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The possibilities of structural engineering of vacuum-arc coatings based on the high entropy alloy AICrTiZrNbY
have been studied by means of electron microscopy with energy dispersion element analysis, X-ray diffractometry
and microidentation methods. It was found, that the coatings formed by means of vacuum-arc method are two-phase
objects. The change of nitrogen pressure from 2.0-10™ to 5.0-10 Torr during the deposition increases the contents
of its atoms in the condensate from 2.7 to 21.62 %, and this is accompanied by the transfer from nanocrystallic and
claster to nanocrystallic two phase state (combination of bcc and fecc structures) and leads to hardness increase from
6.7 to 7.6 GPa. The observed structure changes are explained by the formation of defects of packaging in fcc crystal

lattice at low nitrogen content.

INTRODUCTION

Operational opportunities of materials in many cases
are determined by the functional properties of its
operational surface [1-6]. Among the developed options
of modifying the surface, the important place is after the
vacuum-arc-coatings. The possibility of increasing the
characteristics of such coatings by means of a using new
materials — high entropy alloys (HEA) — during their
deposition has been actively studied in the recent years.
[7-9].

The main feature of HEAs is a large range of
heterogeneous atoms (no less than 5 different elements)
in the lattice of the solid solution. The atoms that make
up the multi-element high entropy alloy are significantly
different in  electronic  structure, sizes and
thermodynamic properties. Disordered arrangement of
atoms in the crystal lattice of solid solution leads to its
significant distortion, which contributes in a significant
solid-solution strengthening. [10] Reduced free energy
of HEAs provides stability of a solid solution at its
subsequent thermal treatment, which has been
confirmed by the different authors [11-12].

Currently, among the nitride coatings, obtained on a
basis of high entropy alloys, sufficiently high functional
properties are by the coatings with the following
composition: (AICrTaTiZr)N [13]; (TIAICISiV)N [14];
(AICrMoSITi)N [15]; (AIMoNbSiTaTiVZr)N [16];
(AICrNbSITiV)N [17]; (TiVCrzZrY)N [18];
(TiVCrzrHf)N [19]; (TiHfZrVNb)N [20]. It should be
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noted that the elements, which constitute such systems,
are the elements with a significant difference in atomic
radii.

The difficulty in different atoms configuration of
HEA lattice is in most cases an unsolvable problem in
the modeling the process of structure, however, extends
the poss-formation, however, it widens the possibilities
of experimental control of structure of such materials.
The optimization of structural and phase state of HEA
based materials can significantly improve their
functional characteristics, and the important thing is
finding the relation between the formed structures and
the conditions of obtaining the materials (including the
HEA based coatings) for directional control of the
structural state (structural engineering).

As noted above, the alloys composed by the atoms
with a large difference in the atomic radii are of great
interest in this regard. It is in these structures the
ordering processes progress in the most effective way
[21].

The aim of this work was to establish a relationship
between the deposition parameters (operating pressure
of nitrogen in the chamber during the deposition and the
bias potential), the structural state, and properties of
vacuum-arc coatings based on HEA, which is required
for structural engineering. The elements that constitute
the alloy, selected for the study, are significantly (up to
45%) different in their atomic radii [22] (Table 1).



Table 1
The atomic radii R of the elements
of the alloy AICITiZINbY

Element | Al Cr Ti Zr Nb Y

R,nm ]0.14310.125]0.145]0.160]0.143]0.181

METHODS OF PREPARATION AND
EXAMINATION OF THE SAMPLES

The coatings on the stainless steel 12X18H9T
substrates were formed by means of vacuum-arc method
on the “Bulat-6” installation [23]. The cathode of the
composition Al+Cr+Ti+Zr+Nb+Y (Table 2) was
previously manufactured by vacuum-arc remelting of a
multi-component mixture of pure powders of these
metals.

Table 2
The elemental composition of cathode made
of AICITiZrNbY alloy
(according to energy dispersive analysis)

Element | Al Cr Ti Zr Nb Y

Wt % | 2.91 |121.29]19.48]22.55|29.93| 3.83

At. % | 7.03 |126.65]|26.47]16.09]20.93| 2.81

The reactive gas during the coatings deposition was
nitrogen. To increase the adhesive bond and
strengthening characteristics of the material of the
coating, constant bias potential (Up) of 200 V was
applied to the substrate. Arc discharge current in the
evaporator was 100...110 A. The pressure of nitrogen
varied in the range of 5.0-10°...5:10°10° Torr. The
duration of deposition of 1 hour provided the thickness
of the coatings of ~ 7 pum.

