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Abstract—It has been found that the phase with the fcc lattice of the NaCl structural type is formed due to
the vacuum-arc deposition of the nanostructured multicomponent (TiZrHfVNbTa)N coating. Implantation
of negative Au~ ions with a dose of 1 x 10!7 cm™2 leads to the formation of a disordered polycrystalline struc-
ture without a preferred orientation of the fcc phase and nanocrystallites from 5—7 to 1—3 nm is size, which
are dispersed in a layer up to 35 nm in depth. Nanohardness increases to 33 GPa, and the Vickers hardness
reaches 51 GPa. Gold nanoclusters are formed in the near-surface region, while the fcc lattice and the for-
mation of local Au regions are observed in the coating itself. Fragments with the hcp lattice are formed at
depths above 180 nm because of the low nitrogen concentration.
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1. INTRODUCTION

The last decade is characterized by the develop-
ment of a new class of high-entropy alloys (HEAs),
which consist of at least five main components with
the atomic concentration from 5 to 35%. The main
feature of HEAS is that a single-phase stable substi-
tutional solid solution is formed in them, preferen-
tially with the fcc or bec lattice, which is simulta-
neously thermodynamically stable and has a high
strength (see, e.g., references in reviews [1, 2] and
monograph [3]).

The preparation of nitrides or carbides from HEAs
is also a very urgent problem of the modern materials
science, because they are characterized by a higher
oxidation resistance, wear resistance, and high hard-
ness along with high plasticity as compared to “pure”
HEAs. The problem of determining the limits of sta-
bility to implantation of nitrides deposited from HEAs
is also very important, for which we selected negative
Au~ ions with a dose up to 1 x 10" cm~2 and a kinetic
energy of 60 keV. Such a selection is substantiated by
the fact that they can be more simply identified (for
example, using the Rutherford backscattering spec-
troscopy (RBS) or proton-induced X-ray emission
(PIXE)), as well as by the fact that most of elements of
the high-entropy coating under study (Ti, Zr, Hf, Nb,
Ta) do not interact with gold with the formation of
intermetallic compounds.

2. EXPERIMENTAL TECHNIQUE

The phase composition of coatings was measured
using X-ray diffractometers DRON-3M in CrK,, radi-
ation and RINT-2500 V with the use of the position-
sensitive proportional counter (PSPC/MDGT). The
working voltage and current of the X-ray diffractome-
ter were 40 kV and 300 mA, respectively. Measure-
ments were performed at angles of 3°, 10°, and 30° for
samples in the initial state (after coating deposition)
and at angles of 2° and 10° for samples implanted by
Au~ ions. The phase-structural state was investigated
using a DRON-4 diffractometer in CukK, radiation
(wavelength A = 0.154178 nm) using a graphite mono-
chromator in the secondary beam. The diffraction
spectrum for the phase analysis was recorded accord-
ing to the scheme of 6—260 scanning with the Bragg—
Brentano focusing in an angle range of 25°—90°.
Recording was performed in point-by-point mode
with a scanning step A(20) = 0.02°—0.2° and accumu-
lation duration of pulses in each point of 10—100 s
depending on the width and intensity of diffraction
peaks. To analyze the elemental composition, we used
two methods, namely, microanalysis with the help of
energy-dispersive X-ray spectroscopy (EDX) using a
JEOL-7000F scanning electron microscope (Japan)
and secondary ion mass spectroscopy (SIMS) using an
ULVAC-PHI TRIFT V nanoTOF time-of-flight spec-
trometer (Physical Electronics Inc., Japan). To inves-
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Deposition parameters and elemental composition of the (TiZrHfVNbTa)N coatings under study

