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Abstract—Multicomponent nanostructured coatings based on (TiZrNbAlYCr)N with a hardness as high as
47 GPa were obtained by cathodic arc deposition. The effect of partial nitrogen pressure PN (with constant
bias potential Ub = –200 V applied to the substrate) on the phase-composition variation, the size of crystal-
lites, and their relation to the microstructure and hardness was investigated. An increase in the nitrogen pres-
sure resulted in the formation of two phases with characteristic BCC (the lattice period is 0.342 nm) and FCC
lattices with averaged nanocrystallite sizes of 15 and 2 nm. At a high pressure of 0.5 Pa, crystallites in the FCC
phase with a lattice period of 0.437 nm grew in size to ~7 nm. The hardness of deposited coatings with larger
(3.5 nm) FCC-phase crystallites and smaller (7 nm) BCC-phase crystallites was enhanced considerably.
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High-entropy alloys (HEAs) with at least five
atoms of transition and refractory metals are now used
extensively in both fundamental (synthesis of new
coatings and examination of their properties and
structure) and applied (fabrication of products with
such coatings and their application in various fields
ranging from biocompatible implants to space tech-
nology) research [1–6]. The synthesis of HEA nitrides
and carbides provides an opportunity to improve such
material parameters as their radiation hardness, wear
resistance, corrosion resistance, etc. A large number
of different multielement alloys (including ones with
high entropies of mixing) have already been obtained
and studied [7–10], but nitride coatings based on
these alloys quite rarely exhibit the needed physical
and mechanical properties. Therefore, the problem of
synthesis of nitride coatings based on multielement
alloys with fine hardness, wear-resistance, and corro-
sion-resistance parameters remains important. In the
present study, a new composition of nitride coatings
based on the TiZrNbAlYCr multielement alloy is pro-
posed and the results of examination of their structure
and properties are detailed.

Coatings were obtained by cathodic-arc deposition
onto stainless-steel substrates at different partial nitro-
gen pressures (0.05, 0.27, and 0.5 Pa). A Bulat-6 setup
was used in these experiments. Constant bias potential
Ub = –200 V was applied to the substrate in the process

of deposition. Substrate temperature Ts was approxi-
mately 300°C, and the distance to the cathode was
200 mm. Multielement coatings were deposited in the
direct (unfiltered) f low regime, with the arc current
being 100 A and the focusing-coil current being 0.5 A.
The deposition was performed using a composite
cathode with the following composition: 25 at % Ti,
20 at % Zr, 20 at % Nb, 25 at % Cr, 7 at % Al, and 3 at % Y.
An SPS 25-10 spark-plasma sintering setup was used
to fabricate this cathode. The deposition time was 1 h,
and the overall thickness was 7.0 μm. The structure-
phase state of the deposited coatings was studied
with an X’Pert PAN analytical diffractometer at a
pitch of 0.05°, and the microhardness was measured
with a DM-8 tester at a load of 50 g.

The profiles were decomposed into constituent
fragments in PowderCell. A JEM-7001 TTLS scan-
ning electron microscope (JEOL) with an EDS
microprobe operating in the SEI and Compto modes
was used for elemental analysis and to examine the
cross sections of coatings.

The results of examination of the surface morphol-
ogy of coatings obtained under different partial nitro-
gen pressures (0.05, 0.27, and 0.5 Pa) demonstrate that
an increase in pressure results in a reduction in the
average size of drop phases on the coating surface:
their characteristic size varies from 1.1 μm at 0.05 Pa to
0.2 μm at 0.5 Pa. One of the reasons for this is the
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emergence of cathode spots of the first type (together
with cathode spots of the second type) [7] with a nota-
bly lower erosion factor. This speeds up the return of
particles to the cathode as a result of collisions with gas
atoms and molecules. However, the most significant
reduction in the erosion factor is observed when high-
melting gas–metal compounds (such as TiN) with ele-
vated melting temperatures form on the cathode sur-
face [11].

The results of elemental analysis are presented in
Table 1 and Fig. 1. It can be seen that the coatings
deposited under higher pressures are saturated with
nitrogen atoms and have higher concentrations of light
Al atoms.

The study of the phase composition (Fig. 2)
showed that the spectra of coatings formed under the
lowest pressure PN = 0.05 Pa contain a system of dif-
fraction lines of a solid solution of metal atoms with a
characteristic BCC lattice with a period of 0.342 nm
and an average crystallite size of 15 nm.