The surface morphology, fracture fractographs were
investigated on a scanning electron microscope FEI
Nova NanoSEM 450. The study of the element analysis
of the coatings was conducted by analyzing the

characteristic X-rays spectra generated by an electron
beam in a scanning electron microscope. The spectra
were obtained on the energy dispersion X-ray
spectrometer of PEGASUS system by EDAX company,
mounted in the microscope.

X-ray studies of phase and structural state were
carried out on DRON-3M diffractometer in Cu-Ka
radiation. To monochromize the registered radiation, the
graphite monochromator, set behind the sample before
the detector, was used. The study of phase composition,
structure (texture, substructure) was carried out by
means of traditional methods of X-ray diffraction by
analyzing the position, profile shape and intensity of the
diffraction reflections. The substructural characteristics
were determined by the approximation [24]. The
hardness of the coatings was measured on the hardness
tester DM 8 by the method of micro-Vickers at a load
on indenter of 0.2 N.

RESULTS AND DISCUSSION

The feature of evaporation the cathodes containing
Al, is formation of a significant amount of droplet
phase [25]. In the case of using the cathode made of
multi-element HEA alloy, this leads to formation of
two-phase coatings, formed by the droplet and
multielement (high entropy) phases [26]. It was
determined that the increase of nitrogen pressure during
the deposition from 5.5:10 up to 5.0-10™ Torr leads to
reduction in the average size of the particles of the
droplet phase on the surface from 2.4 to 0.8 um (Fig. 1).

The elemental analysis of the coatings has shown
that with the increase of operational pressure of nitrogen
atmosphere, not only the saturation with nitrogen atoms
takes place, but also the content of light Al atoms is
increased in the coating (Fig. 2).

Fig. 1. The surphace morphology of the coatings, deposited at different nitrogen pressure
(Py, Torr) in the chamber: a —=5.5-10% b —1.2-10*; ¢ —5.0-10"
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Fig. 2. Energy dispersion spectra and the composition
of the coatings deposited at a nitrogen pressure Py,
Torr:a —5.5-10% b —1.2:10% ¢ -5.0-10™

At high pressures (see Fig. 2,c), Al content in the
coating approaches the value of its containing in the
evaporating cathode. The content of nitrogen atoms in
the coating increases non-monotonically with increasing
pressure Py (Fig. 3), the greatest increase is observed up
to pressures (1.2...3.0)-10™ Torr.
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Fig. 3. The dependence of the nitrogen content in the
coating Cy on pressure P  of the operational
atmosphere of nitrogen during the deposition

For the coatings obtained at the average pressure of
nitrogen pressure Py =1.2:10° Torr, the elemental
composition of droplets was determined (Figs. 4, 5),
which was compared with the average composition of
the coating. The obtained data show that the droplet
phase is a clot of molten metal from the cathode
material with somewhat increased content of heavy
elements.

b
Fig. 4. The cross-section of a droplet (a) with a secant
line, over which the concentration of the elements is
defined (b)



For the coatings obtained on the basis of the studied
multi-element system, the realization of various
structural states is possible. During the deposition of
condensate from the low-ionized flows, which are
inherent to the magnetron method of obtaining the
coatings, the amorphous-like structure is formed [27].
Using the vacuum-arc method with a high degree of

Nb
Y
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Fig. 5. Energy dispersion spectrum and elemental
composition of a droplet (at.%), Py = 1.2:10™ Torr

The analysis of X-ray diffraction patterns (Fig. 6)
shows that the pressure of nitrogen in the chamber
5.0-10" Torr (the smallest of the used pressures), the
deposited coating is a solid solution of metal atoms,
characterized by bcc lattice with a medium size of
crystallites of 15 nm (the lattice period of 0.342 nm).

