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The physical factors, which influence on structural state and phase composition of nitride coatings
based on multicomponent alloys obtained by means of vacuum-arc deposition method have been deter-
mined. It was shown that the increase in partial pressure of nitrogen ensures the formation of a single
phase solid solution with fcc crystal lattice. Under the pressure of nitrogen atmosphere below 10-3 Pa, a
single phase solid solution with a beclattice is formed; and within the pressure of nitrogen Px=10-3 -
8 x 10-22 Pa, a two-phase system of solid solutions with bee and fce lattices is observed. With an offset po-
tential of — 70 V, a texture [100] is observed; and within the alteration of bias potential of (— 70 V - — 90 V)
texture [100] + [111] appears. In the range of Us from — 120 V to — 150 V, a texture [111] is observed, and,
with an increase of bias potential, a texture [111] + [110] is observed.
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INTRODUCTION

Recently, considerable attention has been paid to
the study of protective nitride coatings based on mul-
ti-component alloys, which are characterized by hight
high mechanical properties (increased hardness and
thermal stability) ([see, for example, 1-3]). Most of the
scientific works are dedicated to the study of nitride
coatings based on multi-component alloys, which are
obtained by means of ion-plasma methods, such as
magnetron sputtering and vacuum-arc deposition [4, 5].

The properties of nitride coatings based on high en-
tropy alloys can be controlled by changing the condi-
tions for obtaining them (e.g. by altering bias potential
applied to the substrate, the temperature of the sub-
strate or the concentration of nitrogen in the mixture of
the operating gases).

Physical factors that influence the formation of struc-
ture of the nitride protective coatings obtained by means
of vacuum-arc deposition of material based on multicom-
ponent alloys have been analyzed and defined in this
study.

1. MULTICOMPONENT (HIGH ENTROPY)
ALLOYS

The results of the analysis of the literary data indicate
that nitride coatings based on high entropy alloys can be
obtained in a single phase substitutional solid solution,
which, by its nature, is both highly firm and thermody-
namically stable in comparison with multi-phase solid
solution. The positive result is achieved by selecting such
a number of components and the ratio of their concentra-
tions in the alloy, at which an elevated values of mixing
entropy are formed in design compositions, along with
this, such a value of entropy is present not only in melted
state, but also after solidification. Reduced free energy of
the alloy determines stability of solid solutions during the
subsequent heat treatment. High mechanical performance
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at high temperatures is ensured owing to severe distortion
of the crystal lattice (bce, as a rule). At the same time, the
higher entropy of mixing is, the more these characteristics
of the alloy are manifested.

To predict the collective behavior of elements in a
multi-component alloy, works [6-8] suggest using such
physical parameters as difference in atomic radii, en-
thalpy of mixing (H™*) and entropy of mixing (S™ix), the
difference in electronegativity , concentration of valence
electrons VEC.

When selecting alloying elements to produce multi-
component coatings based on nitrides, the features of
nitride formation need to be taken into account, as well
as properties of components forming the alloy. The
most stable nitride phases form metals groups IV-V
(Table 1).

2. NITRIDE COATINGS BASED ON MULTI-
COMPONENT ALLOYS

Nitride coatings based on high entropy alloys show
high hardness, strength, and thermal stability [1, 2].
The main physical parameters that influence on for-
mation of coatings by means of vacuum-arc deposition
method, are partial pressure of the operational gas and
bias potential, applied to the substrate, which allows to
regulate energy of the deposited ions in a wide range [4].

Analysis of the diffraction spectra of nitride coatings
formed based on high entropy alloys TiZrHfVNDbTa by
means of vacuum-arc deposition method (Fig. 1) has
shown that formation of monophase state based on fcc
metal lattice of NaCl type occurs in this structure, ob-
tained both at a low pressure of 0.09 Pa and at a rela-
tively high pressure of nitrogen atmosphere
(P~ = 0.4 Pa). But the spectrum also contains low inten-
sity bee peaks (up to 7% of volume). This can be ex-
plained by the presence of a droplet phase in the coating.
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Table 1 — Enthalpy of formation (AH) of Metals Nitrides [9]
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Compound TiN ZrN NbN CrN HN VN AIN TaN
(AH), 3366 | -3655 | —2378 | —1180 | -3736 | —299.3 | -3203 | —2520
kJ/mol
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Fig. 1 — Areas of the X-ray diffraction spectra of the coated
samples (TiZrHfVNbTa)N obtained at Px=0.4Pa (2) and
Px=0.09 Pa (1) [10]

When studying the structural state of nitride coat-
ings based in (TiAlZrNbY) system, obtained at the low-
est pressure of (0.05 Pa), the phase with bce lattice is
also detected. This is inherent for the structure of high
entropy alloy with no formation of own nitride lattice
[111]. The size of the crystallites of the bcc phase is
small enough and is 7,7 nm.

