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Abstract: A coating based on a single-phase medium-entropy CrFeNi alloy with a face centered cubic (fcc) struc-
ture has good ductility, relatively high anti-corrosion properties, low cost, but insufficient strength for its widespread
use. It is assumed that adding strengthening particles in the form of tungsten carbides and borides to the CrFeNi
equiatomic coating will lead to an increase in its mechanical properties. This work studies the influence of tungsten
carbide and boride additives on the structure and microhardness of a CrFeNi equiatomic coating. The coatings were
formed by layer-by-layer short-pulse laser cladding with preplaced powder on a multifunctional laser installation
equipped with a solid-state laser with a lamp pump based on an Nd:YAG crystal. The change in phase composition
when adding strengthening particles was detected using X-ray diffraction analysis and transmission electron micro-
scopy (TEM). Both methods confirmed the precipitation of Cr,3Cs chromium carbide in the deposited coatings. TEM
photographs indicate that the precipitated phase is distributed along the grain boundaries of the y-solid solution.
The study found that the addition of 6 wt. % WC and 3 wt. % WB increases the level of microhardness of the CrFeNi
coating by 26 % (from 340+6 to 430+12 HV 0.025). This occurs due to the presence of Cr,3Cs, WC particles in
the structure and possible microdistortions of the crystal lattice of the y-phase as a result of doping with tungsten
atoms released during the dissolution of tungsten borides and carbides in the process of high-temperature short-pulse
laser heating.

Keywords: CrFeNi coating; medium-entropy alloys; tungsten carbides/borides; short-pulse laser cladding; equiatomic
coatings; microhardness.
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a new class of materials — high-entropy alloys (HEAS).

INTRODUCTION These alloys appeared relatively recently, in 2004, usual-
One of the most rapidly developing areas of modern ly contain at least five elements, and the amount of each
metal science is associated with the development of of them should not be less than 5 at. % [1; 2]. Due to
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significant differences in the processes of structure and
phase formation, HEAs are classified as a separate group
of materials, that have mechanical and functional proper-
ties, as well as thermal stability, different from traditio-
nal alloys (the main element as a matrix and a set of al-
loying elements). As a result, HEAs can have unique
strength, tribological and corrosion properties in a wide
temperature range [3-5].

Medium-entropy alloys (MEAS) consist of three or
more main elements with approximately equal atomic
percentages, and their configuration entropy is in
the range of 1-1.5 R (R is the universal gas constant) [6].
Due to the high mixing entropy associated with a disor-
dered solution of several elements, both MEAs and
HEAs can form stable single-phase solid solutions in
which, in an ideal situation, atoms of different sizes are
uniformly distributed.

Most industrial equipment is exposed to aggressive ex-
ternal influence, such as high thermal and mechanical
loads. To ensure long-term operability, and stability of this
equipment, a functional surface layer (coating) with high
mechanical, anti-corrosion and other properties is required.
It is the surface layers, in which the processes of wear, cor-
rosion, cavitation damage and the initiation of fatigue
cracks develop, which are the main reasons for the failure
of the bulk of parts and mechanisms. Therefore, the use of
expensive HEAs and MEAs, in the form of thin laser coat-
ings, and not in the form of an entirely manufactured part,
will provide a significant economic effect due to material
saving [7].

At the same time, the technology of laser surfacing,
using short-pulse radiation, has a number of significant
advantages. These include the possibility of producing
a homogeneous, and dense layer of coating material of
a specified thickness with a good metallurgical bonding,
with the substrate material [8], as well as the possibility
of forming nonequilibrium microstructures with unique
physical, and mechanical properties [9]. Due to high en-
ergy densities, the thermal effect on the substrate is mi-
nimized [9; 10]. The continuous development of laser
technologies makes them attractive for use, due to rela-
tive ease of operation, low cost, and high processing ef-
ficiency.

The system of Cr—Fe—Ni components is the basis for
a large number of MEAs and HEAs. Taken together, these
components form a medium-entropy equiatomic alloy with
relatively high anti-corrosion, mechanical and wear-
resistant properties, as well as low cost compared to other
multicomponent alloys.