plasma ionization can largely increase the average
energy of the deposited particles. It stimulates the
processes of ordering in the coating, firstly, due to the
increased mobility of the film-forming particles, and,
secondly, due to the adjustment of structural states
under the deforming influence of the accelerated
particles, embedded on the nanometer depth.
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Fig. 6. Areas of diffraction spectra f the coatings
obtained at nitrogen pressures Py, Torr:
1-5.0-10%; 2 -55-10%; 3 -5.0-10°®

The separation of the diffraction curve by the
constituent profiles (Fig. 7,a) indicated on the formation
of nanocrystalline structures with the size of ordering
areas of about 2 nm (the cluster state [1]), which is
manifested in the diffraction spectra in a form of a wide
halo-like profile from the side of large angles.
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Fig. 7. The separation of diffraction spectra into the component profiles for the coatings obtained at Py, Torr:
a—5.0-10°, b —5.5-10% ¢ —5.0-10°%; 1 —the initial range, 2 — the selected profiles

On the diffraction spectrum from the coating
obtained at a pressure of 5.0-10™ Torr (see Fig. 6, curve
2, and Fig. 7,b), the peak, corresponding to the bcc
phase crystallites, both in the position and in the width
is close to that considered earlier. There is a halo-like
peak from the second component on this spectrum,
which transforms in a more arranged (recalculation on
reflex broadening gives a value of about 3.5 nm) and is
shifed to the side of higher diffraction angles. The
position of this peak, as well as the appearance of one
more peak at around 60 degrees, confirm the formation
of the nitride phase with NaCl-type lattice [28].

The diffraction spectrum of the coating containing
more than 21 at.% nitrogen and obtained at a gas
pressure of 5.0-10° Torr in the chamber (see Fig. 3),
two explicit diffraction peaks systems are observed:
first one — from the bcc phase with the characteristic
period of 0.342 nm, the second one — from the fcc phase
(structural type NaCl) with a period of 0.437 nm (see
Fig. 6, spectrum 3, Fig. 7,c) and the average size of
crystallites of 7 nm.

Assuming that the second system of peaks in all
three spectra belongs to the formed second fcc phase,
the observed shift towards lower angles (indicated by



the arrow in Fig. 6) and blur of diffractional reflexes
with the decrease of Py can be associated with the
formation of packaging defects at shifting of the lattice
planes with unstabilized nitrogen saturation [29]. The
reason for this is high energy of the metal particles,
bombarding the coating at low pressure during applying
negative bias potential U, = -200 V A great difference
in atomic sizes of HEA atoms (see Table 1) leads to
deformation of the film both on the micro and macro
levels, and stimulates the formation of packaging
defects. At high pressures of the operational gas in the
chamber, the decrease of the average energy of the
deposited particles takes place (due to losses in
collisions in the electrode gap), reducing the
deformation of the coating, and the saturation of the
coating with nitrogen atoms increases. The latter forms
chemical bonds with the metal base and occupy the
characteristic for the NaCl lattice type octahedral
interstices, thereby preventing the shear movement of
planes with the formation of packaging defects.

The listed structural changes lead to an increase in
the hardness of the coating from 6.7 to 7.8 GPa (at a
pressure of nitrogen of 5.0-10° Torr — the highest of all,
at which the coatings were deposited).

CONCLUSION

Two-phase structural state of bcc and fcc phases is
formed in the coatings, obtained on the basis of
AICrTiZrNbY HEA by means of vacuum-arc
deposition. Increasing the nitrogen pressure during the
deposition of 2.0-10* to 5.0-10° Torr leads to an
increase in the nitrogen content in the coating from 2.7
to 21.62%. The hardness of 7.8 GPa is reached at the
highest nitrogen content. The structure of the coating is
formed by two nanocrystalline phases with a bcc lattice
(the average size of crystallits is ~ 15 nm, lattice period
is 0.342 nm) and fcc lattice (average crystallite size is of
7 nm, the lattice period 0.437 nm).
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BJIUAHHUE TABJIEHUA A3OTA HA CTPYKTYPY KOHAEHCATOB,
MNOJYYEHHBIX U3 BBICOKOOHTPOIIMUHOI'O CIUIABA AICrTiZrNbY
IIPU BAKYYMHO-AYI'OBOM OCAXKJIEHUU

