obtained at discharge energies of 0.036 (a) and 1.58 J (b).
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Fig. 4. The influence of discharge energy on the concentration
of various crystalline forms of phases contained in the surface.

Fig. 6. Two-dimensional model of a nanostructured mate-
rial. Atoms corresponding to the crystalline form of the
material are shown as black circles. The boundary regions
represented by white circles correspond to the amorphous
phase [23].

account for more than 50% by weight of all detected
crystalline forms on the surface (Fig. 4).

However, as can be seen from the example of the
main PE carbide, W carbide, when transferred under
spark discharge conditions, a modification of its struc-
ture occurs (Figs. 1, 3), namely, its amorphization
takes place. This is evidenced by several facts. First, a
comparison of the results of elemental (Fig. 1) and X-ray
phase (Fig. 4) analysis. If according to XRF results the
W content is 15—30% (Fig. 1), then according to X-ray
diffraction results it is no more than 5% (Fig. 4). It is
absolutely obvious that a significant part of tungsten
carbide, and it is possible that other tungsten com-
pounds, is transferred to the coating in an amorphous
state. Secondly, a significant decrease in the crystal-
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Fig. 7. Effect of discharge energy on surface roughness.
The dotted line corresponds to the average roughness of
the samples before ESA.

line form of WC is observed with increasing discharge
energy (Figs. 2—4). At the maximum used energy (1.56J),
there is no WC phase in the coating (Fig. 3), while the
W concentration reaches ~30% (Fig. 1). That is, W is
transferred, but in an amorphous rather than crystal-
line form. An assessment of the sizes of crystallites
present in the surface in significant quantities shows
that they correspond to the nanometric scale (Fig. 5).

Taking into account the above, we can conclude
that the surfaces obtained during ESA are defined
according to the classification [23] as a partially or
completely nanostructured material. It can be repre-
sented schematically as shown in Fig. 6. These are
crystalline phases of nanometric sizes, surrounded by
an amorphous phase. At least for the WC phase (the
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Fig. 8. Surface topology after treatment: at £=0.036 J (a), at E=0.2J (b), at E= 1.6 J (¢), substrate surface (d).

main phase of the PE) this has been established quite
reliably.

Figure 7 presents the results of measuring surface
roughness after ESA at different discharge energies
(according to R,). It is obvious that in all cases the
roughness increases with increasing discharge energy.
However, if at relatively low energies R, increases
insignificantly (for example, when the discharge
energy increases from 0.036 to 0.2 J, the increase in R,
is ~30%), then at high energies it increases by 2.5 times
(Fig. 7). The surface topography (Fig. 8) confirms the
results of roughness measurements.

It is also necessary to emphasize that it is at high
discharge energies that the degree of surface amorphi-
zation increases.

— E=0.036J

— E=0.07J
E=0.2]
— E=04]
, — E=04]
300 — E=16J
—— Support
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Friction coefficient
o o O
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Fig. 9. Diagram of the friction coefficient depending on
the number of friction cycles.
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Tribological Test Results

The measurements of the wear of hard and super-
hard materials by friction is not always a trivial task.
The difficulty is that friction pairs have similar or close
mechanical parameters. In this case, the degree of
wear of the material under study depends not only on
the number of friction cycles, but also directly on the
modification of the shape of the counterbody due to its
wear. In this work, Si;N, balls were used, which show
a significant difference in wear resistance with the
measured materials, which allows us to neglect the
wear of the counterbody.

In general, the wear process of a friction pair con-
sists of three periods—running-in, normal, and accel-
erated wear. The running-in process, which is based
on complex mechanical, physical, and chemical pro-
cesses, largely determines the overall wear resistance
of parts. By the end of the running-in period, the main
operational characteristics of the surface, such as
roughness, micro-hardness, residual stresses, the
structure of the metal boundary layer, and surface
integrity, acquire optimal values corresponding to the
given operating conditions. These conditions are
determined by the material of the rubbing pairs, slid-
ing speed, temperature in the contact zone, specific
pressure, etc. At the beginning of the running-in
period, the actual contact surface of the friction pair is
only a small part of the calculated value, since contact
occurs along the tops of microroughnesses, where
large specific pressures develop. Under their action,
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Fig. 10. Dependence of the number of cycles required for
complete wear of the hardened layer on the discharge
energy during ESA. The dotted line corresponds to the
number of wear cycles on the untreated surface.

elasto-plastic deformation occurs at the contact
points, leading to the formation of a new surface
microprofile.