Generally, single-phase face centered cubic (fcc) struc-
ture HEAs and MEAs have good ductility, but low strength
[11]. Therefore, the development of ways to improve
the mechanical properties of these alloys is an up-to-date
area for further research. The strength of multicomponent
alloys can be increased through solid solution strengthen-
ing, by adding elements with a large atomic radius.
The second phase precipitation in the fcc matrix can also
improve the mechanical properties of the alloy [12].

To increase the hardness of traditional alloys, additives
of various strengthening particles are used — carbides, bo-
rides, etc. Tungsten carbide WC is well known for its high
hardness, high chemical stability and oxidation resistance,

which makes it possible to use it as a reinforcing phase in
composite coatings to increase wear resistance [13-15]. It is
known that tungsten borides have good chemical inertness,
high wear resistance and hardness, as well as a high fusion
temperature [16; 17]. Based on this, it can be assumed that
the addition of strengthening particles in the form of tung-
sten carbides and borides during short-pulse laser cladding
of the CrFeNi alloy can be an effective way to increase its
strength characteristics.

The purpose of this work is to study changes in
the structural-phase state and microhardness of a coating
based on an equiatomic CrFeNi alloy, formed by short-
pulse laser cladding with the addition of tungsten car-
bides and borides.

METHODS

Multicomponent coatings, based on medium-entropy al-
loys, were formed by layer-by-layer short-pulse laser clad-
ding, with preplaced powder on a LRS AU multifunctional
laser system (manufactured by the “OKB BULAT”),
equipped with a solid-state Nd:YAG laser (wavelength is
1.065 pm).

The substrate material, was plates of AISI 1035 (che-
mical composition: Fe—C0.38-Si0.34-Mn0.65-Cr0.13—
Ni0.06—Cu0.09 wt. %; as-delivered state), with dimen-
sions of 45x45x10 mm3. Before applying the coating,
the surface of the plates was cleaned from oxides using
sandpaper. As the base coating material, an equiatomic
alloy of the Cr—Fe—Ni system was used in the form of
a spherical powder, with a fraction of 50-150 um (sup-
plied by PJSC “Ashinsky Metallurgical Plant”, Asha,
Russia), the chemical composition of which is given in
Table 1. To strengthen the CrFeNi matrix of the coating,
GP10BN powder (60% WC + 30 % WB + 10 % Co)
with the fraction of 10-30 um was used produced by
Luoyang Golden Egret Geotools Co., Ltd (China). The sur-
facing material of the multicomponent coating was ob-
tained by mechanically mixing CrFeNi alloy powder,
and the GP10BN powder in amounts of 3 and 10 wt. %.
Consequently, CrFeNi+1.8% WC +0.9% WB +0.3% Co
and CrFeNi + 6 % WC + 3 % WB + 1 % Co coatings were
obtained (wt. %). A coating without adding the alloying
elements (CrFeNi), acted as a base coating to compare
the resulting structural features and micromechanical
properties.

Laser cladding with preplaced powder was used to
apply the coating. A preplaced layer of the material was
produced by applying a suspension (10 g of a mixture of
CrFeNi powder and alloying additive (GP10BN powder);
2 ml of alcohol-rosin solution) and subsequent levelling
with a special device (“knife”) to achieve a uniform
thickness (~200 pum) of the layer over the entire deposited
area. Then, the plate with the applied layer of suspension
was dried with a heat gun for 15-20s. After this,
the plate was placed in a chamber with continuous inert
gas (argon) purging. Laser scanning of the deposited lay-
er of the material was carried out according to the scheme
shown in Fig. 1 a.

The following laser cladding parameters were used:
pulse duration — 3.5 ms; pulse frequency — 20 Hz; pulse
energy — 8.3 J; distance between scanning lines — 0.8 mm;
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Table 1. Chemical composition of CrFeNi powder, wt. %
Taonuya 1. Xumuueckuii cocmas nopowra CrFeNi, mac. %

Fe Ni Cr

Base 35.6 29.8

0.37 <0.001 0.008 1.62

the diameter of the laser spot in the focal plane was ~1 mm.
After this, the deposited coating was re-exposed to laser
action, but with a greater degree of laser defocusing in or-
der to obtain a surface with less roughness. To reduce the
effect of mixing the coating material with the substrate ma-
terial, the coating was applied in three layers.