In the coatings obtained under the high pressure of

the operating atmosphere of 0.3 Pa (curve 2 in Fig. 2),
except for the constituent part with bee crystal lattice, the
nitride phase, corresponding to fcc lattice, is formed.
The size of the crystallites of bcc phase was about
11.5 nm, and of the nitride fcc phase it was about 5 nm.
Lattice period, determined by the position of maximum
of diffraction peak was 0.462 nm. The ratio of bce and
fce phases is close to 1/2. The obtained results indicate
the presence of bee phase in the coating, which is most-
ly determined by the droplet phase, which has a crystal
structure at all pressures of nitrogen used in the depo-
sition process. A comparative analysis of the distribu-
tion of the elemental composition by cross section of
droplets with an average composition of multi-
component coating (TiZrNbAIYCr)N obtained by the
vacuum-arc deposition method has shown that the
droplet phase was mass of molten material of the cath-
ode TiZrNbAIYCr with a slightly modified element
composition to the side of heavy elements.

The closer to stoichiometric by nitrogen the composi-
tion of the nitride coatings is, the more often fcc phases
are observed in the coatings. It should be noted that the
formation of fcc lattice in multielement systems is con-
firmed by multiple literature sources [11, 12]. Along with
this, such materials are more likely to form monophase
solid solutions of the nitride phase rather than individu-
al nitrides coexisting with each other.

The preferred texture of crystal growth of the coatings
is the direction along the axis [111]. The presence of tex-
ture [111] in the coating indicates the preferred orienta-
tion of grains parallel to the surface of the sample with the

20, grad.

Fig. 2 — Areas of diffraction spectra of the coatings of the system
(TiZrNbAIY)N, deposited at different pressures of nitrogen: curve
1—Px=0.05Pa; curve 2 — Pxn=0.3 Pa; curve 3— Pn=0.5 Pa

planes with a minimal surface energy. A comparison of
the diffraction spectra of alloys indicates the strong influ-
ence of the bias potential of the substrate on the orienta-
tion of grain structure.

The study of the impact of the bias potential on the
formation of nitride coatings based on high entropy
alloy (TiZrHfVND) [13] has shown that with the change
of Uy from —50V to — 100V (see Figure 3), a texture
with the axis [111] (Spectrum 3) is observed in the di-
rection of growth of the crystals of the coating.

Formation of texture with a plane [111] in the NaCl
type lattice (metallic fcc lattice and non-metalic atoms
in octahedral interstitials) is defined by the fact that
such planes are the most compacted (with the highest
reticular density), and are monotype by the elemental
composition, i.e. consist only of atoms of metal and/or
nonmetal by means of alteration of them. At a suffi-
ciently high mobility of atoms this is enough for strati-
fication and the formation of compacted planes [111]
parallel to the growth surface during the condensation
process. This process is enhanced with the increase of
energy factor at the increase of bias potential and at a
low pressure of the operating atmosphere, which helps
to reduce the dissipation of energy in the inter-
electrode gap due to collisions. By analyzing the data
obtained during our research and the experimental
data available in the literature, one can say that the
preferential growth by the mechanism described above
is inherent for implementation phases based on
d-transition metals with NaCl type of lattice in the case
of a strong covalent bond.

Thus, the analysis of the diffraction spectra of ni-
tride coatings (Figure 1) obtained at a low pressure of
Px=0.09 Pa and the bias potential of — 150 V, is char-
acterized by an almost untextured state (Spectrum 1 in
Figure 1). Increasing the pressure of the nitrogen at-
mosphere during deposition to Px = 0.4 Pa at the same
bias potential leads to the appearance of bitextural
state with the axes of axial texture [111] and [110]. The

04023-2



LAWS OF FORMATION OF VACUUM-ARC NITRIDE COATING...

£ 20000 [ ' ' ' ' '
: S| IS
2 2™ g ‘
815000f = | 2 g o
- Lo B
- =’ i @™ O %o 2
| O 2 =9 =
10000 | H| o = o 9
HIES) ° Cq 9
..A S g VN N
e = lc\\l
50001 ___JN\. ¥ A3 _Al ]
~ A 2 J
0=t i i
30 40 50 60 70 80

20, grad.

