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By varying the concentration of reinforcing phase particles and the technological parameters of the method for
producing functional composite coatings, it is possible to influence their structural state and, consequently, their
performance characteristics. This article analyzes the dependencies of the structural parameters of the Inconel
625/WC composite coating, manufactured by laser cladding, on the amount of reinforcing carbide phase and the
cladding mode. X-ray phase analysis in the coatings revealed phases present in the initial powders—nickel solid
solution and carbides WC and W,,C, as well as carbides formed during laser cladding: n,(NigMo4C), (W,Cr),C, and
MoNbC,. It was established that the microhardness of the composite coating matrix primarily depends on the
amount of n,-phase in it, which increases with an increase in the initial concentration of carbide and the specific
power of the laser radiation. Scanning electron microscopy and X-ray microspectral analysis were used to reveal
the structural components and their composition. The structure includes initial spherical tungsten carbide particles
containing only W and C, surrounded by a “halo” enriched with W, C, and strong carbide-forming elements of the
matrix — Mo and Nb, dendrites with increased concentrations of Ni and Fe, and interdendritic space enriched with
Mo, Nb, and W. It is shown that the lattice parameter of the nickel solid solution depends non-monotonically on
the amount of reinforcing phase in the coating: up to 30% tungsten carbide, the lattice parameter increases with
the concentration of carbide, while higher concentrations show the opposite effect.
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Introduction

dvances in surface engineering technology have

led to the development of various composite func-

ional coatings that significantly increase the dura-
bility of steel parts and tools in aggressive operating con-
ditions. Among them, coatings based on a nickel matrix
reinforced with strengthening particles of ceramic phases
stand out due to their excellent mechanical properties and
corrosion resistance [1—3]. The use of tungsten carbide
as a strengthening phase and laser cladding as a method
for forming such metal matrix composite coatings is very
promising [4—7].

When developing laser cladding technology for com-
posite coatings, particular attention is paid to the influ-
ence of the amount of reinforcing phase and the techno-
logical parameters of the process that affect the thermal
conditions of powder material remelting, as well as the
characteristics of the structure being formed, which, in
turn, determines the operational characteristics of the
functional layer.

The tungsten carbide content in the composite coat-
ing significantly affects the material’s microstructure
and, consequently, its mechanical properties. As the WC

content increases, one can expect an increase in hard-
ness, wear resistance, and corrosion resistance [8§—12].
However, potential difficulties in machinability and crack
formation, which are associated with the different thermal
expansion coefficients of the matrix and the strengthening
ceramic phase, must be mitigated [13—16]. Therefore, to
adapt coatings to specific operating conditions, it is cru-
cial to understand the mechanisms through which tung-
sten carbide influences the structure and performance
characteristics of the coating.

Following laser cladding, the nickel matrix predomi-
nantly exhibits a dendritic structure, which varies accor-
dingto the distance ofthe analysed layer from the substrate,
the proportion of introduced carbide, its morphology, and
the technological parameters of the process [8, 17—20].
The recrystallisation conditions of the powder material
change with the depth of the deposited coating, since
the lower layers undergo more intense heat dissipation.
Consequently, the grain structure transforms in the direc-
tion of coating growth, evolving from vertically elongated
columnar crystals at the bottom to equiaxial dendrites in
the middle and upper parts of the coatings. The extent of
the columnar and equiaxed dendrite zones depends on
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the laser cladding parameters and carbide concentration.
An increase in the specific energy of laser radiation during
cladding and a decrease in carbide particle concentration,
which absorb the energy communicated to the composite
material, lead to an increase in the zone of columnar crys-
tals [21, 22]. Under certain laser cladding regimes and WC
concentrations, the growth direction of the matrix den-
drites changes: small equiaxed nickel crystals form around
spherical WC particles, and columnar grains diverge from
these crystals in different directions perpendicular to the
WC particle surface.

During laser cladding, the strengthening carbide parti-
cles partially dissolve [23, 24]. The proportion of particles
fixed in the structure is always less than that used in the
synthesis of the coating. In some cases, carbide particles
are completely absent from the structure. At the same
time, an increase in the specific energy of laser radiation
leads to greater dissolution of the carbide phase, with non-
spherical particles dissolving more actively than spherical
ones. However, the authors of [18] attribute the fixed pro-
portion of carbides in the structure to the differing parti-
cles acceleration of the nickel matrix and carbide when the
powder is fed into the remelting zone, and consequently to
the differing probabilities of their entry into the melt bath.
A certain ratio of the average diameters of the matrix and
strengthening phase particles, associated with the ratio of
their densities, enables an object to be formed in which the
phase ratio of the initial powder is preserved.