Measurements of Vickers microhardness (HV) of coat-
ings, as well as the construction of 2D maps of its distribu-
tion, were carried out on a cross-section using a Q10A+
automated microhardness tester (Qness, Austria). The load
on the Vickers indenter was 0.245 N (25 gf), and the hold-
ing time was 10 s. The measurement error was determined
by the standard deviation with a confidence level of p=0.95.
The presence of an optical system, with magnifying lenses,
made it possible to use this equipment for studying
the macrostructure.

X-ray diffraction analysis (XRD) was performed using
a XRD-7000 diffractometer (Shimadzu, Japan) in Cu—Kq
radiation, using a graphite monochromator. X-ray tube
voltage U=40 kV, current 1=30 mA, focus size 1x10 mm?,
external standard is silicon powder. The diffraction spec-
trum was recorded in the angular range of 20=30-120°, in
a step-by-step mode with a scanning step of A6=0.03° and
a pulse accumulation duration of 2 s. Phase identification
was carried out using the PDF-2 database of the Interna-
tional Centre for Diffraction Data (ICDD). The ICDD data
bank also contains a program of quantitative analysis using
the corundum number method, which was applied to deter-
mine the relative content of the phases. Corundum numbers
(the ratio of the intensities of the maximum lines of phases,
and the reference phase of corundum (a-Al2O3) in a 1:1
mixture), are accumulated in the ICDD data bank along
with X-ray phase standards. This method is a semi-
guantitative estimation.

Measurements of the half-width (full width at half
maximum) of diffraction lines, were performed using
the “New_profile” software package (free distribution).
The package includes a set of means for preliminary pro-
cessing of diffraction spectra, (background separation,
elimination of the Ka, component of the doublet). Back-
ground separation was carried out using the least squares
method (LSM); to determine the single maxima parame-
ters, the Lorentz quadratic function was used. The soft-
ware package uses the residual value as a criterion for
the quality of fitting. In the process of fitting the Lorentz
function to the experimental profiles of single maxima,
data on the position of these maxima were obtained,
which were then used to calculate the elementary cell
parameters of the detected phases.

Since the X-ray diffraction spectrum contained broad-
ened diffraction maxima, we analysed the line broadening
using the Williamson—Hall method, which assumes that

the broadening is caused by the small sizes of coherent
scattering regions (CSR) and microdistortions (g) of crystal-
line structure (type Il residual stress). The method is based
on the following relation:

[3=4080tan®+L,
D-cos®

where f is the physical broadening, rad.;
¢ is an average value of microstrains (dimensionless value);
O is Bragg angle;
X is the radiation wavelength (for Cu—K, A=1.54051 A);
D is the CSR size, nm.

Electron microscopy studies were carried out using
a JEM-200CX transmission electron microscope (JEOL,
Japan). Samples (~300 pm thick) for the production of thin
foils were cut out on an electric spark machine, followed by
grinding to a thickness of 50-70 um. Then, they were sub-
jected to double-sided thinning by electropolishing.

RESULTS

Fig. 2 shows a cross-section of a CrFeNi + 6 % WC +
+3% WB + 1 % Co (wt. %) medium-entropy alloy coat-
ing obtained by optical microscopy. As can be seen,
the coating thickness value after three-layer laser clad-
ding varies from approximately 620 to 710 um. The ma-
crostructure of the studied sample shown in Fig. 2 con-
firms that during the laser cladding, a relatively dense,
uniform coating is formed without large defects in
the form of cracks. The coating contains isolated conti-
nuity defects in the form of pores, which are predomi-
nantly round-shaped. It is also worth noting that during
laser cladding, an almost defect-free transition zone was
formed, between the coating material and the substrate
material: there are no peelings of the coating, only iso-
lated elongated pores are observed.