In this work, we used the method of continuous
measurement of the friction coefficient over
300 cycles. The pressure between the friction pairs was
achieved through the use of a relatively small ball diame-
ter (3 mm) and a fairly large normal load (300 N), which
led to rapid running-in of the friction contact. During
the sliding cyclic interaction of Si;N, balls with the
surface under study, the friction coefficient diagram
quite accurately showed the moment of wear of the
hardened layer (Fig. 9). The moment of transition
from the running-in period to the stage of normal wear
in our case is characterized on the friction coefficient
diagram by the transition to an increased friction coef-
ficient and its relative stabilization. This moment
means for hardened surfaces that the influence of the
applied layers has been reduced to nothing.

All treated samples showed a significant increase in
wear resistance compared to the untreated substrate
surface. Thus, the untreated substrate “got in” in less
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than 30 cycles. The best result was shown by a sample
modified by ESA at £ = 0.2 J, which was ground in
295 cycles, which almost tenfold increases the operat-
ing time of parts strengthened using the method and
parameters used to obtain the sample processed at £ =
0.2 J. This is shown quantitatively in Fig. 10. It can be
seen that a sharp increase in the degree of wear occurs
with an increase in roughness when processing with
energies exceeding 0.2 J (Fig. 7). Taking into account
that an increase in discharge energy also leads to
amorphization of the surface (Figs. 3, 4), we can con-
clude that the combination of these two factors leads
to a significant decrease in wear resistance (Fig. 10).

Thus, with increasing of the application energy, on
the one hand, the surface softens due to a decrease in
the content of the crystalline phase and to an increase
in the concentration of amorphous phases, on the
other hand, the structured surface increases wear
resistance to a certain limit.

The immersion of the ball into the test surface
during friction (Fig. 11) showed that on all the
obtained curves, with the exception of the curve for
the substrate, a clear abrupt transition is visible, indi-
cating a change in the immersion rate (that is, an
increase in the wear rate). For clarity, this is shown by
a dashed line on the curve of the sample obtained at a
discharge energy of 0.8 J. It should be noted that the
transition region corresponds to the beginning of the
normal wear region on the friction coefficient diagram
(Fig. 9). It is also obvious that the maximum wear
resistance is demonstrated by the surface treated at
E=0.21]. In this case, the counterbody deepened by
only 0.020 mm over 300 friction cycles, which is sig-
nificantly lower in comparison with the untreated sub-
strate, which showed a deepening of 0.075 mm. In
terms of the volume of material removed, taking into
account the track length of 1 cm, we obtain a sevenfold
reduction in the volume of material removed by fric-
tion, processed under the above optimal alloying con-
ditions, in comparison with the substrate.
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Fig. 11. The depth of friction tracks depending on the number of cycles.
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Fig. 12. Surfaces obtained after 300 friction cycles and at different discharge energies, J: 0.2 (a), 0.4 (b), 0.8 (c), 1.6 (d).

One should also pay attention to the fact that for
surfaces processed at high discharge energies, that is,
amorphized and at the same time having high rough-
ness, in the initial period of friction the depth of the
track may even exceed that achieved for the substrate
(Fig. 11).

Microscopic Analysis of Friction Surfaces

Microphotographs of surfaces obtained during
ESA with different discharge energies after tribologi-
cal tests are presented in Fig. 12.

The surfaces obtained at minimum and maximum
discharge energies after frictional contact with the
balls (Figs. 12a, 12d) represent regions with densely
packed wear residues [31]. The remaining samples
showed the presence of so-called corrugated wear with
a small amount of residue. The minimum amount of
residues is expectedly observed on the friction surface
of the surface sample obtained at £= 0.2 J (Fig. 12a).

CONCLUSIONS

Using the example of ESA of 65G steel with a pro-
cessing electrode made of T15K6 hard alloy, a combi-
nation of X-ray phase and XRF analysis of the surface
shows that its modification, accompanied by the
transfer of PE material, is at the same time a method
for obtaining a nanocrystalline material, the ratio of
the concentration of the amorphous and crystalline
phases, in which it is possible to control the energy
category. Wherein:

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 60

— a significant part of the crystalline phase is iron
carbide, synthesized during processing;

— crystallite sizes are within the nanometric scale;

— the degree of surface amorphization increases
with increasing discharge energy.

The combination of an increase in surface rough-
ness and its amorphization with an increase in charge
energy during ESA is the reason that an optimum dis-
charge energy is observed, at which maximum wear
resistance is achieved:

— when using various methods for assessing wear
resistance (the number of friction cycles until the
hardened layer is completely removed and assessing
the depth of the track during friction), it is shown that
maximum wear resistance is achieved with a discharge
energy of 0.2 J;

— under the above ESA conditions, the wear resis-
tance of the modified layer increases by 7—10 times in
comparison with the untreated surface.
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