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A high-entropy alloy ZrTiCrNiCu and coating are synthesized by mechanical
alloying. The microhardness of the ZrTiCrNiCu coating is not inferior and in
most cases exceeds the hardness of highly entropic equiatomic alloys. The wear
resistance of the ZrTiCrNiCu coating is 8-10™ g/min, which also meets the spe-
cial steels for wear resistance. A high-entropy coating has a low coefficient of
friction. They turn out to be anti-friction, which, in all likelihood, leads to en-
ergy savings. The surface energy, contact potential difference, and electron
work function for high entropy coatings are first determined in the work.

Key words: high-entropy alloy, plasma coating, microhardness, friction,
wear resistance.

Bucoxoentponiiauii cron ZrTiCrNiCu Ta MOKPUTTS CUHTE3YIOTh MeXaHiYHUM
geryBaaaaMm. Mikporesepaicts noxkputts ZrTiCrNiCu He mocrynaeTbes i B 0i-
JBIIIOCTI BUIIAAKIiB HEepPEeBUINYE TBEPAiCTh BHCOKOEHTPONIMHUX €KBiaTOMHUX
cromiB. 3H0cocriiikicTs nokpurra ZrTiCrNiCu crarosuts 3-107* r/xB, mo Ta-
KOJK BilIOBizlae cremniaJbHUM CTAJAM IJA 3HOCOCTiMKocTi. ITokpuTTs 3 Buco-
KOI0 eHTPOIIi€i0 MaloTh HU3bKUI KoedillieHT TepTs. BoHM BUABASIOTHLCS aH-
TUGPUKIIHHUMH, 1110, KMOBipHO, IIPU3BOAUTE OO0 eKOHOMIii eHeprii. Buepiie B
Po0OTi BU3HAUEHO IIOBEPXHEBY €HEPriio, KOHTAKTHY Pi3HUIIO MOTEHIiaIiB Ta
PoOOTY BUXOAY €JIeKTPOHA AJIA BIUCOKOCHTPOIIiHHIX IIOKPUTTIB.

KarouoBi ci1oBa: BUCOKOEHTPOIIMHMUE CTOM, IIJIa3MOBe IIOKPUTTSA, MiKPOTBEp-
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1.INTRODUCTION

According to the authors of [1], a distinctive feature of high-entropy
alloys (HEAs) from traditional alloys is that these alloys have high en-
tropy of mixing, which affects the formation of structures based on
solid solutions. Just over 15 years have passed since the discovery of
high-entropy alloys (2004). The first review is performed as a complete
material science cycle ‘production—structure—properties’ for a new
class of vacuum-plasma coatings—nitrides of multi-element high en-
tropy metal alloys in [2].

A current state analysis is made for the production of such coatings,
their morphology, elemental and phase compositions, structure, sub-
structure, stress state and functional properties depending on the
main formation parameters: substrate temperature during deposition,
magnitude of the bias potential supplied to the substrate, and the com-
position of the gas atmosphere. Then many articles appeared on the
synthesis and study of various high-entropy alloys [3—9].

The latest review on HEAs is made in [10]. An analysis of more than
200 obtained high entropy alloys (HEA) allowed to establish the rela-
tionship between the electron concentration, phase composition, lat-
tice parameter and the properties of solid solutions based on b.c.c.,
f.c.c. lattice.

The basic conditions for the appearance of high-entropy chemical
compounds—the Laves phase, o- and p-phases, are revealed. For the
formation of a 100% high-entropy o-phase, a necessary condition is
that all the elements that make up the high-entropy alloys must form
the o-phase in two-component alloys in a different combination, and
the electronic concentration of the alloy should be in the range of 6.7—
7.3 electron/atom.

For the formation of a 100% high-entropy phase of Laves the follow-
ing conditions are required: the total negative enthalpy of alloy mixing
at the level of —7 kJ/mol and below; pairs with an atomic difference of
more than 12% ; the presence in the alloy of two elements with a mix-
ing enthalpy of less than —30 kJ/mol, the average electron concentra-
tion should be in the range of 6—7 electron/atom. It is shown that the
ratio of the lattice parameters of solid-state HEA, determined in the
experiment, to the lattice parameter of the most refractory metal of
the HEA determine the magnitude of the elastic modulus.