The Vickers microhardness test results indicate an in-
crease in the microhardness of coatings up to 26 %, with
the addition of strengthening additives in the form of
tungsten carbides and borides. As can be seen from
Table 2 and the graph presented in Fig. 3, the average
microhardness of the CrFeNi coating formed by laser
cladding is 340+6 HV 0.025.

An increase in the mass fraction of WC and WB in coat-
ings, leads to an increase in the microhardness level. The aver-
age microhardness level of the CrFeNi+ 1.8 % WC +
+0.9% WB +0.3% Co sample is approximately
380£11 HV 0.025, while this feature for the CrFeNi +
+6% WC+3% WB + 1% Co sample is 430+12 HV 0.025,
which is 12 and 26 %, respectively, higher than that of
the original sample without strengthening additives.
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Fig. 1. Scheme of laser scanning of pre-applied powder (a) and appearance of a steel sample with a fused coating (b)
Puc. 1. Cxema razepho2o ckanuposans npeosapumenbHO HaAHeCeHH020 NOPOWKA ()
U BHewHUTl 610 CMALHO20 00paszya ¢ HanaasieHHblMm nokpoimuem (h)
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Fig. 2. Macrostructure of a fused coating based on CrFeNi + 6 % WC + 3 % WB + 1 % Co medium-entropy alloy
in the cross-section plane
Puc. 2. Makpocmpykmypa Han1aeieHHo20 NOKPbIMusi Ha OCHOBe
cpednesnmponuiinozo cnaasa CriFeNi + 6 % WC + 3 % WB + 1 % Co 6 niockocmu nonepeunozo ceuenus

Fig. 4 shows 2D maps of microhardness distribution in
the cross-sectional plane of the studied samples, where are-
as with high microhardness values (465-500 HV 0.025 and
above) are marked in red, and areas with the lowest micro-
hardness values (150-200 HV 0.025) are marked in blue.
As can be seen, the CrFeNi sample is characterised by
a relatively uniform microhardness distribution, in the cross-
sectional plane (Fig. 4 a). Slight deviations in the microhard-

ness distribution are observed in the CrFeNi + 1.8 % WC +
+0.9 % WB + 0.3 % Co coating (Fig. 4 b): areas of the coat-
ing near the “coating — steel” transition zone have a slightly
higher microhardness level.

Fig. 5 presents the XRD results for the CrFeNi +
+6% WC + 3% WB + 1% Co sample. Phase analysis
showed, that the sample contains three phases: y-phase
(CrFeNi-based solid solution), chromium carbide Cr23Cs
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Table 2. The results of measuring microhardness of the studied samples
Tabnuua 2. Pesynomampl usmepeHuss MUKPOMEEePOOCmU UCCIe008aHHbIX 00PA3Y08

Coatin Average value, RMS deviation o, Range R, Coefficient
g HV HV HV of variation Ve, %
CrFeNi 340+6 37 175 10.6
CrFeNi + 1.8 % WC +
+0.9 % WB + 0.3 % Co 380+11 51 263 13.4
CrFeNi + 6 % WC +
+3% WB + 1% Co 430+12 61 328 14.2
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Fig. 3. Graph of changes in microhardness of samples with deposited coatings
depending on the distance from the surface
Puc. 3. I'paghux uzsmenenuss Muxpomeepoocmu 06pasyo8 ¢ HaANIAGIEHHbIMU ROKPLIMUSIMU 6 3A6UCUMOCTIU
om paccmosiHus Om no6epxHocmu

(Fm-3m space group), and WC tungsten carbide. The ratio of
the diffraction maxima indicates that the y-phase has a distinct
texture with the [200] zone axis. Analysis of the diffraction
peak profiles, showed that their width significantly exceeds
the instrumental width. As a result of the calculations, it was
found that the average size of the y-phase CSR is 59 nm, and
the average value of microstrains (<e>) was 0.26 %.