Despite the large number of studies on the structure
of composite coatings — heat-resistant nickel alloys re-
inforced with spherical tungsten carbide particles — their
phase composition and the redistribution of elements be-
tween phases cannot be considered fully understood.
The influence of carbide content and the technological
parameters of the laser cladding process on these charac-
teristics is also unclear.

Table 1
Elemental composition of Inconel 625 powde

| Element |_Ni | Cr | Mo | Nb_| Fe | Co |
20.6 9.7

C, wt. % 65.9 3.8 <0.01 <0.01

Table 2
Elemental composition of tungsten carbide powder

-----

C,wt. % 95.8 0.2 <0.01 <0.01 <0.01

Table 3
Marking of experimental samples

“----
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The aim of this study is to investigate the depend-
ence of the structural and phase state of the Inconel 625/WC
composite coating on its tungsten carbide content
and on the specific energy of laser radiation. Among
the structural characteristics considered in this work
are the phase composition of the coating, the lattice
parameter of the matrix phase, and the distribution of
elements between the nickel solid solution and carbide
particles.

Materials and methods

Composite coatings were formed by laser cladding on
an InssTek MX-Grande machine using Inconel 625 nickel
alloy and tungsten carbide powders. The powders were fed
from two hoppers with control of the volume fraction of
the strengthening phase.

The elemental composition of the nickel alloy pow-
ders, determined by X-ray fluorescence spectroscopy,
and tungsten carbide is shown in Tables 1 and 2. The
bulk density and flowability of the nickel powder were
4.56 + 0.03 g/cm® and 3.40 + 0.07 g/s, respectively, and
those of the carbide powder were 10.10 + 0.01 g/cm3 and
8.98 = 0.11 g/s. The powders were spherical in shape, with
a matrix powder dispersion of 63—100 um and a carbide
powder dispersion of 45—106 pm.

To study the influence of the volume fraction of tung-
sten carbide particles on the structural and phase state of
the metal matrix composite coating, samples with a car-
bide content of 0 to 50 vol.% were synthesized using the
same cladding mode, namely, laser power P = 1000 W,
beam scanning speed across the surface V= 800 mm/min.
(P/V = 1.25 W-min/mm). To analyze the effect of the
cladding mode on the structural characteristics of the
coating, samples with the same carbide phase content but
grown under different modes were prepared. In this re-
gard, the following cladding modes were used: P= 800 W,
V=800 mm/min (P/V'=1W - min/mm); P = 800 W,
V=600 mm/min (P/V=1.33 W - min/mm) and P=
= 1000 W, V=600 mm/min. (P/V = 1.67 W-min/mm).
The marking of experimental samples of Inconel 625/WC
composite coatings is presented in Table 3, and the value
of the P/V ratio characterizes the specific density of laser
radiation during the surfacing process.

Cladding was performed on a 12X18HI10T stainless
steel substrate in an air atmosphere. The laser spot dia-
meter was 1.8 mm and the distance between adjacent laser
tracks was 0.7L, where L - is the width
of a single track.

The phase composition of the ini-
tial powder materials and composite
coatings was determined by X-ray
diffraction using Cu-Ko radiation.
Measurements were taken with the

1 10-1 20-1 30-1 40-1 . iy s .

1.25 0-1.25 10-1.25 20-1.25 30-1.25 40-1.25 50-1.25 sample rotating within the 2 diffrac-
: T o T T T T tion angle range of 20—100°, with a
1.33 - 10-1.33 - - 40-1.33 | 50-1.33 step size of 0.07° and an exposure
1.67 - - 20-1.67 30-1.67 40-1.67 -

time of 2 seconds. Quantitative phase
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analysis was performed using the Diffraction Topas pro-
gram, with an error margin of =1 wt.% in determining the
number of phases.

The crystal lattice parameter of the nickel y-solid so-
lution was determined based on the angular position of
the diffraction peak (222), which did not overlap with the
reflections of other phases. The peak was recorded three
times with the sample repositioned, rotated at 0.02° inter-
vals, and exposed for 4 seconds. The period determination
error did not exceed £0.0004 A.