In this article, a high-entropy alloy ZrTiCrNiCu has been synthe-
sized and studied for the first time, which has unique mechanical
properties: the hardness is 2—3 times higher than that of traditional
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stainless steels, and the friction coefficient has a small value (0.04) at
the level of layered materials.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Method for the Synthesis of ZrTiCrNiCu Alloy and Coating

The following article is taken as a basis [11]. For the preparation of the
ZrTiCrNiCu target, micropowders of the corresponding metals are
taken and mixed in equiatomic proportions. Then, the prepared powder
mixture is placed in a grinding bowl of a planetary ball mill made of
tungsten carbide and grinding bodies are added. Grinding bodies are
balls with a diameter of 5—10 mm, also made of tungsten carbide, the
mass of which is equal to 10 masses of the powder mixture.

Then the grinding bowl is filled with gasoline galosh, the lid is tight-
ly closed and the planetary ball mill is turned on (rotation speed is 500
rpm, operation time 5 hours).The resulting homogenized composition
is then dried in a vacuum and pressed with a mold into a flat disk with a
diameter of 100 mm and a thickness of 5 mm. Next, the disk is placed
in a vacuum thermo-furnace and sintered in it for 3 hours. Further,
the fabricated ZrTiCrNiCu target (Fig. 1) is used for applying a magne-
tron coating on the NNV-6.611 installation.

Coating is carried out on prepared substrates made of AISI-201 steel
(hexagons with a side length of 22 mm and a thickness of 5 mm). The
vacuum chamber is evacuated to a pressure of 0.003 Pa, then a plasma
source with a hot cathode (PSWHC) is turned on, argon or nitrogen is
injected to a pressure of 1 Pa, a negative bias potential of 1000 V is ap-
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Fig. 1. ZrTiCrNiCu target for a magnetron (a), the plot of the ZrTiCrNiCu dif-
fraction pattern (b).
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TABLE 1. The phase composition of the coating.

Sample |Detected phases/The content of phases, at.% |Lattice parameters, A

Cu, ,ZrNi, ; 10 a=6.7671
Cu 7.8 a=3.6178

Zr 65Nig o8 19.8 a=3.5406

. =4.9076

ZrTiCrNiCu CI‘2T1 29.5 ca: 15.9700
a=2.8007

J— b=4.6192

NiTi 33 c=4.1824

B=97.5793

Possible phase presence ZrNi, Cu;Ti,

plied to the substrate, and the substrate surface is cleaned and heated
for 10 minutes. After that, the argon pressure is lowered to 0.1 Pa and
the magnetron is switched on. The bias potential on the substrate is re-
duced to 150 V, the magnetron current is kept constant at 3 A. The
substrate is located in the chamber at a distance of 15 cm, the spraying
time is 1 hour.

2.2. Diffractometry of ZrTiCrNiCu Coatings

The phase composition and structural parameters of the samples are
studied using an XRD-6000 diffractometer using CukK, radiation.

The phase composition analysis is carried out using PDF 4 + data-
bases, as well as the POWDER CELL 2.4 full-profile analysis program.
Table 1 and in Fig. 1, b show data on the studied samples.

2.3. Electron Microscopic Examination of ZrTiCrNiCu Coatings

Electron microscopy is carried out using a TESCAN MIRA 3 scanning
electron microscope. Figure 2 shows the XPS of coatings, and Table 2
shows the chemical composition.

From Figures 1, 2 and Tables 1, 2 it follows that when the high-
entropy alloy ZrTiCrNiCu is sprayed at a pressure of up to 1 Pa, no ni-
trides are formed. The coating thickness is 7—10 microns.

2.4. Microhardness of ZrTiCrNiCu Coatings

The microhardness of the coatings is studied on an HVS-1000A micro-
hardness tester. The microhardness measurements of ZrTiCrNiCu
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Fig. 2. XPS of ZrTiCrNiCu in argon at 2 points.

TABLE 2. Quantitative chemical composition of ZrTiCrNiCu, %.

Element Zr Ti Cr Ni Cu
Nominal 20 20 20 20 20
In argon 23.2 21.2 19.9 17.1 6.8
In nitrogen 22.8 20.8 19.7 16.9 7.0

coatings are given in Table 3. The microhardness of ZrTiCrNiCu coat-
ings in argon and nitrogen is almost unchanged. This means that ni-
trogen does not form part of the coating.

Compare the data of Table 3 with the data of high-entropy alloys
(Table 4). It turned out that these cast materials, along with the char-
acteristics typical of metal alloys, had unique and unusual properties
inherent, for example, to cermets: high hardness and resistance to sof-
tening at high temperatures, dispersion hardening, a positive temper-
ature coefficient of hardening, and a high level of strength character-
istics at elevated temperatures, attractive wear resistance, corrosion
resistance and a number of other properties.