The elementary cell parameters calculated using
the least squares method (RTP 32 programme), and the quan-
titative composition are shown in Table 3. It can be observed
that the lattice parameter of the CrFeNi-based y-solid solu-
tion practically did not change, when adding the tungsten
carbides and borides (a=3.598 A and a=3.599 A, respective-
ly). The presented quantitative analysis results for the
CrFeNi+6 % WC+3% WB +1% Co coating (~86 wt. %
of y, ~13 wt. % of Crx3Cs, ~1 wt. % of WC), are estimating
due to the presence of the y-phase crystallite texture.

The TEM method was used to study the structure of
a CrFeNi alloy formed by short-pulse laser cladding.

Fig.6a, 6b show the sample microstructure features.
Elongated subgrains are observed, inside of which there
are individual dislocations or dislocation cells. The sub-
grain boundaries are wide, consisting of clusters of dislo-
cations. The reflections in the microdiffraction image
(Fig. 6 a) belong only to the y-phase, which is also con-
firmed by the obtained results in [18; 19]. In general,
the sample structure is characteristic of samples obtained
by selective laser melting and is single-phase.

Fig. 7 shows the structural features of the CrFeNi +
+6% WC +3%WB + 1% Co sample. In Fig. 7 a, 7 c, fcc
grains of 1-2 um in size, with an elongated or rounded
shape are visible. There are a small number of dislocations
inside the grains. The Mey3Cs phase precipitated along
the grain boundaries. In the microdiffraction patterns, ex-
cept for the fcc reflections of the solid solution, there is
a network of Me,sCs reflections (Fig. 7 b). In the dark-field
image (Fig. 7 d), precipitates of the Me;Cs phase glow
along the grain boundaries.
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Fig. 4. 2D distribution maps of microhardness of deposited coatings in the cross-sectional plane of the samples:
a— CrFeNi; b—-CrFeNi +1.8% WC +0.9% WB + 0.3% Co; c—CrFeNi+6 % WC +3% WB + 1 % Co

Puc. 4. 2D-kapmul pacnpedenenuss MUKPOmMEepOOoCmu HaNIa8IeHHbIX NOKPbIMULL 8 NIOCKOCHU NONePEeYHO20 CeYeHUs 00pa3y08:
a— CrFeNi; b — CrFeNi + 1,8 % WC + 0,9 % WB + 0,3 % Co; ¢ — CrFeNi + 6 % WC + 3% WB + 1 % Co

]
5000 - ¢
4000
—_ ] ¢ - y-phase, Fm-3m
s 2000 f - Cr,,Cq, Fm-3m
= e
5 )
2 2000+
] = - g
1000 - = ¥ g S S
. o a
0 i dt A f . ViN

1 1 1
30 40 50 60 70 80 90 100 110 120
2 0 (deg.)

Fig. 5. X-ray diffraction pattern of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample
Puc. 5. Penmeenosckas ouppaxmozpamma obpaszya CrFeNi + 6 % WC + 3 % WB + 1 % Co
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Table 3. Phase composition, elementary cell parameters of the studied samples
Tabnuua 3. @azoewiii cocmas, napamempul 2NEMEHMAPHOU SYEUKU UCCIE008AHHbIX 00PA3Y08

Elementary cell parameters, A

Phase Content, wt. %
a \%
CrFeNi coating
y-phase, Fm-3m 100.0 3.598 46.58

CrFeNi+6% WC +3 % WB +

1 % Co coating

y-phase, Fm-3m 86.2 3.599 46.62
Cr23Cs, FM-3m 12.7 10.660 1214.20
wcC 1.0 - -

Fig. 6. Structure of the CrFeNi sample:
a — bright-field image; in the insert — microdiffraction pattern, [130], zone axis;
b — dark-field image in the 002, reflection

Puc. 6. Cmpyxmypa obpasya CrFeNi:

a — ceemionojibHoe u306pa91ceHue; Ha 6KIAOKE —

Kapmuna Mukpoougparxyuu, ocs 3onut [130],;

b — memnononvnoe uzobpasicenue 6 pegprexce 002,

DISCUSSION

It is important to emphasise that the results of this work
confirm the fundamental possibility of using a CrFeNi
equiatomic alloy as a surface layer formed by laser clad-
ding. This allows saving expensive material. Moreover, to
produce a dense coating and a transition zone (from the
coating to the steel substrate), without continuity defects
(pores), a more careful selection of surfacing technological
modes is apparently required.

