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High entropic coatings FeCrNiTiZrAl and their properties

In our proposed empirical model the anisotropy of the surface energy and the thickness of the surface layer of
the high-entropy FeCrNiTiZrAl alloy are calculated. The thickness of the surface layer of this alloy is about 2
nm, which is an order of magnitude greater than the thickness of the surface layer of complex crystals; but is
of the same order of magnitude as that of metallic glasses. The hardness and other properties of the high-
entropy alloy are the same as for metallic glasses, but are 2-3 times higher than the hardness of stainless
steels. The surface energy of the high-entropy FeCrNiTiZrAl alloy is about 2 J/m2, which corresponds to the
surface energy of magnesium oxide and other crystals with a high melting point. But unlike'these crystals, the
friction coefficients of a high-entropy alloy (~ 0.06) are much lower than that of ordinary steels (~ 0.8). We
have theoretically shown that the friction coefficient is proportionally dependent on the surface energy and
inversely proportional to the Gibbs energy, which significantly decreases for a high-entropy alloy, leading to
low friction. The high hardness and low coefficient of friction of the high-entropy alloy facilitates the deposi-
tion of coatings from them on structural metal products, which contributes to their widespread use.

Keywords: high-entropy coatings, hardness, friction, wear resistance, nanostructure; microhardness.

Introduction

In high-entropy alloys, as a result of the effect of intense mixing, the entropy contribution increases,
which stabilizes the formation of a solid solution with a simple structure [1-3]. Based on Boltzmann's hy-
pothesis on the relationship between entropy and system complexity, the configurational change in entropy
AS,onr during the formation of a solid solution of n elements with equiatomic content can be calculated using
the following formula:

ASge ==RIn(1/n)=RIn(n), (N
where R is the universal gas constant, niis'the number of mixing elements.

Atn =5, AS..r = 1.61R approaches the value of the melting entropy of most intermetallics (about 2R).
However, it was later shown that a high entropy of mixing is not a necessary condition for the formation of a
single-phase solid solution, but the very term for the name of such an alloy continues to remain in use [4-9].
There are foreign reviews and some dissertations on high-entropy alloys [10-12], but research in this direc-
tion is only gaining momentum. We also investigated some high-entropy alloys and coatings obtained by
mechanical alloying and magnetron sputtering of targets [13-15].

In our proposed empirical model, not only the anisotropy is calculated, but also the thickness of the sur-
face layer of the high-entropy alloy [16-18].

Objects and research methods

To prepare the FeCrNiTiZrAl target the corresponding equiatomic metal micropowders were used. Fur-
ther, the obtained metal composition was loaded into a mill glass, which was made of tungsten carbide, and
grinding balls with a diameter of 5-10 mm were also made of tungsten carbide. Having filled the glass of the
mill with Galosha gasoline, the mill was connected to the rotation connector at a speed of 500 revolu-
tions/minute for 5 hours. Then the metal composition was dried, pressed into a disc 100 mm in diameter and
5 mm thick, and placed in a thermal furnace in which the required vacuum was maintained. The process it-
self took 3 hours. The FeCrNiTiZrAl target was used in the deposition of coatings (Fig. 1).
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Figure 1. Tablets from FeCrNiTiZrAl alloy (a), target with tablets from FeCrNiTiZrAl alloy (b)

Electron microscopic examination was carried out on a scanning electron microscope (SEM) MIRA 3
from TESCAN (Fig. 2).

SEM HV: 20.0 kV WO: 587 mm | MIRA3 TESCAN SEM HV: 20.0 KV WD:885mm || || || MIRA3 TESCAN
View field: 7.70 pm Det: SE 2um View field: 45.6 ym Det: SE 10 ym

SEM MAG: 36.0 kx e I SEM MAG: 6.06 kx Performance In nanospace

a) b)

Figure 2. SEM image of the FeCrNiTiZrAl coating in argon 2 um (a) and 10 um (b)

X-ray fluorescence electron spectroscopy (XPS) of FeCrNiTiZrAl coatings for argon is shown in Fig-
ure 3, and the chemical composition is presented in Table 1.