To determine the cause of the broadening of the dif-
fraction maxima of the nickel solid solution, the ratio of

the physical broadening of peaks (222) and (111) B2i

111
was evaluated [25]. The physical broadening of the peak 3
was determined by approximation [26] using the formula:

B=0.5B(1-b/B+\1—b/B),

where B is the integral broadening of the dif-
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were observed in the other coatings, but cracks were found
in samples 40-1.25, 40-1.33 and 50-1.25.

X-ray phase analysis of the initial Inconel 625 nickel
alloy powder revealed reflections only from the FCC crys-
tal lattice of nickel y-solid solution. The tungsten carbide
powder contained WC and W, C carbides with a hexagonal
crystal lattice, as well as free tungsten and graphite. The
relative amount of W, C carbide was twice that of the WC
phase.

Fig. 2 shows the diffractograms of composite coatings
with tungsten carbide content ranging from 10 to 50%,
obtained by surfacing with a P/V ratio of 1.25 W - min/
mm, and Table 4 presents the results of quantitative phase
analysis of these coatings. The diffraction patterns show
that the structure of all composite coatings contains the
initial nickel solid solution and WC and W, C carbides.
In the diffraction pattern of coating 10—1.25, in addition
to the reflections from the initial phases, an additional
reflection appears at a diffraction angle of 41.5 degrees.

fraction peak, which was determined from
the reflection profile using the Diffrac.Eva
program with an accuracy of +0.01 degrees;

2mm

b is the geometric broadening of the diffrac-
tion peak, which can be defined as the integral

Fig. 1.

Structure of composite coating with 40% tungsten carbide

broadening of the peak of the reference sample,

which has no physical broadening. In this case, : C'vic
Inconel 625 alloy was used as a reference, ob- A W,C
tained by laser cladding from powder and an- * (W, Cn,C
nealed at 1050 °C for 1 hour. . mmiﬁésm
X-ray structural analysis was performed on o) T
> Ld

samples electro-polished in an electrolyte con-
sisting of 78 ml HCIO,, 730 ml C,H, O, 100 ml
CcH,,0,, and 90 ml distilled water at a voltage
of 10 V for 15 min.

The microstructure of the composite coatings
obtained was studied using optical and scanning
electron microscopy (SEM) equipped with an
attachment for micro-X-ray spectral analysis.
To reveal the structure, electrolytic etching was
performed in an aqueous solution of chromic an-
hydride, with a mass fraction of CrO, of 1 + 5%,
at a voltage of 2.5 + 5V, the concentration of the
solution and the etching mode varied depending
on the concentration of carbide in the coating.

The microhardness of the coatings was also
measured at a load of 200 g, with a measure-
ment error not exceeding 15%.

Results and discussion

Fig. 1 shows the structure of composite coa-
ting 40-1, as obtained through metallographic

analysis (see Table 3). Dark, spherical tungsten 2'0
carbide particles are evenly distributed within the

light nickel matrix of the coating. This coating
has no cracks or large pores. Similar structures

30 40 50 60 70
20, deg.

Fig. 2. Change in the diffraction pattern of the composite coating depending on the
tungsten carbide content
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Presumably, this reflection corresponds to the MoNbC,
cubic lattice phase. Starting from a tungsten carbide con-
centration of 20%, when the initial carbide phases dis-
solve, n,(Ni;Mo,C) carbide with a cubic crystal lattice
forms in the structure. On the diffractograms of coatings
40-1.25 and 50-1.25, the W,C phase lines are split into
two: presumably, this is due to the formation of a phase
isomorphic to W,C carbide in the structure, but shifted
towards smaller interplanar distances; probably (W,Cr),C.

As shown in Table 4, an increase in the content of the
strengthening carbide phase in the coating leads to an in-

Table 4

Phase composition of composite coatings depending on tungsten

carbide content and claddin

Phase quantity, mass.%

2 = 2 94
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crease in the concentration of the initial WC and W,C
carbides in the structure, as well as a significant increase
in the proportion of the n,-phase synthesized during laser
cladding. However, adding 40% tungsten carbide results
in the amount of n;-phase in the coating remaining almost
unchanged.

