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As a result of deposition of nanostructured multicomponent (TiZrAlYNb)N and (TiZrHfVNbTa)N nit-

ride coatings, a phase with FCC lattice and crystallite sizes from 7 nm to 17-20 nm, respectively, is formed. 

Compressive stresses are developed, with values of – 2.97 GPa and – 3.86 GPa for 6-elements nitrides, and 

– 0.25 GPa and – 3.14 GPa for 5-elements coatings. Dependence of the stress change on the nitride concen-

tration in the coatings is found, and possible reasons of the observed correlation are discussed. Ion implan-

tation of Au-leads to disorder of the coatings structure in the implanted layer, decrease in nanocrystallite 

sizes, and, as a result, increase in nanohardness of the coatings to 39 GPa. 
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1. INTRODUCTION 
 

A search for new coatings with increased functional 

properties based on transition metals led to the creation 

of a novel class of multi-element alloys, the so-called high-

entropy alloys (HEA) [1-10]. In HEA, formation of the 

structures with characteristics resistant to high tempe-

ratures occurs based on the thermodynamic principles 

at content not less than 5 primary elements with atomic 

concentration from 5 % to 35 % [11-13]. The distinctive 

feature of HEA is that mixing of 5 and more elements 

leads to the formation of a stable substitutional solid so-

lution with relatively simple cubic (fcc and bcc) or hex-

agonal crystal lattices, but not intermetallics or multi-

phase structure as in the case of traditional multi-ele-

ment alloys. 

The obtained materials are sufficiently high-strength 

and thermodynamically stable that predetermines their 

increased resistance to chemical corrosion and wear, im-

proves the mechanical properties, etc. [11-14]. 

Nitrides and carbides based on HEA demonstrate hi-

gher physical and mechanical properties that has arou-

sed great interest of researchers and practitioners to this 

type of coatings. Moreover, the study of the influence of 

such a traditional coating treatment method as ion imp-

lantation on the structural-phase changes and mechan-

ical characteristics of the coatings is an actual problem. 

To this end, negative Au- ions, which were implanted to 

the dose of 1  1017 cm – 2 at accelerating voltage of 60 kV, 

were selected. The choice of Au ions is grounded by two 

factors: the processes based on them can be strongly iden-

tified (for example, using the Rutherford ion backscat-

tering method), and also with the fact that the majority 

of elements of the studied high-entropy coating (Ti, Zr, 

Hf, Nb, Ta) do not interact with gold with the formation 

of intermetallics or other phases. 

2. EXPERIMENTAL 
 

5-element Ti-Zr-Al-Y-Nb and 6-element Ti-Zr-Hf-V-

Nb-Ta cathodes of HEA were obtained by the vacuum-

arc melting of metallic cathodes in a water-cooled copper 

vessel. To form the necessary homogeneity of the catho-

des, they were repeatedly (5-7 times) re-melted [24]. Pro-

duction of the coatings was performed by the vacuum-

arc plant “Bulat-6”. Pulsed deposition mode was used to 

increase the plasma flow energy, improve the adhesion 

properties of the obtained coatings and manufacture more 

dispersive coating structure. Steel disks and plates (steel 

12Х18Н9Т) of 45 mm diameter and 4 mm thickness were 

used as the substrate. 

Scanning electron microscope with energy-dispersion 

spectrometer JSM-6010 LA (JEOL, Japan) was used to 

study the surface of multicomponent coatings, their ele-

mental composition and distribution of elements over the 

coating surface. Measurements of the microhardness were 

performed on the device REVETEST (Switzerland), and 

nanohardness and elastic modulus were studied in the 

dynamic mode on Triboindentor TI-950 (HYSITRON Inc.). 

Measurements of the phase composition of the coat-

ings were carried out by two X-ray diffractometers DRON-

3M in Cu-K radiation and RINT-2500 V using position-

sensitive proportional counter (PSPC/MDGT) in Cr-K 

radiation. The measurements were conducted at angles of 

3, 10, and 30 for the samples in the initial state (after 

coating deposition) and at an angle of 2 for the samples 

which underwent implantation by Au– ions. 

