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Abstract

Relevance. The appearance of high-entropy alloys with increased values of hardness and thermal stability led to the
study of their properties in coatings. High-entropy metal coatings are described by high hardness values in the range
from 7 to 19 GPa.

Purpose. Study of the general regularities of the influence of various parameters on physical properties of high-entropy
metal coatings.

Methods. To obtain high-entropy alloys based on solid solutions with a body-centred cubic and face-centred cubic
lattice, the metals Al, Ti, Cr, V, Nb, Mo, Zr, Hf, Ta, Mn, Fe, Co, Ni of groups 3-8 of the periodic table were used. Cast
alloys were obtained by vacuum arc melting. Coatings — by methods of vacuum arc sputtering and ion sputtering in the
plasma of a compressed vacuum arc discharge. The thickness of the coatings varied from 4 to 6 microns. The coatings
were studied using X-ray phase analysis and instrumental indentation.

Results. The study of the initial materials and metal coatings made of them allowed determining the phase composition,
hardness, modulus of elasticity and normalised hardness. In the studied alloys, the phase composition of the cast
high-entropy alloy and coatings did not change. However, in most cases, the lattice parameter in the coatings was
less than in the cast state, and the modulus of elasticity of the coatings was slightly higher than in the cast material.
Due to the substantial reduction of the structure in the coatings, their hardness is more than twice the hardness of
the cast material.

Conclusions. Based on the results obtained, the influence of the lattice parameter on the hardness and modulus of
elasticity in high-entropy coatings based on body-centred cubic and face-centred cubic lattices is revealed. A decrease
in the lattice parameter of a high-entropy coating by 10% causes a twofold increase in hardness, which is also typical
for cast high-entropy alloys
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Introduction

A new class of materials — high-entropy alloys (HEA) in  high-strength compared to conventional solid-soluble
the state of a single-phase solid substitution solution, alloys [1-3]. The presence of atoms with different electron
by their nature are more thermodynamically stable and  concentrations, radius size, and modulus of elasticity
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affect the development of both the phase composition and
the physical features of solid-soluble HEA.

The development of the HEA phase composition is
substantially influenced by the electron concentration [4; 5].
Thus, solid HEA solutions based on a body-centred cubic
(BCQ) lattice are developed in the electronic concentration
range from 4.2 to 7.2 el/at. At an electron concentration
above 7.9 el/at, solid HEA solutions are developed based
on a face-centred cubic (FCC) lattice. The study [6] demon-
strates that the displacement of the enthalpy characteris-
tics towards negative values in solid solutions with BCC
and FCC lattices contributes to a decrease in the lattice
parameter. This process is accompanied by an increase in
hardness, modulus of elasticity, and normalised hardness.
The dimensional discrepancy according to data [7] makes
a substantial contribution to the hardening of solid HEA
solutions. Thus, the electron concentration, mixing enthalpy,
dimensional mismatch, and other factors contribute to the
development of the lattice parameter, on which, as shown
in studies [5; 6], the physical properties of cast HEA based
on the BCC lattice depend.

High-entropy coatings are given much attention
because of the high hardness values compared to one or
two-component coatings [8-14]. At the same time, there
are no scientific papers investigating the correlation of
the lattice parameter of high-entropy coatings with physical
characteristics.

The purpose of this study is to investigate the influ-
ence of the lattice parameter of solid-state high-entropy
coatings on their physical and mechanical properties.

Materials and Methods

Solid-soluble high-entropy alloys based on BCC and FCC
lattices were chosen as the material for obtaining coatings.
The alloys were chosen based on the recommendations
of the studies [5; 6]. The composition of solid-soluble
high-entropy alloys based on the BCC lattice included
such elements as Al, Ti, Cr, V, Nb, Mo, Zr, Hf, Ta. The
composition of a solid-soluble high-entropy alloy based
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on the FCC lattice comprised Cr, Mn, Fe, Co, and Ni in
equiatomic proportions.