Concentration, at %
Sample no. Uuv Py, Torr
N Ti Zr Hf A" Nb Ta
1 —150 3x1073 54 7.03 8.52 11.30 5.02 9.93 4.20
2 —150 3x 107 46 9.04 9.80 12.81 5.60 12.13 4.62
3 —150 7% 1074 53 9.72 8.44 9.42 6.54 8.1 4.78
4 -70 7x10~* 36 16.60 16.85 8.79 6.95 9.92 4.89
5 =70 4x1073 55 10.76 7.71 8.06 5.85 8.38 4.24
6 =70 52%x1073 55 6.96 8.42 9.33 6.23 7.82 4.04
7 -70 0.5%x 104 22 14.65 15.15 15.35 9.75 13.75 7.25
Cathode — — — 21.52 18.77 15.5 10.2 18.2 15.81

tigate the distribution topography of elements over the
surface, we used the RBS and PIXE methods with a
1.5-MeV proton microbeam of about 0.5 pm in diam-
eter. To investigate the surface of multicomponent
coatings, their elemental composition, and distribu-
tion of elements over the coating surface, we used a
JSM-6010 LA scanning electron microscope with an
energy-dispersive spectrometer (JEOL, Japan). Mea-
surements were performed in a low vacuum at a work-
ing accelerating voltage of 20 kV.

Coatings were fabricated by vacuum-arc deposi-
tion with the target evaporation from a high-entropy
alloy of the TiZrHf VNbTa system in the medium of
nitrogen reactive gas. Deposition parameters are pre-
sented in the table, where U is a constant negative bias
potential across the substrate and Py is the pressure of
the nitrogen atmosphere during the deposition; the
current arc was varied insignificantly from 95to 110 A,
and the focusing current was varied from 0.4 to 0.5 A.
We selected Uof —70 and —150 V based on the prelim-
inary investigations of similar coatings [4]. In contrast
with [5], where nitride coatings were deposited from a
five-element HEA, in this study we used the cathode
of six elements and applied the pulsed deposition
mode with the connection of a high-voltage pulsed
generator [6], which allowed us to enhance the energy
of the ion-plasma flux in the deposition instant, to
improve coating adhesion to the substrate, and to fab-
ricate more dispersed coating structure. Coatings up to
8 um thick were deposited on steel discs 45 mm in
diameter and 4 mm thick. Microhardness measure-
ments were performed using a REVETEST device
(Switzerland), while nanohardness and elastic modu-
lus were investigated in a dynamic mode using a Tri-
boindentor TI-950 device (HYSITRON, Inc.). The
structure and phase composition were analyzed using
transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy using a
JEOL JEM-2100F electron microscope with the elec-
tron energy up to 200 keV, for which the foils were pre-
pared using an ion beam.
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Negative Au~ ions were generated by the Cs-
assisted source of heavy ions of the plasma-sputtered
type produced by Nissan High Voltage Co Ltd. An
intense beam of negative ions was formed from two
electrodes and accelerated to 60 keV (the current
beam <4 mA).

3. RESULTS AND DISCUSSION

It is seen from the table that an increase in pressure
from 3 x 10~* to 3 x 10~3 Torr leads to a considerable
increase in the nitrogen concentration in the coating
composition. This is accompanied by a decrease in the
content of such metallic elements as Ti, Nb, and V.
The variation in pressure in a chamber during the dep-
osition leads to the variation in concentrations of ele-
ments in the coating, which differ from that one char-
acteristic of the composition of a cast cathode. The
results obtained using EDS, RBS, and PIXE showed
that the gold concentration is 2.1—2.2 at % at the projec-
tive path length of Au~ ions R, ~ 34 nm.

Figure 1 shows the XRD spectra (XRD is the X-ray
diffraction analysis) of high-entropy coatings depos-
ited at various nitrogen pressures during the deposi-
tion. It is seen from the results of XRD analysis that
the phase with the fcc lattice is formed as the main
crystalline phase, which is characteristic of the nitride
structure of the multiclement alloy. The average crys-
tallite size of the fcc phase in coatings at a low pressure
of 3 x 10~* Torr determined by the Scherrer equation
is about 8 nm. In this case, the preferred growth orien-
tation of crystallites with plane (200) parallel to the
surface is formed (in this case, axis of texture [100] is
perpendicular to the surface plane). According to the
Vickers hardness investigations of coatings, a high
hardness of 51 £ 0.7 GPa is observed in this case. Spec-
trum 2 in Fig. 1, which corresponds to the coating
deposited at a comparatively high pressure of 3 x
1073 Torr, has a fundamental difference: the preferred
orientation of plane (111) parallel to the growth axis
appears, which manifests itself in a form of an essential
increase in relative intensity of peaks from the corre-
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Fig. 1. Fragments of the diffraction spectra of the
(TiZrHfVNbTa)N coatings deposited at different pressures

Py=()3x 10~* and (2) 3% 1073 Torr. The inset shows
the spectra recorded at Py = 3 x 10~* Torr after irradiation

with Au™ ions (/) at a small incidence angle of 2° and (2)
at a large constant incidence angle of 10°.

sponding plane. The average crystallite size of the fcc
phase of the coating deposited at a higher pressure
considerably increases being already 17—20 nm.