The microhardness of the CrFeNi alloy depends on
the manufacturing technology. For comparison, technologies
for producing CrFeNi alloy, not using laser radiation, are cha-
racterised by lower microhardness values. Thus, in [18],
the CrFeNi alloy produced by the spark plasma sintering tech-
nology had an average microhardness of 267 HV. The mi-
crohardness of CrFeNi samples produced by vacuum-arc
melting in an argon atmosphere was approximately 200 HV
[19], while the microhardness of the CrFeNi coating formed
by laser cladding is on average 340+6 HV 0.025.

During this work, it was identified that the addition of
tungsten carbides and borides has a positive influence on
the microhardness values of deposited coatings. A similar
approach, to increasing the strength properties of a CrFeNi
alloy by adding particles, is mentioned in [20]: adding
1 wt. % of yttrium oxide Y03 and 1 wt. % of zirconium Zr
to the CrFeNi alloy, leads to an increase in microhardness
to 474 HV.

Based on the results of the study of the structure and
phase composition, one can assume that this strengthening
effect is caused by the precipitates of special Crz3Cs chro-
mium carbide formed along the grain boundaries of
the y-solid solution. The hardness of Cry3Cs carbide is
1000-1150 HV [21]. The X-ray method did not reveal the
presence of WB tungsten borides in the deposited coating,
which in an amount of 3 wt. % was added to the CrFeNi
equiatomic alloy powder. However, the XRD method iden-
tified a small amount (1 wt. %) of WC tungsten carbide in
the coating (Fig. 5, Table 3), which, along with chromium
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Fig. 7. Structure of the CrFeNi + 6 % WC + 3 % WB + 1 % Co sample:
a - bright-field image; b — microdiffraction pattern, axis of [110], and [110]y,,c, zones;

¢ — dark-field image in the 111, reflection; d — dark-field image in the 222y, ¢ reflection
Puc. 7. Cmpyxmypa obpasya CrFeNi + 6 % WC + 3 % WB + 1 % Co:
a - ceemnononvhoe uzobpadicenue; b — xapmuna muxpodugpaxyuu, ocu son [110], u [110]ye,c,

C — memnonoavtioe usoopasicenue ¢ pegprexce 111, d — memnononvnoe uzobpasicenue 6 pegnexce 222y, .

carbides, causes dispersion strengthening of the coating.
From these data, it follows that tungsten boride complete-
ly dissolved during laser cladding of the coating, and
tungsten carbide dissolved only partially. This is facilitat-
ed by the larger amount of added WC carbide (6 wt. %),
as well as the higher melting point of tungsten carbide
(Tmeltwc=2870 °C), than that of tungsten boride
(TmeItWB=2660 °C).

To form Cr23Cs chromium carbide, the presence of free
carbon is necessary. Despite the fact that the CrFeNi pow-
der for surfacing contains 0.37 wt. % of C, when surfacing
the CrFeNi coating without additives, a single-phase struc-
ture of a y-solid solution is formed. Precipitates of CrxCs
chromium carbide were found only in coatings with addi-
tives. This may lead to the assumption, that part of the WC
tungsten carbides (possibly significant) dissolved due to
high instantaneous power values during the process of
short-pulse laser cladding. In addition, during the crystalli-
zation process, carbon formed compounds with chromium,
as a more active chemical element.

When WC and WB particles dissolve, as a result of la-
ser cladding, tungsten atoms move into a y-solid solution
based on the Cr—Fe—Ni alloying system, replacing individu-
al chromium, iron or nickel atoms at the crystal lattice sites.

This leads to microdistortions of the lattice and correspond-
ing additional coating strengthening.

CONCLUSIONS

This study demonstrated the fundamental possibility of
producing relatively high-quality coatings (with the pres-
ence of isolated pores) based on a CrFeNi equiatomic alloy
with a thickness of 600-700 um using short-pulse laser
cladding with preplaced powder.