Figure 3. XPS of FeCrNiTiZrAl coatings at two points

Table 1
Chemical composition of the target (at.%)
Alloy Fe Cr Ni Ti Zr Al
FeCrNiTiZrAl 39,6 19,8 11,8 6,9 8,7 5,5
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The chemical composition (Table 1) indicates that we have a high-entropy alloy (5-40 at.%). The ob-
tained values of the mass concentration of the elements of the composite cathodes were used to calculate
their stoichiometry in the analyzed compound. The values of mass concentration at. % of elements are taken
from the experimental data (Fig. 3 and Table 1) — Fesg 4Cr9gNi;; gTig9Zrg 7Als 5.

Investigations of the morphology (Fig. 4) of the FeCrNiTiZrAl surface obtained by magnetron sputter-
ing in vacuum were carried out on a JSPM-5400 atomic force microscope (AFM) manufactured by JEOL.

Figure 4. AFM image of the FeCrNiTiZrAl surface (a) and its fractal structure (b) at two points

We used a HVS-1000A microhardness tester (Fig. 5a). This instrument is designed using the latest ad-
vances in mechanics, optics, electronics and computer technology to test the hardness of metallic and non-
metallic materials, especially small parts.or thin hardened layers. The general scheme of the installation for
determining the friction coefficients is, shown in Figure 5b and includes: 1 — known clamping weight
(15-25 mg), 2 — sample, 3 — sliding surface, 4 — measuring table, 5 — force transducer, 6 — electronics
unit and drive.

-

Figure 5. Microhardness tester HVC-1000A (a) and installation
diagram for determining the friction coefficients (b)
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Calculations of the surface energy will be carried out according to the formula derived under the as-
sumption that there are no first-order phase transitions in these substances up to their melting point [16]:

) 7,
Gy = (_F’A;d j ["e,ar, ®)

o

where p is the density of the crystalline substance, and M is its molecular weight, Tm is the melting point, cp
is the molar heat capacity, ly is the thickness of the first coordination sphere in the [hkl] direction, which for
crystals with body-centered (bcc) and face-centered (fcc) ) is given by the relations [19, 20]:

Im3m, Z=2;1,,, =a; 1}, = av/2; L —a/A3,
Fd3m, Z=4;1,,, =a; 1, —a/~2; L, =2a/+3.

The parameter R(I) is related to the surface energy ¢. In [18] we showed that the followingelation is
fulfilled with an accuracy of 3%:

3)

c=10"-T,, 4)
where T, is the melting point of the solid (K). The ratio is fulfilled for all metals and for other.crystalline
compounds. For T =T, from [18] we get:

R(I); =0.24-10"v. (5)
Equation (5) shows that the surface layer of thickness R(I) is determined by the molar (atomic) volume

of the element v = M/p, M is the molar mass (g/mol), p is the density (g/cm’);;which periodically changes in
accordance with the table D.I. Mendeleev. For HEAs, the following ratios arevalid:

T,=3e(T).
M=Y (M), ©)
p= ici(p),-,

where (T,); is the melting point of each alloy element (K), (M); is the molar mass of each alloy element
(g/mol), p is the density of each alloy element (g/cm’), ci is the concentration of each alloy element, n is the
number of alloy elements. All these calculations are carried out using Table 1. Equation (4) can be rewritten
as:

o(hkl) =107 - T -1(hkl), (7)

where 1 (hkl) for crystals with body-centered (bcc) and face-centered (fcc) cubic structures is given by
relations (3) ata=1.

Experimental results and their discussion

Let's make calculations according to (5), (6) and (7), taking reference data on Ty, M, p [21].

Table 2
Surface layer thickness and surface energy anisotropy FeCrNiTiZrAl
Ghkl
Alloy (hkl) Structure Tm K R(I), nm ml/m
100 1,9 1644
FeCrNiTiZrAl 110 Fd3m 1644 1,4 1174
111 2,2 1934

Our proposed empirical model is schematically shown in Figure 6. It is an ideal atomically smooth sin-
gle crystal without vacancies, dislocations and other defects.