The results of the study investigating the effect of laser
cladding regime on the phase composition of composite
coatings containing different amounts of hardening phase
are presented in Fig. 3 and Table 4. The table shows that,
within the margin of error, the laser cladding regime does
not change the phase composition of coatings
containing 10 or 20% hardening phase. However,
at higher concentrations of the strengthening
phase, an increase in the specific density of laser
energy (P/V ratio) results in an increase in the
amount of n,-phase in the coating and a decrease
in the amount of nickel solid solution. Fig. 3, a, b

10-1 1 1
10-1.25 1 2 _ 2 2 93 shows the effect of specific energy density on the
10-1.33 1 2 _ 2 2 93 phase composition of coatings containing 30 and
20-1 5 a _ 5 5 87 40% tungsten .carbide.'ln coatir.lgs containing 30%
20-1.25 1 3 _ 7 1 88 Fungsten .carblde, an increase in P/V leads to an
20-1.67 1 o _ 7 1 89 increase in the relgtlve intensity of the nl—phgse
30-1 5 4 4 1 88 maxima and a shift towards smaller diffraction
30-1.95 5 4 5 18 1 73 angles (i.e. lfflrger interplanar .dlstances), Wth‘h
can be explained by a change in phase composi-
30-1.67 2 5 - 26 1 66 R . . ..
tion. In contrast, an increase in the P/V ratio in
40-1 4 9 2 18 1 66 . . .
coatings containing 40% tungsten carbide does
40-1.25 5) 12 5 27 1 50 e - . .
not lead to a shift in the lines; only an increase
40-1.33 5 14 3 24 1 53 . . . . .
in the intensity of the phase maxima is observed.
it S 9 1 e 1 £ Analysis of the angular position of the n,-phase
2022 = 12 : 22 L ail diffraction maxima for coatings with different
Sl - = : o E L tungsten carbide contents showed that, at a carbide
o ni -0 a ® Ni g i 0 b
®m WC : = WC § A
A W,C L8 A W,C i
< MoNbC, ; < MoNbC, in |
» 1,(NiMo:C) > n(NiMoC) T,
30-1.67 yri i

1 .

60 70
20, deg.

20 30 40 50 60 70

Fig. 3. Diffractograms of composite coatings with 30% (a) and 40% tungsten carbide (b)
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concentration of 10—30 vol.%, an increase in the specific
energy of the laser radiation leads to an increase in the
n,-phase lattice period. However, at 40—50% carbide,
the n,-phase lattice period is independent of the clad-
ding mode.

It can be assumed that an increase in the amount
of n,-phase formed during laser cladding should be ac-
companied by a decrease in the content of the initial
carbide phases WC and W,C in the coating, but this ef-
fect becomes noticeable only on the diffractograms of
coatings with a tungsten carbide concentration of 50%.
In other coatings, the change in the amount of the ini-
tial carbide phases does not exceed the error of their
determination.

The dependence of the concentration of
carbide (W,Cr),C on the specific density of
laser energy is non-monotonic: the maximum
amount of this phase is recorded at a ratio of
P/V=1.25 W-min/mm.

Fig. 4 shows structural changes in coa-
tings depending on the amount of strengthen-
ing phase. The microstructure of the obtained
composite coatings is represented by spherical
particles of the initial carbide phase (zone I in
Fig. 4 (40-1.25)), a “halo” around the spheri-
cal particles (zone II), dendrites of the matrix
phase (zone III), and interdendritic space
(zone IV), which partly has an eutectic struc-
ture and partly consists of inclusions of excess
phases. The figure shows that as the propor-
tion of the strengthening phase increases, the
amount of matrix phase in the form of dendrites
decreases, and inter-dendritic precipitates oc-
cupy an increasing volume. Analysis of the ele-
mental composition of structural components
using microspectral X-ray analysis showed
that matrix elements are practically insoluble
in spherical tungsten carbide particles, while
the “halo” around spherical particles contains
both W and strong carbide-forming matrix ele-
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of tungsten carbide in the coating shows that an increase
in the carbide content to 30% leads to an increase in the
lattice period, but with a further increase in the carbide
content, the opposite effect is observed — the period de-
creases. Presumably, the change in the lattice period is
determined by two processes: the dissolution of the initial
WC and W, C carbide particles in the nickel solid solution
and the precipitation of a new carbide phase ;. The first
process leads to an increase in the period, since carbon
dissolves in the solid solution by the mechanism of inter-
calation, and tungsten atoms with a larger atomic radius
dissolve by the mechanism of substitution. The formation
of anew carbide phase, on the contrary, leads to a decrease
in the period, since during this process carbon and large

ments, namely Mo and Nb, dendrites are en-
riched with Ni and Fe, while the interdendritic
space contains an increased concentration of
Mo and Nb, as well as some W. Cr is distrib-
uted almost uniformly throughout the coating
matrix, but Cr compounds, probably carbides,
are clearly present in the interdendritic space.
This distribution of elements was observed in
all coatings regardless of the hardening phase
content and the cladding mode.