The decomposition of the diffraction curve into
constituent profiles (Fig. 2a) revealed the formation of
nanocrystalline structures with ordered regions ~2 nm
in size. These structures in the coating manifest them-
selves as a wide halolike profile visible at large angles
in the diffraction spectra.

The peak corresponding to the BCC-phase
crystallites in the diffraction spectrum of the
(TiZrNbAlYCr)N coating obtained at 0.27 Pa (see
spectrum 2 in Figs. 1b, 2b) is close in position and
width to the one discussed above. The halolike diffuse
peak of the second component evolves into a more
ordered peak shifted toward larger diffraction angles.
The calculation based on reflection broadening yields
a value of ~3.5 nm. In view of the emergence of
another peak at 60°, the obtained spectrum corre-
sponds to a nitride phase with a NaCl[111]-type lat-
tice.

The concentration of nitrogen in the coating
deposited under the highest pressure PN = 0.5 Pa
exceeds 21 at % (see Fig. 1 and Table 1). The diffrac-
tion spectrum of this coating contains two well-pro-
nounced systems of diffraction peaks of the BCC
phase with a characteristic period of 0.342 nm and the
FCC phase (of the NaCl structure type) with a char-
acteristic period of 0.437 nm (Fig. 2c). The average
crystallite size was 7 nm.

The second system of peaks in all spectra presum-
ably represents the forming second FCC phase. The
observed shift toward smaller angles, which is denoted
by an arrow in Fig. 2, and the broadening of diffraction
ref lections at lower PN values may then be
attributed to the formation of stacking faults asso-
ciated with the displacement of lattice planes that
are not stabilized by nitrogen. This effect is
induced by the bombardment of coatings by high-
energy metal particles under a low pressure and
with a negative bias potential (Ub = –200 V) applied

to the substrate. Large differences in the sizes of HEA
atoms result in deformation of the film both on the
microlevel and on the macrolevel and stimulate the
formation of stacking faults. The mean energy of

Table 1. Elemental composition of (TiZrNbAlYCr)N coat-
ings deposited under different partial pressures of nitrogen
atmosphere

Element
0.05 Pa 0.27 Pa 0.5 Pa

wt % at % wt % at % wt % at %

N 2.1 8.9 0.5 2.3 4.7 21.6

Al 2.00 4.55 2.1 5.14 3.7 7.3

Y 4.26 2.99 4.37 3.22 4.47 2.6

Zr 24.31 16.32 26.10 18.77 22.95 14.0

Nb 27.49 18.13 28.85 20.38 23.9 14.2

Ti 21.75 27.82 19.77 27.08 21.32 25.0

Cr 18.09 21.29 18.31 23.11 18.96 15.3

Total 100.0 100.0 100.0 100.0 100.0 100.0

Fig. 1. (a) Energy-dispersive spectrum of the
(TiZrNbAlYCr)N coating deposited at PN = 0.5 Pa.
(b) Regions of diffraction spectra of (TiZrNbAlYCr)N
coatings obtained at PN = 0.05 (1), 0.27 (2), and 0.5 Pa (3).
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deposited particles, which is affected by losses in col-
lisions within the interelectrode gap, decreases at
higher working gas pressures in the chamber. In addi-
tion, coatings deposited under higher pressures are less
deformed and more saturated with nitrogen atoms.
Nitrogen atoms form chemical bonds with the metal
framework and occupy octahedral interstitial sites
characteristic of NaCl-type lattices. As a result, they
inhibit the shear displacement of planes that causes
the formation of stacking faults. The structural trans-
formations that have been noted enhance the hardness
of the coating deposited under the highest partial
nitrogen pressure (0.5 Pa).

The results of microhardness measurements per-
formed using a DM-8 tester with a load of 50 g show
that the Vickers microhardness of (TiZrNbAlYCr)N
coatings was НV 0.05 = 46.9 GPa at P = 0.5 Pa. There-
fore, these coatings may be characterized as super-
hard.

Thus, the variation of pressure in the deposition
chamber from 0.05 to 0.5 Pa affects the morphology of
(TiZrNbAlYCr)N coatings. Specifically, the drop
component on the condensate surface is suppressed
qualitatively and quantitatively at higher pressures.
These changes in the structure-phase state translate
into differences in mechanical properties. The mea-
surement results suggest that the hardness increases to
46.9 GPa under a partial pressure of 0.5 Pa.
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