The de Broglie layer Ry = AdB = h/p for metals ranges from 0.01 nm to 0.1 nm. Quantum dimensional
effects begin in this layer. The main quantum-dimensional structures include structures with a two-
dimensional electron gas — epitaxial films, MIS structures, heterostructures, etc.; structures with one-
dimensional gas — quantum threads or wires; structures with zero-dimensional gas — quantum dots, boxes,
crystallites [22].
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Ry — de Broglie layer; R; — layer R(I); R, is the R(II) layer; R, — solid sample layer
Figure 6. Schematic representation of the surface layer [18].

In the R(I) layer with pure metal atoms, there is a reconstruction and relaxation associated with the rear-
rangement of the surface [23]. For gold, the lattice constant is equal to a = 0.41 nm and the surface is rear-
ranged at a distance R(I)s, = 1.2/0.41=3 three atomic monolayers. The size effects in the R(I) layer are de-
termined by the entire collective of atoms in the system (collective processes). Such «semiclassical» size ef-
fects are observed only in nanoparticles and nanostructures [24]. Experimentally, they can be observed in
very pure single crystals, when the regime of grazing incidence of X-ray radiation is observed and in the case
of an angle of incidence equal to or obviously smaller than the critical angle with total internal reflection
[25]. In this case, the refractive wave decays exponentially at sizes on the order of a nanometer. For example,
this dimension is 3.1 nm for silicon and 1.2 nm for gold: The result of this process is wave motion, which
propagates along the surface and reflects the thickness of the surface layer [23].

The R(II) layer extends approximately to. the size R(II) = 9R = R.,, where the bulk phase begins. Di-
mensional properties begin from this size. By nanomaterials it is customary to understand materials, the main
structural elements of which do not exceed the nanotechnological boundary of ~ 100 nm, at least in one di-
rection [25-27].

Table 2 shows that the structure of FeCrNiTiZrAl has a surface layer thickness of about 2 nm on aver-
age, which is 5-6 monolayers and is a nanostructure.

Considering the case when.the alloy is formed from its constituent elements under isobaric conditions,
the change AGmix of mixing from the initial element-by-element state to the state after fusion can be ex-
pressed as:

AGmix = AHmix - TASmix . (8)

An equilibrium state is a state with a minimum of free energy. Figure 7a (according to equation 1)
shows andncrease in the entropy of mixing with an increase in the number of elements for equimolar alloys.
It is seen that the entropy of mixing for the phases of the solid solution increases from a small value for con-
ventional alloys to a large value for high-entropy alloys of the composition [2].

Based on the effect of entropy of mixing, it is possible to divide the variety of alloys into three fields, as
shown in Figure 7b. Low entropy alloys are traditional alloys. High-entropy alloys are alloys with at least
five basic elements. Medium entropy alloys are alloys with 2—4 basic elements. The high-entropy effect of
activation of the formation of a disordered solid phase occurs in essence in the field of high-entropy alloys
and should be present to a lesser extent in medium-entropy alloys. Stabilization of a simple solid solution
phase is important for the microstructure and properties that can be obtained in these materials [2].
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Figure 7. The increase in the entropy of mixing to the number of elements in equimolar
alloys in a disordered state (a), the division of the world of alloys by the entropy of mixing (b) [2].

It should be noted that the thickness of the surface layer equal to R(I) = M / p for-high-entropy alloys is
significantly lower than for structures of 4-5 and more elemental composition (Table 3)[18]. Table 3 shows
that the thickness of the surface layer R(I) of the most common crystals is an order of magnitude greater than

Table 3
Thickness of the surface layer of complex crystals [18]

Group of pomegranate R(I), nm Group of pomegranate R(I), nm
Mg3A12(SIO4)3 25,9 Ca3FCQSi3012 21,1
FC3A12(SiO4)3 19,7 Ca3Ti2(Fezsi)Olz 22,7
MD3A12[SiO4]3 19,6 Ca3F€2(SiO4)3 18,8
CazAlL[S104]3 21,7 Cas(VAIFe)y(Si0y)3 26,2

to equation (5).