Determining the lattice period of the nickel
solid solution provides insight into the redis-

tribution of carbide-forming elements and car-
bon between the carbide phases and the solid
solution. The graph showing the dependence
(Fig. 5, a) of the lattice period of the nickel
solid solution on the initial concentration

Fig. 4.

Change in the structure of Inconel 625/WC composite coatings with increasing
concentration of the strengthening phase (SEM) (I — initial tungsten carbide;
IT — “halo” around the initial carbide particles; I — nickel matrix dendrites;
IV — interdendritic space) and distribution of chemical elements across the
coating structure 20-1.25 (microspectral X-ray analysis)
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atoms of carbide-forming elements leave the solid solution.
It is likely that the addition of 30 vol.% carbide achieves the
maximum solubility of tungsten carbide in a nickel solid so-
lution. Thus, at a concentration of the strengthening phase
in the coating of up to 30%, the dissolution of the initial
carbides has a significant effect on the lattice parameter,
a further increase in the carbide content leads to a predomi-
nant influence on the carbide precipitation period 1.
When highlighting the physical broadening [ of the
Ni(111) and Ni(222) diffraction peaks and determi-

B>
ning the ratio R it was established that, regardless
111
of the concentration of the strengthening carbide phase and
. .. g%
the surfacing mode, it is close to 2.75 at =2.76, and
g9
$eC95yy
— =1.38, where 9 is the diffraction angle of the
secd
a, /o\ Boso, deg.
5602 F m— 0.65
40.60
3.600 |-
H0.55
3.598 |-
40.50
3.596 | H0.45
3.594 | 1040
10.35
3.592 £ 1 ! I L L
0 10 20 30 40
WC content, %
Fig. 5.
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maximum. It is known that the contribution to physical
broadening proportional to tg9 is caused by microdistor-
tions of the crystal lattice, which in this case are presu-
mably associated with the heterogeneity of the distribu-
tion of chemical elements in the y-solid solution.

It has been shown that the dependence of the diffrac-
tion peak width on the concentration of tungsten carbide
in the coating is inverse to the dependence of the lattice
period (Fig. 5, a): an increase in the lattice period is
accompanied by a decrease in the broadening of the dif-
fraction peak and vice versa. Probably, the most active dis-
solution of the initial tungsten carbides, which causes an
increase in the lattice period, occurs when the matrix is in
a molten state, when the atoms of the dissolved phases are
relatively quickly distributed homogeneously throughout
the entire volume of the coating. The separation of new
carbide phases, causing a decrease in the lattice period,
probably occurs in the solid state, when diffusion proc-
esses require more time, resulting in a more heterogene-
ous structural state formed during carbide separation.

3.602

3.600

3.598

3.596

3.594

— 20% WC
— 30% WC
— 40% WC

3.592

3590 1 1 1 1 1 1 1
1.0 157! 1.2 %3 1.4 5] 1.6 187

P/V, W-min/mm

Crystal lattice period y-solid solution depending on the carbide phase content in the coating (a) and depending on the laser cladding regime (b);

integral broadening of the Ni(222) diffraction maximum depending on the tungsten carbide content in the coating (a)

HVo.2
800

— 20% WC
— 30% WC
— 40% WC

700 |-
600 -

500 +

400 +

300 -

1 1 1 1 1 1 1 1
= 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

P/V, W-min/mm

Fig. 6.