The sputtering targets were made by vacuum arc
melting in an atmosphere of high-purity argon using a
non-consumable tungsten electrode. Cathodes for vacuum
arc sputtering were made with a diameter of 60 mm and
a height of 50 mm. Targets with a diameter of 60 mm
and a thickness of 5 mm were made for ion sputtering in
a compressed vacuum-arc discharge plasma. To obtain
high-entropy coatings, the study employed the methods of
vacuum arc sputtering and ion sputtering in a compressed
vacuum arc discharge plasma.

Polished plates made of 12XI18HIT stainless steel
with dimensions of 20x20x3 mm were sprayed. Vacuum
arc deposition of coatings was performed upon the appli-
cation of a constant negative potential (-200 V) to the
substrate, at an arc current of 85 A, and a residual gas
pressure of 0,0066 Pa. The coatings were obtained in the
plasma of a compressed vacuum arc discharge at a gas
discharge current of 25 A, a magnetic field of 3.6 mT, a po-
tential on the target (-850 V) and a displacement potential
on the substrate (-50 V), the pressure of the gas mixture
during deposition was 0.3 Pa. The substrate temperature
for all deposition methods depended on the application
conditions and was in the range of 170-280 °C. The thickness
of the coatings varied from 4 to 9 um.

The phase composition was determined using a
DRON-UMI diffractometer in monochromatic CuKa radia-
tion. The values of hardness (H,,) and modulus of elastic-
ity (E) were determined by the indentation method in accor-
dance with the international standard ISO 14577:1-2015 [15].
The paper uses the H/E characteristics, which, according
to [16], describes the structural state of the material.

Results and Discussion

The study of the lattice parameter and the physical and
mechanical properties of the target material and coatings
obtained from them by vacuum arc sputtering is presented
in Table 1.

Table 1. Lattice parameter (a), hardness (H) and modulus of elasticity (E) of cast materials and coatings made of
them obtained by vacuum arc spraying

Composition Target Coating
a, nm N, gPa E, gPa H/E a, nm N, gPa E, gPa H/E
AITiCrVNbMo 0,3133 6.8 178 0,038 0,3137 17.0 175 0,097
TiZrVNbMo 0,3224 -5.4 126 0,043 0,3220 12.0 135 0,088
TiZrNbTaV 0,3304 4.3 117 0,038 0,3264 10.0 125 0,080
TiZrNbTaHf 0,3338 4.0 103 0,039 0,3336 8.0 101 0,079
TiZrHfNbTaVv 0,3348 -3.4 87 0,039 0,3346 7.0 96 0,073

The data presented in Table 1 suggests that high-
entropy coatings have a substantially higher hardness
than the target material while maintaining the phase
composition and a close lattice parameter. Upon spraying,
some evaporation of the elements occurs, which affects
the change in the lattice parameter of the coating compared

to the target. Both a slight increase in the lattice parameter
and its decrease are observed. Therewith, the modulus of
elasticity also changes in accordance with the change in the
lattice parameter. With an increase in the lattice parameter,
a decrease in the modulus of elasticity is observed (Fig. 1).
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Figure 1. Influence of the lattice parameter of solid-soluble alloys on the hardness (a)
and modulus of elasticity (b) for the cast state (1) and coating (2)

Evidently, the hardness in the coating exceeds the
hardness of the target by two or more times. This increase
in the hardness of the coatings is explained by a change

a)

in the structural state (Fig. 2). If the grain size in the cast
state is in the range of 20-50 microns (Fig. 2a), then for
coatings it is reduced to 20-200 nm (Fig. 2b).
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Figure 2. The structure of the target (a) and the coating (b) made of a high-entropy
alloy of the AITiCrVNbMo system

A sharp increase in hardness with minor changes
in the values of the modulus of elasticity leads to a sub-
stantial increase in the ratio of normalised hardness,
which reaches values close to 0.1. Values above 0.1 are
typical only for amorphous metals and alloys [17]. The
results obtained show that in solid-soluble high-entropy
coatings based on the BCC lattice, the regularities inherent
in cast high-entropy BCC alloys are preserved. The lat-
tice parameter determines the hardness and modulus of

elasticity of the coatings, despite the substantial difference
in the chemical composition of the initial alloys (Table 1).
A similar pattern of the influence of the lattice parameter
on the physical properties was also found for a high-
entropy coating based on the FCC lattice. Coatings made
of a high-entropy CrFeCoNiMn alloy were obtained by ion
sputtering in a compressed vacuum arc discharge plasma
under various deposition modes (Table 2).