This indicates a strong compression of the crystal lattice, reducing its molar (atomic) volume according

Comparing the thickness of the surface layer of high-entropy alloys from Table 2 with the thickness of

the surface layer of metallic glasses, we found a great similarity (Table 4), R(I) is not more than 2 nm [28].

In our opinion, there is a lot4dn common between high-entropy alloys and metallic glasses. Let's com-

pare the mechanical properties of high-entropy alloys, metallic glasses and traditional stainless steels. Ta-
ble 5 shows that the microhardness of high-entropy alloys and metallic glasses is approximately the same,
but 2-3 times higher than that of stainless alloys. This means that the mechanisms for the formation of high-
entropy alloys are similar to those for the formation of metallic glasses.

The first metallic. glass-Au;5Siys was obtained by group in the USA in 1960 [29], and the first high-

entropy alloy was obtained by Chinese researchers in 2004 [1-3], that is, 40 years later than metallic glasses.

Table 4
Thickness of the surface layer of metallic glass [28]
Glass M, g/mol p, g/sm’ R(I), nm
Mg65Cu25Y10 40,7 3,8 1,8
Pd40Ni40P20 72,3 8,9 1,4
Fe7gSi10B12 47,6 6,7 1,2
Ti50Be5OZr10 36,6 3,7 1,7
Fe40Ni40P14B6 50,8 7,2 1,2
Ni49F629P14B6A12 56,7 7,8 1 ,2
ZI’62CL122A110FC5DY1 77,6 7,0 1,9
Zr415T1133Cu5 sN1jgBey s 53,8 5,7 1,6
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Table 5
Microhardness p of high-entropy alloys (HEA), metallic glasses (MS) and stainless steels (NS)

HEA u, HV [10] MS u, HV [30] NS u, HV [21]
FeCrNiTiZrAl 585 FegoBoo 1100 316 Stainless steel 189
(our alloy)

CoCrFeNiMn 659 Fe,sMo,Byo 1015 17-4 PH Stainless 410

steel
CrNiTiZrCu 890 Fe40Ni40P14B6 640 Stellite 6 (base 413
Co-Cr)
AlTiVFeNiZr 800 FesP5C, 760 Hastelloy C (based 236
on Ni-Mo-Fe)

MoTiVFeNiZr 740 Fes5Si9B1» 890 18X2H4MA 269
CuTiVFeNiZrCo 630 Ni;5SigBy7 860 15XCHJ, 335
MoTiVFeNiZrCo 790 Co75S51;5B1 910 20XT'HP 197

Let us now turn to Table 2 and consider the anisotropy of the surface energy of FeCrNiTiZrAl. Table 2
shows that the maximum surface energy chkl is achieved in the [111] plane. Metals with a face-centered cu-
bic (fcc) lattice are deformed along close-packed octahedral [111] planes in_close-packed <110> directions.
In cube-shaped lattices along the direction of the edge there are fewer atomic units than the diagonal of the
cube in the bec lattices or the diagonal of the fcc face, where there are more atomic units. The same is true
for the planes that intersect the faces of the bee and fec lattices. Since atomic units differ in different crystal-
lographic directions, and hence their density differs, this leads.to the fact that the physical and chemical
properties exhibit anisotropy of these properties in crystalline solids.

