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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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A new class of materials – high-entropy alloys (HEA) in 
the state of a single-phase solid substitution solution, 
by their nature are more thermodynamically stable and 

high-strength compared to conventional solid-soluble 
alloys [1-3]. The presence of atoms with different electron 
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 
(BCC) 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

Results and Discussion

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 

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 12X18H9T stainless steel 
with dimensions of 20×20×3 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 µm.

The phase composition was determined using a 
DRON-UM1 diffractometer in monochromatic CuKα radia-
tion. The values of hardness (HIT) 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.

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

AlTiCrVNbMo 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

TiZrHfNbTaV 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).

Influence of the lattice parameter on physical properties of high-entropy coatings
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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)

Figure 2. The structure of the target (a) and the coating (b) made of a high-entropy
alloy of the AlTiCrVNbMo system

a)

a)

b)

b)

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 

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).

Spectrum 1

Spectrum 2

Electron Image 1600 nm

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. Us, V Ut, kV HIT, 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: Us – voltage on the substrate; Ut – voltage on the target

Gorban et al.
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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.

Conclusions
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Анотація
Актуальність. Поява високоентропійних сплавів, що володіють підвищеними значеннями твердості й 
термостабільності, зумовило дослідження їх властивостей у покриттях. Високоентропійним металічним 
покриттям властиві високі значення твердості у межах від 7 до 19 ГПа.

Мета. Вивчення загальних закономірностей впливу різних параметрів на фізико-механічні властивості 
високоентропійних металевих покриттів.

Методи. Для отримання високоентропійних сплавів на основі твердих розчинів із об'ємно-центрованої 
кубічної і гранецентрованої кубічної решіток використано метали Al, Ti, Cr, V, Nb, Mo, Zr, Hf, Tа, Mn, Fe, Co, Ni 
3-8 груп таблиці Менделєєва. Литі сплави отримано методом вакуумно-дугової плавки. Покриття – методами 
вакуумно-дугового напилення та іонного розпилення у плазмі стисненого вакуумно-дугового розряду. Товщина 
покриттів варіювалася від 4 до 6 мкм. Дослідження покриттів проводили за допомогою рентгенофазового 
аналізу та інструментального індентування.

Результати. Проведене дослідження вихідних матеріалів і металевих покриттів з них дозволили визначити 
фазовий склад, значення твердості, модуля пружності й нормованої твердості. У досліджених сплавах фазовий 
склад вихідних високоентропійних сплавів і покриттів не зазнавав змін. Однак, параметр решітки у покриттях, 
здебільшого, був менше, ніж у литому стані, а модуль пружності покриття був дещо вищим, ніж у литому 
матеріалі. У зв'язку з істотним зменшенням структури у покриттях їх твердість більш ніж у два рази перевершує 
твердість литого матеріалу.

Висновки. На підставі отриманих результатів виявлено вплив параметра решітки на твердість і модуль 
пружності у високоентропійних покриттях на основі об’ємно-центрованої кубічної і гранецентрованої кубічної 
решіток. Зниження параметра решітки високоентропійного покриття на 10 % викликає зростання твердості у 
два рази, що характерно і для литих високоентропійних сплавів

Ключові слова: металічні покриття, фазовий склад, ОЦК решітка, ГЦК решітка, модуль пружності і нормована 
твердість
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