Table 2. Phase composition lattice parameter and physical characteristics of the target and coatings from the
CrFeCoNiMn weight composition depending on the technological deposition modes

Seq. No. U,V U, kv H,, GPa E, GPa H/E a, nm
Target 2.2 150 0.015 3605
Coatings
1 50 0.8 5.5 170 0,032 0,3608
2 50 1.2 9.0 200 0,045 0,3597
3 100 1.0 10.0 205 0,049 0,3587
4 100 1.0 10.5 205 0,056 0,3580
5 150 1.2 11.0 210 0,056 0,3577

Notes: U_-voltage on the substrate; U - voltage on the target



X-ray phase analysis confirmed that the coatings,
like the target, are an FCC solid solution. The data presented
in Table 2 demonstrate that a high-entropy alloy of the
CrFeCoNiMn composition has a low hardness, modulus
of elasticity, and H/E ratio. This is explained by the small
values of the dimensional discrepancy and the low level of
hardening of this alloy [18]. At the same time, with almost
equal parameters of the cast alloy lattice (0,3605) and the
coating (0,3608), the hardness in-creased from 2.2 to 5.5 GPa,
which is typical for grain grinding.

As in the case of solid-soluble high-entropy BCC
coatings, the lattice parameter in a high-entropy coating
based on an FCC lattice affects the hardness and modu-
lus of elasticity. A decrease in the lattice parameter of a
high-entropy coating of the CrFeCoNiMn composition
from 0,3608 to 0,3577 nm is accompanied by an increase
in the modulus of elasticity from 165 to 210 gPa, and the
hardness from 5.5 to 11 gPa. The results obtained show
that HEA are a new class of materials, which are described
by their unique features. Most importantly, these include
the influence of the lattice parame-ter of solid-soluble
materials on the modulus of elasticity and hardness. As
the lattice parameter in HEA decreases, the binding forces
between the atoms increase, which leads to an increase
in the modulus of elasticity. In addition, when the lat-
tice parameter decreases, the voltage required for the
“non-conservative” elastic displacement of dislocation
sites increases. This process contributes to increasing the
hardness of the HEA.
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Conclusions

High-entropy solid-soluble alloys based on BCC and
FCC lattices were smelted and studied. It is shown that
high values of normalised hardness are inherent in cast
solid-solution alloys based on the BCC lattice, which are
characteristic of metals only in the nanostructured state.
The coatings obtained by vacuum arc sputtering from
high-entropy solid-soluble alloys based on BCC lattices
have a high hardness from 7 to 17 gPa, which is more than
twice the hardness of the cast metal.

The values of the normalised hardness in coatings
made of high-entropy solid-soluble alloys based on the BCC
lattice reach values of 0,097 and approach the values in-
herent in amorphous alloys. The obtained results suggest
thatin high-entropy coatings, in the state of a single-phase
solid substitution solution, the modulus of elasticity and
hardness are proportional to the lattice parameter.

The reduction of the lattice parameter in solid-
soluble high-entropy alloys based on the BCC lattice from
0,3356 to 0,3133 nm contributes to an increase in hardness
and modulus of elasticity almost twice, both for the cast
state and for coatings. For a high-entropy coating of the
CrFeCoNiMn composition, a decrease in the lattice pa-
rameter from 0,3608 to 0,3577 nm is accompanied by an
increase in the modulus of elasticity from 165 to 210 GPa,
and the hardness from 5.5 to 11 gPa.
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AHoTania

AxTyanbHicTh. [losiBa BUCOKOEHTPOMIMHUX CIUIABIB, IO BOJOAIIOTH IMiJBUIIEHUMU 3HAYEHHSIMHU TBEPAOCT ¥
TepMOCTabiIBbHOCTI, 3yMOBHWIO AOCTIKEHHs IX BJACTUBOCTEH Yy MOKPUTTSIX. BHUCOKOEHTPOIIHHUM METaTiYHUM
TMOKPUTTSAM BJIAaCTHBI BUCOKI 3HaUE€HHS TBEPAOCTi Y Mexxax Bif 7 fo 19 I'Tla.