It is rather difficult to experimentally study the energy of the surface of a solid, because the atoms are
not in a liquid, where they are mobile, but rather strongly linked by intermolecular interactions. They become
mobile only at a temperature close to the melting point of a solid. At room and lower temperatures, the sur-
face energy of a crystal can be determined only by knowing its crystal structure, that is, only in the case
when it is possible to do the work of splitting the crystal in one direction or another, if the destruction of the
solid itself was brittle [31]. This method was developed in 1930 by Obreimov [32] and consisted of splitting
the crystal along the cleavage plane, which bends and the connected dynamometer measures the force pre-
venting this. The work of this force gives the value of surface energy. Gilman [33] (Table 6) measured the
surface energy of a number of crystals using this method at the temperature of liquid nitrogen (T = -196 °C).
The error obtained in determining the surface energy by the method of splitting a crystal is from 10 to 20%.
Comparing tables 6 and 2, we find that magnesium oxide and silicon oxide have similar values of surface
energy for HEAs if we take into account that these values were obtained in experiments at T = -196 °C.

Table 6
Surface energy of some crystals [33]
Crystal LiF (100) MgO (100) CaF, (111) CaCOs (100) Si(111) Zn (0001)
o, md/m* 340 1200 450 230 1240 105

The anisotropy of the surface energy leads to the fact that the melting temperature of various faces be-
comes different and, with a decrease in the particle size, it changes according to the law [34]:

T(r):TO( _&Dj, ©)
T

where T is the melting point of the bulk sample.

Table 7 shows the coefficients of friction FeCrNiTiZrAl, measured by us on the installation in Fig-
ure 5b. The average values are ~ 0.06, which noticeably distinguishes them from traditional steels, where the
steel-steel friction coefficients are ~ 0.8.
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Table 7
Coefficients of friction of samples sprayed for 2 hours in argon
Number of Coefficients of friction of samples with FeCrNiTiZrAl sputtering
measurements over copper plate over aluminum plate
1 0,075 0,044
2 0,067 0,091
3 0,092 0,044
4 0,076 0,059
5 0,074 0,062
6 0,072 0,047
7 0,086 0,054
8 0,074 0,050
9 0,092 0,055
10 0,109 0,050
Average 0,081 0,055

Within the framework of the thermodynamic approach for the dry friction coefficient, we obtained the
following formula [34]:
G-S
G’

k =N-O- N, 10)

where o is the specific surface energy of the material, S is the contact area, T is the temperature, AG’ is the

Gibbs energy, N is the average number of elementary fracture carriers (proportional to the number of de-
fects), C is a constant.
But according to the molecular kinetic theory, the friction force F ~ k is equal to:

F:J’oszc-L, (11)

where o is the surface energy (table 2), L is the length of the traveled path.

Equation (10) shows that the coefficient.of friction is proportional and increases with increasing surface
energy according to (11), that is, the value of ¢ from Table 2 should lead to an increase in the coefficient of
friction. But the opposite picture is observed experimentally, the friction coefficient decreases, which contra-
dicts the molecular kinetic theory but becomes explainable from the point of view of our formula (10), which
contains the Gibbs formula in-the denominators and significantly decreases for a high-entropy alloy accord-
ing to formulas (8) and (1): Since tribological properties play an essential role in technology, high-entropy
alloys and coatings will take a worthy place among structural materials.

Let us now turn to Figure 4, where AFM images show the waviness of the surface. We measured the
microhardness multiple times every 0.5 mm on an electronic microhardness tester HVS-1000A. The results
are shown in Figure 8.
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Figure 8. Autowaves in the FeCrNiTiZrAl coating [35]
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In both cases, a quasiperiodic structure is observed, i.e., wave process. Figure 8 shows that the wave-

length is about 10 m, i.e., the mass transfer rate is ~ 10™ m/s. Since the rate of mass transferV~+/D/t ,
then for the diffusion coefficient we obtain the estimate D ~ 10 m?/s. This corresponds to the low diffusion
regime [36].