A nonstandard (compared with the most frequently 

used in the case of cubic lattices a – sin2 method [15]) 

technique was utilized to determine the stressed state of 

the coatings. It is based on plotting of the graph at fixed 

initial angles of the sample () when taking the whole 

spectrum (  3, 10 or 30). The calculations were car-

ried out for the diffraction peaks corresponding to the 

reflections from the plane (220) in the angular range of 

the counter of 2  110…120. 
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Measurements of the hardness and reduced modulus 
of elasticity of the coatings were performed by the nano-

indentation method on the equipment Hysitron TriboIn-

denter 950 using Berkovich diamond pyramid (Ti-0039, 
vertex angle 142.3°, nose radius 100 nm) calibrated by 

quartz. The maximum load during measurements was 

chosen to prevent the influence of the substrate on the 
measured values. To measure the hardness and reduced 

modulus of elasticity at different depths of the coating, 

the load of the form of a trapezoidal sine with step-by-

step increasing load from 0.05 N to 10 N was applied 
to the indenter, at that load duration 3 s, exposure 0.5 s, 

unloading 3 s. 

 

3. RESULTS AND DISCUSSION 
 

Deposition parameters and elemental composition of 

the coatings (obtained using energy-dispersion analysis) 

are given in Table 1 for both types of coatings. In Fig. 1 

we illustrate the energy-dispersion spectrum for the five-

element coating. 

Results of the elemental analysis of the coatings in-

dicate that active resputtering processes occur at higher 

vacuum in the working chamber during the coating pro-

duction, and, as a result, the coating is depleted with ni-

trogen, while the relative concentration of metal atoms 

increases. According to [16-21], this should influence the 

structural-phase composition of the coatings and their 

stressed state, the investigation results of which for alloys 

before and after implantation will be given below. 
 

 
 

Fig. 1 – Energy-dispersive spectrum of the sample of series 1 

In Table 2 we present the values of the lattice para-

meters for binary nitrides of the metal components. As 

seen, there is a significant difference in both the stabil-

ity of the formed nitrides (enthalpy and entropy of their 

formation [22]) and the lattice parameters defined by the 

atomic radiuses of the metal component. The difference 

of the last ones has determined high values of the stress-

strain state of nitride HEA as it was shown in [23, 24]. 

To perform the phase-structural studies, Cu-K and 

Cr-K radiations were used (at that, the latter in both 

the standard and the sliding geometries) that allowed to 

compare the bulk state with the surface modified state 

of the coating after ion irradiation. 

In Fig. 2a, b we show the X-ray diffraction spectra 

of the coatings of (TiZrAlYNb)N and (TiZrHfVNbTa)N 

systems, respectively. 

Spectrum analysis of the 5-element coatings implies 

that the fcc-phase content increases in the surface layers 

with increasing pressure and saturation of the coating 

with nitrogen. We should also note the change in the 

preferred growth orientation of the fcc-crystallites with 

increasing pressure: from (111) at low pressure to (200) 

at high pressure (spectra 1 and 3 in Fig. 2a). 

The crystallite size also varies. Thus, for the coatings 

of the second series, crystallite size of the bcc-phase is 

sufficiently small and is about 7.7 nm. An increase in the 

nitrogen pressure leads to the increase in the bcc-crystal-

lite sizes of the sample of the first series up to 11.5 nm 

and fcc-phase up to 5 nm. Crystallites of the samples of 

the third series have average sizes of 10 nm for the bcc-

phase and about 7 nm – for the fcc-phase. 

For 6-element coatings, the results are the following. 

