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Abstract—The formation of a phase with a FCC lattice of the NaCl structure type is observed following the
deposition of a multielement nanostructured (TiZrHfVNbTa)N coating. An increase in pressure results in a
change in the preferred orientation of crystallite growth from the [100] axis perpendicular to the growth plane
to [111]. The implantation of negative Au– ions with a dose of 1 × 1017 cm–2 and a concentration of 2.1 at %
leads to the formation of a disordered polycrystalline structure with no preferred orientation of the FCC
phase, reduces the size of nanocrystallites from 8 to 1–3 nm in a layer with a depth of up to 30–35 nm, and
increases the nanohardness to 33.0 GPa. The large difference in atomic radii of refractory metals and the
reduction in the size of nanograins in the coating contribute to an increase in hardness (51 GPa).
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The past decade saw the development of a novel
class of high-entropy alloys (HEAs) that incorporate
at least five major elements with an atomic concentra-
tion of 5–35%. HEAs are notable for the fact a single-
phase stable solid substitutional solution (primarily
with an FCC or a BCC lattice) that exhibits thermody-
namical stability and high strength is formed within
them [1–3]. The synthesis of nitrides or carbides from
HEAs is also a relevant problem, since they are more
resistant to oxidation and exhibit higher wear resis-
tance, corrosion resistance, hardness, and ductility
than “pure” HEAs. The problem of determining the
limits of resistance of nitrides precipitated from HEAs
to implantation is also of academic and practical
importance. We chose negative Au– ions with a dose of
up to 1 × 1017 cm–2 and a kinetic energy of 60 keV for
our experiments. This choice was determined by the
fact that the majority of elements of the studied high-
entropy coating (Ti, Zr, Hf, Nb, and Ta) do not inter-
act with gold with the synthesis of intermetallides.
Thus, the aim of the present study was to investigate
the microstructure and mechanical properties of mul-
ticomponent nitride coatings and their resistance to
ion irradiation.

The phase composition of coatings was determined
using DRON-3M (in CrKα radiation) and RINT-

2500V X-ray diffractometers. Two methods of analysis
of the elemental composition were used: EDX micro-
analysis with a JEOL-7000F (Japan) SEM and SIMS
analysis with an ULVAC-PHI TRIFT V nanoTOF
(Physical Electronics, Inc., Japan) time-of-flight
spectrometer. The surface of multicomponent coat-
ings, their elemental composition, and the distribution
of elements over their surface were also studied using a
JSM-6010 LA (JEOL, Japan) SEM with an energy-
dispersive spectrometer. Microhardness measure-
ments were performed using a REVETEST (Switzer-
land) device, and nanohardness and the Young’s
modulus were determined with a Triboindentor TI-
950 (HYSITRON Inc.) device in the dynamic mode.

The coatings were obtained by pulsed vacuum arc
deposition [4] in the process of evaporation of a target,
which was made from a high-entropy TiZrHfVNbTa
alloy, in nitrogen atmosphere with the purpose of
increasing the energy of the ion–plasma stream at the
moment of deposition and enhancing the adhesion of
coating to the surface in order to produce a more
disperse coating structure. Coatings with a thickness
of up to 8 μm were deposited onto steel disks with a
diameter of 45 mm and a thickness of 4 mm. The
deposition parameters were chosen based on the
results of analysis of similar coatings [5, 6]; PN is the
nitrogen atmosphere pressure in the process of depo-
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sition. Negative Au– ions were produced by a Cs-
assisted source of heavy ions of the plasma-atomized
type [7, 8]. An increase of pressure resulted in a signif-
icant increase in the nitrogen concentration in the
coating and a reduction in the concentration of such
elements as Ti, Nb, and V (i.e., resulted in a change in
the concentration of elements in the coating with
respect to the cast cathode composition). The results
of EDS, RBS, and PIXE studies showed that the gold
content was 2.1–2.2 at % at projected range of Au–

ions Rp ≈ 34 nm.
Figure 1 shows the XRD spectra of high-entropy

coatings obtained under different nitrogen pressures in
the process of deposition. A phase with a FCC lattice
was formed as the main crystalline one. This is typical
for the structure of a nitride of a multielement alloy.
The average size of crystallites of the FCC phase in the
coatings obtained under a low pressure of 3 × 10–4 Torr
was estimated based on the Scherrer equation at about
8 nm. A preferred orientation of crystallite growth with
the (200) plane parallel to the surface (the [100] tex-
ture axis was perpendicular to the surface) was also
formed. Spectrum 2 (see Fig. 1) that corresponds to a
coating obtained under a relatively high pressure of 3 ×
10–3 Torr is fundamentally different in that a preferred
orientation of the (111) plane parallel to the growth
plane emerged in it (this was evidenced by a consider-
able increase in the relative intensity of peaks from the
corresponding plane). The average size of crystallites
of the FCC phase of the coating deposited under the
indicated high pressure was increased significantly
and equaled 17–20 nm.