We considered the problem of crystallization of a deposited coating in the form of a cylinder of finite
dimensions with a movable interface. The non-stationary equation describing this process in a movable cy-
lindrical coordinate system moving according to the law p(t) has the form [37-39]:

2
a—Tzoc 8_E+lg(r6_T) , (12)
ot 0z ror\ or

where a is the coefficient of thermal diffusivity.
As a result, the solution is obtained in the form:

T(r,z)= % IO(%J :

The radial and axial components of the temperature gradient are equal:
T2T, )
o z+n \R)
TR, )
oz \/;zz \'R )
Both equations containing the Bessel functions Io(2r/R).and I;(2r/R) show the wave character of the
coating solidification (Fig. 9).
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Figure 9. Graphs of Bessel functions (compare with Figure 8)

The theory of erystallization of a cylinder of finite dimensions developed by us belongs to problems
with a moving phase interface-and is called the Stefan problem [40]. Boundary value problems of this type
differ significantly from the classical problems of heat conduction or diffusion. This difference is associated
with the motion of the phase separation according to an arbitrary law, so that the separation of variables by
classical methods is.not feasible. The method of integral Fourier transforms is also not allowed. The motion
of the phase boundary leads to nonlinearity of the system of equations, which causes the appearance of
autowaves.

Industrial testing of high-entropy coating

At Karaganda CHPP-3, a hammer mill that has high economic indicators is used in systems with direct
fuel injection and can work under pressure. In these mills the fuel is crushed mainly by the impact of ham-
mers (beats), and partially also abrades between the beaters and the mill body. The main problem in the op-
eration of coal grinding mills is the high abrasive wear of the beaters, the service life of which averages 500
hours.

In this work, an attempt is made to increase the service life of the beaters of coal grinding mills by me-
chanically activating them in a tumbling drum, followed by the application of hardening coatings from high-
entropy FeCrNiTiZrAl alloys (Fig.10a). Studies have shown that with the FeCrNiTiZrAl coating the micro-
hardness increases by about 1.6 times; wear resistance increases 7.5 times; the coefficient of friction decreas-
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es almost 10 times, and the resource of the beater increases almost three times, which is economically very
significant.

The turbomechanical plant in Karaganda mastered the blades for the T-100/120-130-2 TMZ steam tur-
bine. It is a single-shaft three-cylinder unit with two cogeneration steam extractions (upper and lower) and
two exhausts. The main cause of erosive wear of the blades of low-pressure stages of steam turbines is cavi-
tation phenomena during the shock-droplet effect of wet steam on certain zones of the blades during the op-
eration of the turbine. Coating was carried out on prepared turbine blades made of steel grade 20X13. The
vacuum chamber was evacuated to a pressure of 0.003 Pa, then the PINK was switched on, Ar was injected
to a pressure of 1 Pa, a negative bias potential of 1000 V was applied to the substrate, and the blade surface
was cleaned and heated for 10 min. Then the argon pressure was lowered to 0.1 Pa, and the magnetron was
turned on. The displacement on the blades was reduced to 150 V, the magnetron current was kept constant
3 A. The blades were located in the chamber at a distance of 15 cm, the spraying time was 1 hour. Turbine
blades with spraying are shown in Figure 10 b.

Figure 10. Beater for coal grinding mills coated with FeCrNiTiZrAl (a), turbine blades coated with FeCrNiTiZrAl (b).

Conclusion

In our proposed empirical model, the surface‘anisotropy and the thickness of the surface layer of the
high-entropy FeCrNiTiZrAl alloy are calculated. X-ray fluorescence electron spectroscopy of FeCrNiTiZrAl
coatings for argon and chemical composition ‘showed that we have formed a high-entropy alloy, the thick-
ness of the surface layer of which was 2 nm. In our opinion, there is a lot in common between high-entropy
alloys and metallic glasses. Comparison.shows:that the microhardness of high-entropy alloys and metallic
glasses is approximately the same, but 2-3 times higher than that of stainless alloys. This means that the
mechanisms for the formation of high-entropy alloys are similar to those for the formation of metallic glass-
es.

Studies have shown that the maximum surface energy chkl is reached in the [111] plane. Metals with a
face-centered cubic (fcc) lattice are deformed along close-packed octahedral [111] planes in close-packed
<110> directions. The anisotropy of the surface energy leads to the fact that the melting point of different
faces becomes different and with a decrease in the size of the coating, it changes according to the hyperbolic
law.