The phase with the fcc-lattice and preferred orientation 

of the crystallites growth with the axis [100] is formed in 

the manufacture of the coatings using the working gas 

pressure of 3  10 – 4 torr. The average crystallite size of 

the fcc-phase is equal to 8 nm. At elevated pressure of 

3  10 – 3 torr, the structural state is changed as a result 

of the formation of a new texture type with axis [111] 

that is manifested in the form of a substantial increase in 

the relative intensity of the peaks from the correspond-

ing plane. Moreover, crystallite size of the fcc-phase of 

the coating also increases, which is about 17-20 nm. 

Calculation results of the stressed state as well as 

the values of the macrostrain of the crystal lattice are 

represented in Table 3. 
 

 

Table 1 – Deposition parameters and elemental composition of the coatings 
 

Series 

number 
Material Ub, V P, torr 

Concentration, wt.  

N Ti Zr Al Y Nb  

1 

(TiZrAlYNb)N – 150 

1.2  10 – 3 46.00 15.55 11.47 10.29 10.74 5.96  

2 4  10 – 4 35.25 18.92 12.86 15.20 10.94 6.84  

3 4  10 – 3 57.76 12.45 8.75 6.81 8.81 5.42  

 N Ti Zr Hf V Nb Ta 

4 
(TiZrHfVNbTa)N – 150 

3  10 – 3 54.38 6.97 8.46 11.22 4.96 9.86 4.15 

5 3  10 – 4 45.70 9.05 9.85 12.91 5.65 12.18 4.67 
 

Table 2 – Lattice parameters, entropy, and enthalpy of the binary nitride formation 
 

 TiN ZrN AlN YN NbN TaN HfN 

Lattice parameters (a), nm 0.4242 0.4578 0.436 0.4877 0.4394 0.4307 0.4524 

Entropy of formation, J/moledeg. 30.31 38.93 20.93 46.05 43.96 42.7 40.0 

Enthalpy of formation, kJ/mole 336.62 365.51 320.29 299.36 237.81 252.7 374.0 

E, keV 

I,
 r

e
l.

 u
n

it
s 
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Fig. 2 – Regions of the diffraction spectra obtained in the sliding 

geometry (3°, Cr-K-radiation) of the coatings of the systems: 

a) (TiZrNbYAl)N deposited at different PN (torr): 1 – 1.210 – 3, 

2 – 410 – 4, 3 – 410 – 3; b) (TiZrHfVNbTa)N obtained at different 

PN (torr): 1 – 3·10 – 3, 2 – 3·10 – 4 
 

Table 3 – The determination results of the macrostrain and 

stress in the studied coatings 
 

Series No , % , GPa 

4 

– 1.80 

– 3.86 – 1.31 

– 0.58 

5 

– 1.11 

– 2.97 – 1.38 

– 0.35 

1 
– 1.88 

– 3.14 
– 0.46 

2 
– 0.15 

– 0.25 
– 0.07 

 

In Fig. 3 we illustrate the dependences of the lattice 

parameter of the coatings (TiZrAlYNb)N (samples of the 

series 1, 2) and (TiZrHfVNbTa)N (samples of the series 

4, 5) on sin2. 

As seen, the compressive stresses are developed in the 

coatings that is typical for vacuum-arc coatings obtained 

when using a negative bias voltage (Ub  – 150 V in this 

case). Stresses decrease from – 3.86 GPa (sample of the 

series 4) to – 2.97 GPa (sample of the series 5) with chan-

ging working gas pressure for 6-element nitrides from 

3·10 – 3 torr to 3·10 – 4 torr. 

 
 

 
 

Fig. 3 – Dependences а – sin2 obtained by the crystalline group 

method for the texture axis [110] of the coating of HEA of the 

(TiZrAlYNb)N (a) and (TiZrHfVNbTa)N (b) systems 
 

The situation is quite different in the case of the 5-

element nitrides. In the coating of the sample of the se-

ries 2 one can observe a very low strain, and compressive 

stress is equal to – 0.25 GPa. For the sample of the se-

ries 1, compressive stress makes – 3.14 GPa. 

As known, the presence of voids in the octahedral po-

sitions of nitrogen atoms in the lattice can make a great 

contribution to the compressive strain. In Fig. 4 we show 

the dependence of  on the nitrogen concentration N. 