The microhardness of our ZrTiCrNiCu coating is not inferior to
highly entropic equiatomic alloys.

2.5. Tribological Features of ZrTiCrNiCu Coatings

Tribological studies are carried out on the setup described in [13].
ZrTiCrNiCu is sprayed on a stationary sample for an hour with a refer-

TABLE 3. Microhardness of ZrTiCrNiCu coating in argon and nitrogen.

Microhardness 1 2 3 4 5 6 7 Average
HYV, argon 839 909 864 842 967 753 821 890
HV,nitrogen | 897 899 899 863 879 887 966 890
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TABLE 4. Microhardness of high entropy alloys [12].

Alloys Initial hardness cast | Alloy hardness after
alloys, HV annealing, HV
CuTiVFeNiZr 590 600
AlTiVFeNiZr 800 790
MoTiVFeNiZr 740 760
CuTiVFeNiZrCo 630 620
AlTiVFeNiZrCo 790 800
MoTiVFeNiZrCo 790 790
CuTiVFeNiZrCoCr 680 680
AlTiVFeNiZrCoCr 780
MoTiVFeNiZrCoCr 850 890
316 Stainless steel 189 155
17-4 PH Stainless steel 410 362
Hastelloy C (based Ni—Mo—Fe) 236 280
Stellite 6 (based Co—Cr) 413 494
Microhardness of our 890 890
ZrTiCrNiCu coating

ence voltage of 150 and 250 volts in a constant power mode of 1.5 kW
(Table 5).

High entropy ZrTiCrNiCu coatings turn out to be anti-friction,
which in all probability leads to energy savings.

2.6. Work Function, Surface Energy and Properties of ZrTiCrNiCu
Coatings

The measurement complex of the contact potential difference devel-
oped by the authors of [14] is shown in Fig. 3. The sensor housing is de-
signed in the SolidWorks program and printed on a Picaso 3D Designer
3D printer.

The sensor housing is designed to provide a gap between the measur-
ing electrode and the capacitor of 0.5 mm at rest. The advantages of
the capacitor method of the contact potential difference are:

— the capacitor can be manufactured with high accuracy;

TABLE 5. Friction coefficients for steel and aluminium.

Coating For steel For aluminium
Coefficient of Error Coefficient of Error
friction friction
ZrTiCrNiCu argon 0.081 0.006 0.066 0.002

ZrTiCrNiCu nitrogen 0.097 0.001 0.077 0.004
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Fig. 3. Complex for measuring the contact potential difference of metal parts.

— the capacitor has low losses (the passage of electric current
through capacitive resistance is not accompanied by heat loss) and a
high efficiency;

—the shape of the capacitor type sensor can be adapted to various
surface shapes of the sample.

The indicated design features of the sensor allow reliable measure-
ments of the contact potential difference of metals (Table 6).

3. RESULTS AND DISCUSSION

The high-entropy alloy ZrTiCrNiCu made by mechanical alloying fol-
lowed by calcination at a temperature of 1100°C shows a very good
property, which does not change with time. This alloy is obtained from
pure metal spherical micropowders with a diameter of not more than
20 microns. This size satisfies the mechanical alloying method re-

TABLE 6. Surface energy, contact potential difference (CPD), and electron
work function for the alloy and its composition.

Coating T,.,K | od/m® | CPD,mV | g,V

ZrTiCrNiCu 1642 1.149 271 4.73
Ni 1726 1.208 - 4.91-5.01

Cr 2130 1.491 187 4.60

Ti 1943 1.360 - 4.33

Zr 2125 1.488 - 4.12

Cu 1336 0.935 374 4.36
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quirements.

In the Table 2 shows the quantitative chemical composition of
ZrTiCrNiCu, % , which proves that we have a high-entropy coating. In
the Table 1 shows the phase composition of the coating. We will discuss
this composition.

The first is Cu, sZrNi, ; with a phase content of 10 at.% and with a
lattice constant equal to a = 6.7671 A. According to [15, 16], the struc-
ture of Cu, ;ZrNi, ; is B2—a high-temperature austenitic phase ordered
by the CsCl type (Pm3m-f.c.c.).

In second place is Cu with a phase content of 7.8 at.% and lattice
constant a = 3.6178 A. The unit cell of copper is f.c.c.

Third place is Zr, (,Ni, s With a phase content of 19.8 at.% and lat-
tice constant a = 3.3406 A. According to X-ray spectral analysis, the
main component of the eutectic is the combination of nickel and zirco-
nium. The eutectic component is identified as a ZrNi intermetallic
compound with an f.c.c. lattice corresponding to the space group F43m
(sphalerite type).