The equation (10) we obtained shows that the friction coefficient is proportional and increases with an
increase in the surface energy according to (11), that is, the value of ¢ should lead to an increase in the fric-
tion coefficient. But the opposite picture is observed experimentally, the friction coefficient decreases, which
contradicts the molecular-kinetic theory but becomes explainable from the point of view of our formula (10),
which contains the Gibbs formula in the denominators and decreases significantly for the high-entropy one.
Since tribological properties play an essential role in technology, high-entropy alloys and coatings will take a
worthy place among structural materials.

The wear of the Hadfield steel used at CHPP-3 occurs in (500-550) hours of continuous operation. That
is, after the high-entropy coating of FeCrNiTiZrAl, the resource of the mill increases almost 3 times, which
is economically very significant.

The microhardness of our FeCrNiTiZrAl coating is not inferior to high-entropy equiatomic alloys. Such
wear resistance of the FeCrNiTiZrCu coating means that the structure of the coating is not only high-entropy,
as evidenced by the chemical composition, but also ordered. The ordering of the coating corresponds, as a
rule, to dissipative structures. They differ from equilibrium structures in that for their existence they require a
constant influx of energy from the outside (magnetron deposition of a coating).
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B.M. IOpos, A.T. bepni6exos, H.A. benridekos, K.M. Maxanos

KorapbsuTponusiiibl FeCrNiTiZrAl :xa0biHAaphl KoHE 0J1apAbIH KacueTTepi

ABTOpIap YCBIHFaH SMIHPHKAIBIK Mopenbae skorapbHTpomusuisl FeCrNiTiZrAl xopbITHachlHBIH OeTKi
SHEprHsl aHM30TPOIMSCHI KoHE OCTKi KaOaTTHIH KaJbIHABIEB ecenTenreH. KopbhITnanslH O6eTki KaOaThIHBIH
KaIBIHABIFBI IIaMaMeH 2 HM Kypaiinsl, Oyi Kypaeli KpHCTanmapiblH OeTki KaOaThIHBIH KaJbIHBIFBIHAH
YJIKeH Oouica j1a, JeTeHMEH, peTi OOMBIHIIA MeTayl IIBIHBUIApBIMEH caiikec Keneni. YKorapbIdHTpONMSUIIBI
KOPBITIIAHBIH KaTTBHUIBIFBI JKOHE 0acka Ja KacHeTTepi MeTalul LIbIHBUIapAiKiMeH Oipaei, Gipak TOTBIFyFa
Te3iMai Gonartap/blH KaTThuibiFbiHAH 2-3 ece skorapbl. JKorapeuTponusiibl FeCrNiTiZrAl kopbITnachbHbIH
Gerrik sHepruschl mamamen 2 Jlx/M> KYPaiabl, Oyl MarHWi OKCHAI MEH GalKy TeMIepaTypachl KOFaphl
backa KpuctanmapAblH OeTKi SHEepPrusichiHa coifkec keiexi. bipak Oyl KpucranaapiaH ailblpMallibUIbIFGL,
JKOFaPBIPHTPOIISIIB KOPBITIIAaHBIH YiKkenlic xodddunnentrepi kKapamaibiM Oomarrapra Kaparanma (~ 0,8)
anpekaiina TemeH (~ 0,06). Yiikemic xoadduumenti GeTki sHeprusira MpONOPIHOHAT TYPAE TIYeNAi eKeHIH
JKOHE JKOFAaPBIPHTPOIISIIBI KOPBITIIA YIITH e9yip a3aifbIll TOMEHT] yiikenicke okeneTiH ['m60c sHeprusicsIHaH
TOYeNIIri Kepi NPONOPHHOHAN eKEHIH TEOPHSUIBIK TYPFBINAH KOPCETUIeH, >KOFapBISHTPOIHMSIIBI
KOPBITIIAHBIH JKOFaphl KaTTBUIBIFBIMEH YHKellic KOI(G(HIMEHTIHIH TOMEHAIr oJapibl MeTallaH j>KacasFaH
KOHCTPYKUHMSUTBIK, OyibIMaapablH OeTiHe KalbINTaCThIpyFa BIKMAN €Till, OChl OyHbIMAAPABIH KOJIAHBICHIH
KeHEHTyre OH QCepiH THUT13e].