B.M. Bepecnes, O.B. Cooons, Y.C. Hemuenko, C.B. /lumoeuenxo, I.®. I'opoans, B.A. Cmonbdoeoii,
M.A. Konecnukos, A.A. Meiinexoe, A.A. Ilocmenvnuux, B.IO. Hosuxos

MeTtoaMu 3JEKTPOHHOW MHUKPOCKOIMHU C 3HEPrOAMCIEPCUOHHBIM 3JIEMEHTHBIM aHAJIU30M, PEHTTE€HOBCKOM
TU(QPaKTOMETPUH U MUKPOWHICHTHPOBAHUS U3yUEHBI BOZMOXKHOCTH CTPYKTYPHOH MHKCHEPHH BaKyyMHO -IYTOBBIX
MMOKPHITUH HA OCHOBE BbICOKO3HTponwuitHoro cmiaBa AlCrTiZrNbY. VYcraHnoBieHo, 4TO c(HOpMHUpPOBAHHBIC
BaKyyMHO-IYT'OBBIM OCaXICHUEM MOKPBITUS SBJISIOTCS ABYX(Pa3HbIMU 00beKkTamMu. MI3MeHEeHHE TaBJICHUs a30Ta Ipu
OCQXJEHUH TOKPBITUH OT 2,0~1O'4 bi o) 5,O~10’4 Topp MOBBIIIAET COAEPKAHME €r0 aTOMOB B KOHJEHcaTe ¢ 2,7 1o
21,62%, 4YTO COMPOBOXAAETCS MEPEX0J0M OT HAHOKPUCTAUIMYECKH KJIACTEPHOTO K HAHOKPUCTAIIMYECKOMY
nByx(paszHomy cocrosiuto (coueranue OLIK- u I'IK-ctpykTyp) M moBbleHHeM TBepjoctu oT 6,7 mo 7,6 I'Tla.
Habmromaembie cTpyKTypHBIE M3MEHEHHUsT OOBSCHEHBI oOpazoBaHmeM nedekToB ymakoBku B ['L[K-pemretke mpu
MaJIOM COJIEP>KaHUU a30Ta.

BIIJIUB TUCKY A30TY HA CTPYKTYPY KOHAEHCATIB,
IO OTPUMAHI 3 BACOKOEHTPOIIIMHOI'O CILIABY AICrTiZrNbY
TP BAKYYMHO-AYI'OBOMY OCAI’KEHHI

B.M. Bepecnes, O.B. Cobonn, ¥Y.C. Hemuenxo, C.B. JTumoguenxo, I.®. I'opoans, B.A. Cmonbosuii,
JI.A. Konecnixos, A.O. Meiinexoe, I'.0. Ilocmenvuux, B.FO. Hogikos

MeTomaMu  €NeKTPOHHOT MIKPOCKOMIi 3 eHeproAWCIepCiHHAM eJIeMEHTHHM aHalli30M, PEeHTIeHiBCHKO1
nudpakToMeTpii Ta MIKpOIHACHTYBaHHA BHBUYEHI MOJKIMBOCTI CTPYKTYpHOI iHXKEHepii BaKyyMHO-IIyTOBHX
MTOKPUTTIB Ha OCHOBI BHCOKoeHTpomiitHoro cmaBy AlICrTiZrNbY. Bceranosneno, mo cgopMoBaHi BaKyyMHO-
QYTOBHAM OCAQ/DKEHHSM MOKPUTTA € ABO(MA3HUMH 00’€KkTaMH. 3MiHA THCKY a30Ty HPH OCaPKEHHI IOKPHUTTIB Bif
2,0-10" 0 5,0-10” Topp migBuuIye BMicT Horo atomiB y kommeHcati 3 2,7 10 21,62%, IO CYMpOBOIKYETHCS
MIepexo/IoM BiJl HAHOKPHUCTAJIIYHO KJIACTEPHOIO JI0 HaHOKPUCTANIYHOro ABodasHoro crany (moexHanHs OLIK- i
I'IK-cTtpykTyp) 1 migBumieHHsSM TBepaocTi Bix 6,7 mo 7,6 I'Tla. 3adikcoBaHi CTPYyKTypHI 3MiHM HOSICHIOIOTHCS
yTBOpeHH:IM aedekTi ynakoBku B ['TIK-rpariui npu Masomy BMicTi a3oTy.
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