CrKα radiation with a wavelength of 0.2285 nm was
used to investigate the effect of implantation of Au–

ions. The informative layer depth under such irradia-
tion with an angle of incidence of 2° was about 70 nm
(this is comparable to projected range Rp ≈ 34 nm).
Diffraction spectra measured at an incidence angle of
10° (such spectra provide the data on a volume of
material with a thickness of 0.5 μm) and at an angle of
2° (providing the data on the state of the surface layer
with a thickness of up to 70 nm) are shown in the inset
of Fig. 1. In the near-surface region, the implantation
of negative Au– ions produced the most pronounced
disordering effect and resulted in the formation of a
polycrystalline structure with no preferred orientation
and the emergence of peaks corresponding to the
planes of implanted gold. Comparison of sizes of crys-
tallites in the implanted layer showed that their aver-
age size was reduced from 7.2 nm at an informative
layer depth of 0.5 μm to 3 nm (or lower) at shallower
depths.

Figure 2 shows the dependences of nanohardness
and the relative Young’s modulus on the depth of pen-
etration of a Berkovich pyramid [3, 5] into sample
no. 6 in the case of dynamic indentation (the load on
the indenter was varied from 500 to 10000 μN).
The nanohardness was increased to almost 33 GPa in
the implanted layer with a thickness of 30–35 nm and
then leveled off gradually down to a penetration depth
of 80 nm. An increase in the plasticity index in the
implanted region (H/E ≥ 0.1) is indicative of excellent
wear resistance. In accordance with [9], the hardness
of samples subjected to the implantation of heavy Au–

Fig. 1. Fragments of diffraction spectra of (TiZrHfVNbTa)N coatings obtained under PN = 3 × 10–4 Torr (1) and PN = 3 ×
10‒3 Torr (2). Spectra obtained under PN = 3 × 10–4 Torr after irradiation with negative Au– ions at (1) a low incidence angle of
2° and (2) a large constant incidence angle of 10° are shown in the inset.
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ions was increased by 15–20% and their plasticity
index exceeded 0.1. The Vickers hardness values are
higher than the Young’s modulus and nanohardness
for coatings made from HEA nitrides, since nanoin-
dentation experiments are conducted in the dynamic
mode, while the value of Vickers hardness is measured
in the static mode.

It is common knowledge that Au– ions have a high
sputtering ratio [7, 8]. Accordingly, partial sputtering
of N atoms (due to their weaker bonding) from the sur-
face was observed and defects (vacancy and interstitial

loops) were formed [9–14]. Implanted Au– ions in the
coating formed nanocrystallites of a “spherical” shape
with a size of several nanometers as was the case in the

experiments with Cu– and Au– ions implanted into
SiO2 in [9]. The efficiency of recombination of point

defects in a nanostructured coating is increased near
cascades or within them due to the proximity of inter-
faces (boundaries between nanograins or double and
triple junctions of nanograins) [12]. In addition, the
volume ratio of boundaries is increased in the process
of implantation with heavy ions due to a reduction in
the size of nanograins from 8 to 5 nm (or less). As a
result, a disordered polycrystalline structure with no
preferred orientation of the FCC phase is formed.
Thus, the obtained nanostructured coatings are con-

siderably more resistant to irradiation with Au– ions
than single crystals and polycrystals.

Figure 3a shows a fragment of a section of the

(TiZrHfVNbTa)N coating implanted with Au– ions.
The surface layer is disordered down to depth Rp ≈
34 nm and has a polycrystalline structure that is close
to an amorphous-nanocrystalline one. The structure

Fig. 2. Dependences of nanohardness and the relative Young’s modulus on the depth of penetration of the indenter into
sample no. 6.

35

30

25

20

15

10

80

310

300

290

280

270

260

250

240

230

R
e
la

ti
v
e
 Y

o
u

n
g
’s

 m
o

d
u

lu
s,

 G
P

a

H
a

rd
n

e
ss

, 
G

P
a

70605040

Contact depth, nm

H/E < 0.1

H/E = 0.1
H/E > 0.1

Hardness, GPa

Relative Youngs modulus, GPa

3020100

Fig. 3. TEM images of cross-section of a (TiZrHfVNbTa)N
coating: (a) the near-surface layer with implantation depth
indicated and (b) a fragment of this coating located at a depth
of about 50 nm.
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below this layer is nanocrystalline with a nanograin
size of about 7 nm (Fig. 3b). Outlined in white is a
nanograin with a size of about 7 nm located at a depth
that exceeds somewhat the implantation depth. One
may also note that nanograins in the implanted layer
have considerably smaller sizes of ~0.8–1 nm.

The studied nitride high-entropy nanostructured
(TiZrHfVNbTa)N coatings exhibit high hardness val-
ues (51 GPa), and their nanohardness is as high as
33.0 GPa.
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