Kinm ce30ep: OFapbISHTPOIMSUIBIK KaOBIHIAP, KATTBUIBIK, YHKENic, TO3yFa TO3IMIAUIK, HAaHOKYPBUIbIM,
MHUKPOKATTBUIBIK.

B.M. FOpos, A.T. bepaubexos, H.A. bensru6exos, K.M. MaxanoB

BricokodnTponuiinbie nokpbiTusi FeCrNiTiZrAl n ux cBoiicTea

B npennokeHHON aBTOpamMH 3MIIUPUUYECKON MOJAEIM PacCUUTaHbl aHU30TPONHMs IMOBEPXHOCTHOW SHEPIHM U
TOJIIIMHA TIOBEPXHOCTHOTO CJ10st BBICOKO3HTponuitHoro cmasa FeCrNiTiZrAl. TonmmHa cnost HOBEPXHOCTH
9TOTO CIUIaBa COCTABIAET OKOJO 2 HM, KOTOpas Ha IOPSIOK IPEBBINACT TONIIHUHY MOBEPXHOCTHOTO CIIOS
CJIOXHBIX KPHCTAUIOB, HO MMEET TaKOH JKe MOPSJIOK, KaKk M MeTaUIMYeCKHe CTeKIa. TBepJOoCTh W Apyrue
CBOIfCTBA BEICOKOHTPOIHUITHOTO CIUIaBa OJMHAKOBBI ¢ METAJUIMIECKIMH CTEKJIaMH, HO B 2—3 pa3a IpeBbIIIa-
IOT TBEPOCTh HeprKaBeIomux cTajeil. [loBepxHOCTHAs SHEprust BEICOKOoIHTpomnmitHoro cmiaBa FeCrNiTiZrAl
cocTaBiseT 0koyio 2 [Ik/M?, YTO COOTBETCTBYET NOBEPXHOCTHOM SHEPIHH OKMCH MATHHS M JIPYTHM KPHCTAJ-
JaM ¢ BBICOKOIl Temneparypoil miasieHus. Ho, B OTJIMYME OT 3THX KPHCTALIOB, KOI(QQUIUEHTH! TPEHUS Yy
BBICOKOIHTPOIMKUHOTO CIlIaBa 3HauuTenbHO Hiwke (~ 0,06), yem y oObprHbIX ctanei (~ 0,8). Teoperuuecku
HAMH TI0KA3aHO, 4TO KO3(G(UIMEHT TPEHHs NMPONOPLHOHATIEHO 3aBHCHT OT MOBEPXHOCTHOH 3HEPTrHU U 00-
paTHO MPOIMOPIHOHAIBHO 3aBHCUT OT 3Heprun 1'nb0ca, KoTopas 3HAUMTENBHO YMEHBIIAETCS ISl BBICOKOIH-
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TPONMIHOrO CIIaBa, IIPUBOASA K HU3KOMY TPEHHIO. BhICOKast TBEpAOCTh M HU3KUH KOA()(DHULMEHT TPEHUS BbI-
COKOSHTPOIUIHOrO CIjlaBa CIOCOOCTBYIOT HAHECEHHIO MOKPBITHI U3 HUX HAa KOHCTPYKIMOHHBIE U3AENUs U3
METAJUIOB, YTO CIIOCOOCTBYET UX ITMPOKOMY IIPUMEHEHHIO.

Kniouesvie cnosa: BLICOKOSHTpOHHﬁHbIe HNOKPLITHSA, TBEPAOCTH, TPECHUC, I/I3H000CTOI>1KOCTI), HaHOCTPYKTYpa,
MUKPOTBEPAOCTb.
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