To investigate the implantation effect of Au~ ions,
we used CrK, radiation with a wavelength of
0.2285 nm, at which the depth of the informative layer
in the case of the incidence angle of 2° is about 70 nm
(which is comparable with the projective path depth
R,). Parameter R, for this coating, according to our
calculations, was about 34 nm.

Inset to Fig. 1 shows the diffraction spectra mea-
sured at an incidence angle of 10° (which gives the
information on the material bulk 0.5 pm thick) and 2°
(which gives the information on the state of the surface
layer up to 70 nm thick). It is seen that the ion implan-
tation of Au~ with a dose of 1 x 10!7 cm~2 leads to the
largest disorder and formation of polycrystalline struc-
ture without the preferred orientation in the near-sur-
face region. In this case, the appearance of the peaks,
which correspond to the planes of implanted gold by
their position, is noted.

The comparison of crystallite sizes shows that as
the depth of the informative layer decreases, the aver-
age crystallite size of multielement nitride decreases
from 7.2 nm (at a depth up to 0.5 um) to 5 nm in the
layer, into which Au~ ions implanted (by projective
path depth R, and somewhat deeper).

Figure 2a shows the results of the dynamic inden-
tation of the Berkovich pyramid (triboindenter [2, 4]),
and a two-dimensional (top inset) and three-dimen-
sional (bottom inset) imprint images, starting from
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Fig. 2. Results of mechanical studies of sample no. 6.
(a) Indentation of the Berkovich pyramid under dynamic
loading and (b) dependences of (/) nanohardness and
(2) reduced elastic modulus on the penetration depth.

which, we can evaluate the indentation depth and
determine the reduced elastic modulus. The measure-
ments were performed upon varying the load to
indenter from 500 to 10000 uN for sample no. 6. Fig-
ure 2b shows the corresponding dependences of nano-
hardness and reduced elastic modulus E, on the pene-
tration depth for a mode presented in Fig. 2a. An
increase in nanohardness almost to 33 GPa is observed
in the layer 30—35 nm thick, where implantation took
place, with the gradual attainment of a horizontal line
to the penetration depth of 80 nm. An increase in plas-
ticity index in the implanted region also should be
noted: H/E> 0.1, which points to excellent wear resis-
tance. We can affirm that the implantation of heavy
Au~ ions with the concentration up to 2.1-2.2 at %
leads to an increase in the hardness almost by 15—20%
and an increase in plasticity index higher than 0.1.
These results confirm the results of measurements of
nanohardness of the (ZrTaNbTiW)N high-entropy
alloy under the plasma ion implantation of nitrogen
ions with a dose from 0.8 x 10 to 2 x 107 cm~2 [7].
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Fig. 3. TEM images of sections of the (TiZrHfVNbTa)N
coating. (a) Near-surface layer with the indicated implan-
tation depth and (b) fragment of the coating located at a
depth of about 50 nm.

The further increase in the implantation dose to 4 x
107 cm~2 leads to a decrease in hardness and plasticity
index.

The obtained values of the Vickers hardness are
higher than nanohardness H and elastic modulus for
coatings fabricated form nitrides of high-entropy alloy.
This is associated with the fact that nanoindentation is
performed in the static mode, while the Vickers hard-
ness is determined in the static mode.