TEM method identified that the coating formed from
the CrFeNi alloy without strengthening additives using
short-pulse laser cladding, is characterised by a single-
phase structure (y-solid solution), with a grain size of 1-
2 um. The addition of strengthening particles in the form of
tungsten carbides and borides (WC and WB) to the CrFeNi
matrix, leads to the Me2;Cs second phase precipitation in
the laser coating along the grain boundaries. The results of
X-ray diffraction phase analysis confirm the presence of
the CrxCs phase, in the CrFeNi+6 % WC+3 % WB +
+1 % Co coating, complete dissolution of WB boride and
partial dissolution of WC carbide during laser cladding.
According to approximate calculations (due to the presence
of texture in the y-phase), the content of the Cr,3Cs phase
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precipitated during crystallization is 12.7 wt. %. The ele-
mentary cell parameter of the y-phase does not change sig-
nificantly, when adding strengthening particles to
the CrFeNi-based coating. In both cases it is (3.598-
3.599) A.

The results of Vickers microhardness test indicate that
the microhardness in the cross-sectional plane of the sam-
ples is characterised by relative homogeneity. Only in the
CrFeNi + 6 % WC + 3% WB + 1 % Co coating, individual
areas with an increased microhardness level are observed.
The obtained results indicate the strengthening of CrFeNi-
based coatings by adding tungsten carbides and borides.
The CrFeNi+1.8% WC +0.9% WB +0.3% Co sample
has an average microhardness of 380+11 HV 0.025, which
is 12 % higher than the initial value. The average micro-
hardness of the CrFeNi+6% WC+3%WB +1% Co
sample is 43012 HV 0.025, which is 26 % higher than
the average microhardness level of the CrFeNi coating
(340+6 HV 0.025) without strengthening additives.

The strengthening of the CrFeNi + 6 % WC + 3% WB +
+1 % Co coating is caused by the presence of chromium
carbides (Cr23Cs), and tungsten carbides (WC) particles in
the laser coating structure, as well as, apparently,
the occurrence of microdistortions of the crystalline lattice
of the y-solid CrFeNi-based solution due to its doping with
tungsten atoms precipitated during the dissolution of tung-
sten borides, and carbides in the process of high-
temperature short-pulse laser heating.
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Annomayusn: TlokpeiTHe HA OCHOBE OfHO(a3HOTO cpenHesHTponuiiHoro criaBa CrFeNi ¢ rpaHeneHTprupOBaHHON KY-
ouueckoii (I'LIK) cTpykTypoii 001aacT XOpoIien IIacTHYHOCThIO, OTHOCHTEIBHO BHICOKMMYU aHTHKOPPO3HMOHHBIMHU CBOM-
CTBaMH, HU3KOW CTOMMOCTBIO, HO HEIOCTaTOYHOM NMPOYHOCTHIO JUIS €ro IMHUpOKOoro mpuMeHenus. [Ipenmonaraercs, 4yTo
Jo0aBIIeHNE YIIPOYHSIOMINX YaCTHI] B BUE KapOuI0B 1 60puaoB Bonb(dpama B skBuaroMHoe CrFeNi-mokpsiTre npuseer
K TOBBIIICHUIO €0 MEXaHMYECKHX CBOWCTB. B paboTe m3yueHo BnmsHHME n00aBOK KapOuga u Gopuna Bosibppama Ha
CTPYKTYpPY M MHKPOTBepAOCTh 3KkBHATOMHOro CrFeNi-mokpeiTrsa. @opMHpOBaHHE MOKPBITHH OCYIIECTBISIIOCH ITyTEM
MOCJIOMHOTO KOPOTKOMMITYJIbCHOTO JIA3€PHOTO OIUIABJICHUS MPEABAPUTEIHHO HAHECCHHOTO MOPOIIKa Ha MHOTO(YHKIIHO-
HaJIbHOU JIa3€pHOM YCTAaHOBKE, OCHALLEHHOW TBEPIOTEJBHBIM Ja3€pOM C JIAMIOBOM HAaKauKOW Ha OCHOBE KpHCTaslia
Nd:YAG. U3menenne (a3oBoro cocraBa Hpu A00ABICHHM YIPOYHSIONIMX YACTHI[ BBIABISIOCH C MMOMOIIBIO METOIO0B
PEHTIEHOBCKOTO JTU(PAKIIMOHHOTO aHAIN3a M MPOCBEYMBAOIIEH AeKTpOHHOI Mukpockonuu (ITOM). O6a merona moa-
TBEp/MJIM BBIJCJICHUE B HAIUIaBICHHBIX HMOKPHITUSX KapOouna xpoma CrCe. ®oTorpaduu, momydeHHbIE NMPH MOMOIIN
[15M, yka3bIBalOT Ha TO, YTO BbLAeNseMas (aza pacrpezieseHa Mo rpaHuliaM 3epeH Y-TBEpAOro pacTBopa. Y CTaHOBJICHO,
yro nob6asienue 6 mac. % WC u 3 mac. % WB nossiiaer ypoBenb MukpotBepaoctu CrieNi-mokpeitus Ha 26 % (¢ 340+6
no 430+12 HV 0,025) BcnencrBue Hanmmuus B crpykrype yactun Cr3Cs, WC 1 BO3MOXHBIX MHUKPOUCKaXKEHUH KpHCTAal-
JIMYECKO# pemieTku y-a3bl B pe3ysibTaTe JETHPOBaHHs aTOMaMHu BoJb(paMa, BBICBOOOANBILIUMHUCS NPU PACTBOPEHHUHU 0O-
PHIOB M KapOHI0B BoJb(paMa B POLIECCE BHICOKOTEMIIEPATYPHOI'O KOPOTKOMMITYJIbCHOTO JIA3€PHOTO HAarpena.