HVo.2 n1-phase amount, %
700 + 425
—420
600
415
500 +
410
400 -,
HVpo —— mi-phase amount
1 1 1 1 1 1 1 1 L= 0

10 15 20 25 30 35 40 45 50
WC content, %

Influence of tungsten carbide content in the coating (@) and laser cladding regime (b) on the microhardness of the composite coating matrix
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It has been established that an increase in the specific
energy density ofthe laser hasa different effect on the crystal
lattice parameter of the nickel solid solution depending on
the tungsten carbide content in the coating (Fig. 5, b): with
an initial carbide content of 10 and 20%, an increase in en-
ergy leads to an increase in the lattice period; with an initial
carbide concentration of 30%, the dependence of a (P/V)
is non-monotonic: when the P/Vratio increases from 1 to
1.25 W-min/mm, the period increases, with a further in-
crease in the specific energy density, the period decreases;
at 40 and 50% tungsten carbide, an increase in energy
leads to a decrease in the period. This result may be due
to the fact that at 30% the maximum solubility of tung-
sten carbide in a solid solution is reached, and an increase
in energy only leads to an increase in the amount of n,
phase synthesized during the surfacing process, while at
lower concentrations of W carbide, an increase in energy
leads to additional dissolution of the initial carbide in
the matrix.

It has been established that adding more than 20 vol.%
of tungsten carbide to the coating leads to a gradual in-
crease in the microhardness of the matrix, while adding
40—50% of the strengthening phase increases the hard-
ness of the matrix relative to Inconel 625 by almost two
times (Fig. 6, a). For coatings containing more than 20%
tungsten carbide, an increase in the specific power of
the laser also leads to an increase in hardness (Fig. 6, b).
Analysing the influence of dispersion and solid solution
strengthening mechanisms on the alloy based on changes
in the phase composition and lattice period of the y-solid
solution, it can be concluded that the hardness of the alloy
correlates with the amount of n; (Ni;Mo;C) synthesized
during cladding (Fig. 6, a). A significant increase in the
error of microhardness measurement of the matrix with
an increase in the concentration of the initial carbide in
the coating is associated with a transition to a more het-
erogeneous state, caused, as mentioned above, by the un-
even distribution of carbide phases throughout the matrix
structure.

Conclusions

A structural analysis was performed on Inconel 625/WC
composite coatings synthesized by laser cladding using
different carbide phase concentrations and process condi-
tions.

X-ray phase analysis showed that the coating struc-
ture contains a Ni-based y-solid solution, the initial
carbide phases WC and W,C, as well as the carbides
N, (Ni;Mo,C) and MoNbC, synthesized during laser
cladding. With a tungsten carbide content of 40 and 50%
in the coating, reflections from (W,Cr),C carbide were
additionally recorded.

Quantitative phase analysis has established that an in-
crease in the tungsten carbide content in the coating and
an increase in the specific power of the laser radiation
cause an increase in the proportion of the n; (Ni;Mo;C)
phase in the structure.

COMPOSITES AND MULTIPURPOSE COATINGS

It has been shown that in coatings with a tungsten
carbide content of less than 30%, an increase in car-
bide content, as well as an increase in the specific power
of laser energy, leads to an increase in the crystal lattice
period of the y—solid solution, while for coatings with a
tungsten carbide content of more than 30%, the opposite
effect is observed: an increase in carbide content and spe-
cific laser energy power reduces the y-solid solution pe-
riod. Presumably, this difference in the behavior of solid
solution coatings with different hardening phase contents
is explained by the fact that at 30% tungsten carbide, its
maximum solubility in the y-solid solution is reached.

Analysis of the Ni(222) and Ni(111) diffraction peak
profiles revealed that the physical broadening of the peaks
is associated with microdeformation of the y-solid solu-
tion crystal lattice, which is presumably explained by the
heterogeneity of the distribution of chemical elements
in the phase. It was found that the broadening of the dif-
fraction maxima increases with a decrease in the lattice
period.

Using scanning electron microscopy, the initial spheri-
cal tungsten carbides and a “halo” around the tungsten
carbides, consisting of W, Mo, Nb, and C. The coating
matrix had a dendritic structure, with the central part
of the dendrites enriched with Ni and the interdendritic
space enriched with Mo, Nb, and W.

It has been established that the greatest influence
on the microhardness of the coating matrix is exerted
by the amount of carbide n; (Ni;Mo,C) in the struc-
ture: the higher the content of n,-phase, the greater the
hardness.

This publication was produced as part of research project
No. 202516-2-000, Grant Support Systems for Scientific
Projects of PFUR.

R. B. Shipsev, E. V. Bazaleev, M. D. Savelyev, and
D. Z. Ishmukhametov also contributed to this work.
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