Fourth place is Cr,Ti with a phase content of 29.5 at.% and lattice
constant a = 4.9076 A and ¢ = 15.9700 A. Near the TiCr, composition,
intermediate phases with the Laves structure are formed [17].

In fifth place is NiTi with a phase content of 33 at.% and the lattice
constant a =2.8007 A, b=4.6192 A, c=4.1824 A, B =97.5793. Accord-
ing to [18], the results of neutron diffraction studies of quenched al-
loys in the initial austenitic and martensitic states show that the
Tig sNisg 5 alloy is in the austenitic state at room temperature. The pa-
rameter of its crystal lattice B2 (a) and the degree of long-range atomic
order (n) turned out to be a =0.30125 nm; n=1.00 + 0.05. In contrast,
the Ti;;Nis; alloy at room temperature is in the B19' martensite
state, which unambiguously follows from the interpretation of the
neutron diffraction pattern and allows one to determine its parame-
ters: a = 0.2903, b = 0.4112, ¢ = 0.4636 nm, = 97.25. The NiTi ob-
served by us turns out to be martensite with the B19’ structure.

Thus, of the five high entropy ZrTiCrNiCu coatings, three have an
MCC structure, TiCr, gives the Laves phase, and NiTi gives martensite
with the B19' structure.

Microhardness combined with a low coefficient of friction leads to
good wear resistance of the ZrTiCrNiCu coating. The application of
such a coating to parts of locomotives of rolling stock showed an in-
crease in service life by 4 times. The coatings are made on steel parts
DTRKZ4AC00446.

As for the contact potential difference and the electron work func-
tion for the ZrTiCrNiCu alloy, we can conclude that this alloy is not in-
ferior to copper alloys in their electrical characteristics.

The very good performance of the coatings from the ZrTiCrNiCu
target is most likely due to titanium and zirconium nickelides. These
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compounds have the property of shape memory [19]. One of the most
relevant areas of application of these materials is the so-called active
devices (devices that perform mechanical work under the influence of
heat, for example, drives). An alloy with a shape memory effect when
operating in such devices is subjected to various thermomechanical in-
fluences, such as dynamic loading, a single or multiple temperature
change through a full or incomplete temperature range of a reversible
martensitic transformation.

We emphasize once again the uniqueness of the coating we have ob-
tained. In [20], we obtained the formula:

oS  _

k=CT o, (1)

T

Equation (1) describes the friction coefficient £ proportional to the
time of motion during friction At, the work of friction forces A = ¢S,
the electron concentration n, surface energy o, contact area S and is
inversely proportional to the relaxation time t and Gibbs energy G° of
the thermostat, C = const.

For high-entropy coatings G°= H — TS + PV — S ~ 2R and the fric-
tion coefficient should decrease. Its decrease is also associated with the
formation of nanostructures and the dependence of the surface energy
o according to A. I. Rusanov: 6 = K r —» 0 at r - 0. Surface energy o
linearly depends on the hardness of the alloy: 6 = au, a = const. Thus,
equation (1) shows that the coefficient of friction of the coating de-
creases with the use of a high-entropy alloy and with a decrease in the
surface energy of the coating.

4. CONCLUSION

Thus, of the five high entropy ZrTiCrNiCu coatings, three have an
MCC structure, TiCr, gives the Laves phase, and NiTi gives martensite
with the B19' structure.

The proposed high-entropy coating ZrTiCrNiCu on parts of locomo-
tives of rolling stock is based on its high hardness (890 MPa) and low
friction coefficient (0.04), which leads to an increase in wear re-
sistance and increases the service life of these parts by 3—4 times.
High-entropy coatings due to the small thickness (~7—10 microns) of
parts of enterprises can be applied again after abrasive wear. High-
entropy coatings have unique properties due to the formation of a
nanostructure in the surface layer. We have shown this theoretically
[20], considering them by the method of quantum thermodynamics of
irreversible processes, and experimentally, considering them by the
methods of electron microscopy, microhardness tester and automati-
cally measuring the friction coefficients. Equation (1) describes the
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friction coefficient & proportional to the time of motion during friction
At, the work of friction forces A = ¢S, the electron concentration n,
surface energy o, contact area S and is inversely proportional to the
relaxation time t and Gibbs energy G° of the thermostat.

For high-entropy coatings G°= H — TS + PV — S ~ 2R and the fric-
tion coefficient should decrease. Its decrease is also associated with the
formation of nanostructures and the dependence of the surface energy
c according to A.I. Rusanov:ic=Kr—0atr—0.
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