Knroueswie cnosa: CrFeNi-nokpeiTre; cCpeqHEIHTPONUIHBIC CIIaBbI; KapOUAB/00pH bl BONb(hpaMa; KOPOTKOUMITYJIb-
CHasl JJa3epHasl HalIaBKa; 3KBUATOMHBIE TIOKPBITHS; MUKPOTBEPOCTb.

bnazooapnocmu: Pabora BhINoiHEHa B pamkax rocynapctBeHHoro 3agaHust UOM YpO PAH mno teme «CrpykTypay
Ne 122021000033-2. HccrnemoBanus MPOBOAWIINCE C HCIIONB30BAHINEM OOOPYHOBaHHS OTHENOB 3JICKTPOHHON MHKPOCKOIIHH
n Mexaanaeckux ucnbitannii LIKIT «VcnbITaTensHbIi HEHTP HAHOTEXHOJIOTHIA U MTEPCIeKTUBHBIX MaTepranoBy NOM YpO PAH.
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A K. CreruenkoB Omaromaput MuacTuTyT Qm3ukn metamuioB umenn M.H. MuxeeBa 3a moaaepkky paboTHI 1O rocy-
napcrBeHHomy 3anannio UOM YpO PAH no teme «Crpykrypa» Ne 122021000033-2, koTOpasi BBIIOJIHSIIACH B PaMKax
mostozaexHoro npoekta UM YpO PAH Ne 22-13/mou.

CraThsi IOJTOTORJICHA IO MaTepUaiaM JOKIAJ0B yuyacTHUKOB X| MexayHapomHoi mikossl «Dusndyeckoe MaTepuaio-
BezpeHue» (ILIOM-2023), TonbsitTh, 11-15 centsdps 2023 roaa.

Jna yumupoeanusa: CrenuenkoB A.K., Makapos A.B., Bonkosa E.I'., OctemupoBa C.X., Xapanxesckuii E.B. Biusi-
HHUe M00aBOK KapOuja u Oopuaa Bob(paMa Ha CTPYKTYPY M MHKPOTBEpAOCTh 3kBraToMHOro CrFeNi-mokpsiTus, cdop-
MHPOBaHHOTO KOPOTKOMMITYJILCHOW Na3epHOi HaruiaBkoit // Frontier Materials & Technologies. 2024. Ne 1. C. 83-94.
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