As seen from Fig. 4, there is a tendency to increase 

compressive stresses with increasing nitrogen concent-

ration in the coating. One can suggest that the increase 

in the working gas pressure leads to the fact that larger 

number of nitrogen atoms is embedded in the octahedral 

voids of the crystal lattice (since it is known that consti-

tuent atoms in HEA have equal probability to occupy one 

or another position in the lattice). This, in turn, causes the 

development of compressive stresses in the coating. 

In Fig. 5 we illustrate the dependences of the nano-

hardness and reduced modulus of elasticity on the pene-

tration depth of the Berkovich pyramid [25, 26] into the 

coating of the series 4 in dynamic indentation. In the im- 
 

 
 

Fig. 4 – Dependence of the stress  on the Ni concentration N 
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Fig. 5 – Dependences of the nanohardness and reduced modulus 

of elasticity on the indenter penetration depth into the coating 

obtained at Ub  – 150 V, P  3.0  10 – 3 torr 
 

planted layer, at a depth of (1525) nm one can observe 

an increase in the nanohardness up to almost 39 GPa 

with a gradual attainment of the horizontal line at the 

penetration depth of 70 nm; and increase in the plastic-

ity index in the implanted region – Н / Е  0.1 indicates 

the increase in the wear resistance. Thus, implantation of 

heavy Au– ions leads to excess of hardness and excess of 

plasticity index. 

We should note that Au– ions have high sputtering 

yield [27]. Therefore, in high-dose implantation, a par-

tial sputtering from the surface of N atoms occurs due 

to their weaker coupling. Formation of a high density of 

individual cascades of the shifted atoms (substitutional 

solid solution) occurs during implantation; and defects 

[28], namely, vacancy and interstitial loops are formed 

with high efficiency. Implanted Au– ions form the ball-

shaped nanocrystallites in the coating of size of several 

nm (as it was shown during Cu–, Au– ion implantation 

into SiO2 in [29-31]). In the nanostructured coating, ef-

ficiency of recombination of point defects increases near 

cascades (or inside them) due to proximity of the inter-

faces [28]. Moreover, during implantation with heavy ions, 

percentage of interfaces increases because of grinding 

(fragmentation) of nanograins from 8 to 5 nm and less 

(as it was shown in the study of the structural and phase 

state), thanks to which formation of the disordered poly-

crystalline structure without preferred orientation of the 

fcc-phase takes place. Also, the formed defects, grain bo-

undaries, etc. are an obstacle to the extension of disloca-

tions in plastic deformation of the material. And since 

hardness of the substance characterizes its resistance to 

elastic and plastic deformations during indentation of a 

counterbody, one can assume that the obtained nanost-

ructural coatings have a noticeably higher resistance to 

radiation with Au– ions compared with single crystals and 

polycrystals [18], and ion implantation leads to the imp-

rovement of the mechanical properties of the coatings. 

 

4. CONCLUSIONS 
 

1. In the case of the 5-element coatings of the system 

(TiZrNbYAl)N, the evolution of the structural state from 

amorphous to nanocluster, and then to nanocrystalline 

one occurs with increasing working gas pressure. For-

mation of two crystalline phases with the fcc- and bcc-

lattices, whose ratios in the coating vary with changing 

deposition parameters, takes place. 

2. In the 6-element (TiZrHfVNbTa)N nitrides, amor-

phous phase formation at a lower working gas pressure 

is not observed. Texture axis [111] is the preferred direc-

tion of crystallite growth. The phase with the fcc-lattices 

is formed as the main crystalline phase; the bcc-phase is 

observed for the coatings obtained at the highest pressure 

of 310 – 4 torr in the near-surface layer. 

3. The studied 5- and 6-element coatings of the nit-

rides (TiZrNbYAl)N and (TiZrHfVNbTa)N demonstrate 

higher resistance to radiation under ion implantation of 

Au– than traditional nitrides of the transition metals. 
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