MeTa. BuBuYeHHs 3araJibHUX 3aKOHOMIpDHOCTeH BIUIMBY Pi3HUX NapaMeTpiB Ha (i3MKo-MeXaHiyHi BIaCTUBOCTI
BHCOKOEHTPOIIIMHNX MeTaleBUX TOKPUTTIB.

MeTtoau. /lnsi oTpuMaHHS BHCOKOEHTPOIIMHUX CIUIABIB HAa OCHOBI TBEPAUX PO3YWHIB i3 06'€MHO-IIEHTPOBAHOI
KybivYHOI i rpaHelleHTPOBaHOI Ky6iuHOI pelriTok BukopuctaHo metanu Al, Ti, Cr, V, Nb, Mo, Zr, Hf, Ta, Mn, Fe, Co, Ni
3-8 rpym Tabnuni MeHzeneesa. JIUTi CIUIaBU OTPUMaHO METOZOM BaKyyMHO-AYTOBOI ITaBKU. [IOKPUTTA — MeTOAaMHU
BaKyyMHO-ZyT'OBOT'0O HAlIWJIEHHsA T iOHHOT'O PO3NWJIEHHA y I7Ia3Mi CTUCHEHOT'0 BaKyyMHO-AYTOBOro po3psAAy. ToBIMHA
IIOKPUTTIB BapitoBanacsa Bi 4 7o 6 MKM. JJoCIi/XKeHHA MOKPUTTIB IIPOBOJWIN 32 ZIOIIOMOT'OI0 PEHTTeHO(a30BOTO
aHasli3y Ta iIHCTPyMEeHTaJIbHOTO iH/JeHTyBaHH.

PesysbTaTu. IIpoBesieHe AOCIPKEHHA BUXIHUX MaTepiaiiB i MeTaleBUX IOKPUTTIB 3 HUX JO3BOJWIN BU3HAUUTU
dbasoBuil ckIaz, 3HaYEHHS TBEP/OCTi, MOAYJISI IPYKHOCTI 1 HOPMOBAHOI TBEPZAOCTI. Y JOCTI/PKEHUX CIUTaBaxX (pa3oBUt
CKJIaJl BUXiZIHUX BUCOKOEHTPOITIHUX CILIaBiB i MIOKPUTTIB He 3a3HaBaB 3MiH. OfHAK, TapaMeTp PEIIiTKU Y TOKPUTTSX,
31e6inbioro, 6yB MeHIlle, HXK Y JIUTOMY CTaHi, a MOZAY/Ib MPYKHOCTI IIOKPUTTS OYB [AE€I0 BUIIUM, HiXK Y JTUTOMY
MaTepiaii. Y 3B's13Ky 3 iCTOTHUM 3MeHIIIEHHSIM CTPYKTYPH ¥ TOKPUTTSX iX TBEPAICTD OUIBII HX ¥ IBa pasu IIepeBepIIye
TBEPZiCTb INTOTO MaTepiasy.

BucHoBKku. Ha mizcTaBi OTpUMaHUX pe3y/lbTaTiB BHUABJEHO BIUIMB IlapaMeTpa peIliTKHM Ha TBepZicTb i MOAY/Ib
TIPY’KHOCTi ¥ BUCOKOEHTPOIIITHUX IIOKPUTTAX Ha OCHOBi 06’€MHO-IIeHTPOBaHOI KyOiYHOi i rpaHeIieHTpoBaHOi KyOi4HO1
pelliToK. 3HMXeHHA lTapaMeTpa pellliTKU BUCOKOEHTPOIIiNHOro MOKpUTTA Ha 10 % BUKJINKAE 3pOCTAHHA TBEPAOCTi y
ZIBa pasy, 1[0 XapaKTePHO i AJIA TUTUX BUCOKOEHTPOIIIMHUX CILIaBiB

KirouoBi ciioBa: MetaniuHi mokputts, pazoBuii ckiaz, OLIK pemiTka, 'K penriTka, MOZY/Ib IPYKHOCT] i HOpMOBaHa
TBEPZICThb