It should be noted that Au~ ions have high sputter-
ing coefficient [8, 9]. Therefore, N atoms are partially
sputtered from the surface under the high-dose
implantation because of their weaker bond. A high
density of individual cascades of displaced atoms (sub-
stitutional solid solution) is formed during the implan-
tation, and defects are formed with high efficiency [9,
10]—vacancy-type and interstitial-type loops.
Implanted Au~ ions in the coating form spherical
nanocrystallites several nanometers in size (as it was
shown for the implantation of Cu~ and Au~ ions into
SiO, in [11]). The efficiency of recombination of point
defects in the nanostructured coating increases near
interfaces (nanograin interfaces, double or triple joints
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Fig. 4. Lateral section of sample no. 2 with marked inves-
tigation places.

of nanograins) [12]. In addition, the percentage of
interfaces during the implantation with heavy ions
increases due to refining (crushing) the nanograins
from 8 to 5 nm and smaller, due which, the disordered
polycrystalline structure without the preferred orien-
tation of the fcc phase is formed. Thus, deposited
nanostructured coatings possess considerably higher
resistance against the irradiation by Au~ ions com-
pared with single crystals and polycrystals [9, 10].

Figure 3a shows the element of section of the
(TiZrHfVNDbTa)N coating implanted by Au~ ions to
the concentration of 2.1 at % with energy of 60 keV. It
is seen that the surface layer to depth R, ~ 34 nm is dis-
ordered and has a polycrystalline structure close to
amorphous-nanocrystalline one. Below this layer, a
nanocrystalline structure with a nanograin size of
about 7 nm is located (Fig. 3b). A bright line marks a
nanograin about 7 nm in size located at a depth slightly
lower than the implantation depth. At the same time,
we can note by the TEM results that the nanograin
sizes substantially decrease in the layer, in which the
implantation occurred, and reach ~0.8—1 nm. As for
the crystallite sizes obtained from the XRD data
according to the Scherrer formula, these are the aver-
aged values over the layer up to 70 nm thick.

To visualize the results of investigations, let us
present the transmission microscopy data. Figure 4
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Fig. 5. Results of the electron microscopy investigation of sample no. 2. (a) In the surface region (zone D), (b) in the near-surface
region at a depth of 20—30 nm (zone E), and (c) in the coating at a depth of 180 nm (the results of microdiffraction from the
fragment limited by square are presented in the right upper corner).

shows the lateral section of the coating, on which the
investigation places are marked; the diffraction vector
is parallel to the surface plane.

Figure 5 shows the high-resolution electron
microscopy images. Planes and their break at the
boundaries are clearly seen in these images. It is seen
that the average crystallite size is 5—7 nm, which
agrees well with the results obtained by broadening the
X-ray diffraction curves.

Interplanar distances for various fragments, which
were determined starting from the microdiffraction
data, show that the reflections from the planes with the
fcc lattice having interplanar distances 0.250 nm
(plane (111)) and 0.221 nm (plane (200)) manifest
themselves in the near-surface region (zone D in
Figs. 4 and 5a). This is somewhat lower than the data
obtained from the position of the peaks of X-ray dif-
fraction spectra, according to which, we obtained val-
ues of 0.257 nm (plane (111)) and 0.225 nm (plane
(200)).

The feature of the near-surface zone, which is
located at a depth of 20—30 nm from the surface (zone
F in Figs. 4 and 5b), is the additional reflection at
microdiffraction with an interplanar distance of
0.197 nm. Comparing these results with the data of
low-angle radioscopy (inset in Fig. 1), we can assume
that its appearance is associated with the presence of
local regions based on implanted gold in the zone
under consideration, for which the interplanar dis-
tance of 0.197 nm corresponds to plane (200).

An increase in the interplanar distance to 0.255—
0.259 nm (plane (111)) and 0.226 nm (plane (200)) is
observed in the region of deeper layers, i.e., to the val-
ues close to those for the bulk material according to
the X-ray diffraction data. The appearance of reflec-
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tions with the interplanar distance of 0.275—0.278 nm
is observed at a depth of 180 nm (zone H in Figs. 4 and
5¢). Itis known that fcc an hcp crystal lattices are close
by their internal energy with a sufficiently small energy
barrier for the transformation. It is also known that the
interplanar distance of 0.275—0.278 nm for nitrides of
transition metals with the hcp lattice corresponds to
plane (100). In connection with this, we can assume
that the fcc lattice can transform into the hcp lattice in
local regions of the coating material according to the
shear mechanism due to the composition nonunifor-
mity at a relatively low nitrogen content associated
with a low working pressure. The driving force of this
process can be the high thermodynamic stability of the
hcp lattice with the lack of nitrogen atoms in octahe-
dral interstices.
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