Fig. 3 — Areas of the X-ray diffraction spectra of the coated
samples based on system (TiZrHfVNb)N: 1 — in vacuum with
no Nitrogen; at Pn=0.3 Pa; 2 - Us=—50V;3-Uy=—100V

analysis of substructural characteristics, which was
carried out by means of the approximation method,
indicates that the increase of pressure of nitrogen at-
mosphere leads to an increase of the average size of the
crystals in the coating from 11.9 nm to 41.6 nm, with
the decrease of the value of microdeformation ¢ from
1.11 % to 0.86 %. This is particularly the case for depo-
sition conditions with a negative bias potential of
70-200 V.

The analysis of the substructural characteristics of
the nitride coatings showed the dependence of the sizes
of crystallites on the bias potential. Table 2 shows the
results of the investigation of (ZrTiCrNb)N coatings
obtained by means of vacuum-arc deposition method.

Data shown in Table 2 indicate that the size of
grain greatly depends on the bias potential applied to
the substrate. Due to it, the energy of falling particles
decreases, resulting in a higher radiation component of
the plasma stream.

Table 2 — Alteration of the lattice period and RCS of nitride
coatings

Parameters P=0.3Pa P=0.7Pa P ;37
U, = Us = Ton
Uy = Uy = .
- 100 — 100 stimula-
v —-200V v 200V tion
RCS (L), nm 4.5 5.1 5.2 6.9 7.3
a, nm 0.4359 | 0.4365 | 0.441 | 0.4381 0.4371

The increase in strength is the result of the increase
in strong Me-N bonds in the coatings. Along with this,
high entropy state leads to higher values of hardness
compared to simple TiN coatings (Hrin = 22-25 GPa).

Figure 4 shows the graphs of the alteration of hard-
ness and elastic modulus of the nitride multi-
component coatings (TiVCrZrHf)N depending on the
applied bias potential [14]. There is an increase in
hardness and elasticity modulus, with an increase of
modulus of the negative bias potential up to — 100 V.
The values of hardness and elasticity modulus are
H = (32-33) GPa and E = (268-276) GPa respectively.

This tendency can be explained, firstly, by the size
of grains, which decreases by 30 % with the increase of
the value of bias potential applied to the substrate. In
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the polycrystalline material grain boundaries prevent-
ing the movement of dislocations. As a result of sliding,
a gap in the plane of sliding from one grain to the other
occurs in connection with different grain orientations.
The smaller the grain, the higher the density of grain
boundaries, the greater the hardness. Secondly, with
the increase of bias potential, the consolidation of the
coating occurs due to filling of intergrained emptiness,
which also promotes the increase of hardness.

The factors promoting the increase of physical and
mechanical properties of the coatings based on high
entropy alloys were identified from the analysis of in-
vestigation results (see Figure 5).
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Fig. 4 — The change of the hardness H and elasticity modulus
E of the coatings of system (TiVCrZrHf)N, deposited at differ-
ent values of bias potential, applied to the substrate [14]

2 &
BCC grating S = HCC grating
P 2Ny & Aae
0 slel+EEs [P
Py SRLE g T o ;
- @
;ﬁ
103 102 8107 0.13
U, =-100 V By, Pa

. [100] [180]+[1:1 1 111 :[111]+[1 100"

2 I

0 -50 -100 -150 -200
PN=0.13Pa Uva
1816n“ The generalized average
| size of crystallites
40
>
0 -50 -100 -150 -200
PN=0.13P8 Ub?V

Fig. 5 - Laws of the influence of physical factors during the
deposition on phase and structural state of vacuum-arc nitride
coatings based on multi-component alloys

For example, if to carry out comparison of phase
composition of nitride multicomponent coatings, one
can make a conclusion that with the increase of pres-
sure, saturation of the coating with nitrogen occurs,
and the content of fcc phase increases.

At the pressure of nitrogen atmosphere Pn below
10-2 Pa, a monophase solid solution with bcc lattice is
formed. Within the limits of nitrogen pressure of
Pxn=10-3-8 x 10-2 Pa the two-phase system of a solid
solution with bec and fec lattice is observed.
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The texture of coatings changes depending on the
bias potential. With the bias potential is of —70 V, a
texture [100] is observed; and within the alteration of
bias potential of (~ 70 V - — 90 V), texture [100] + [111]
appears. Further, in the range of alteration of bias po-
tential from — 120 V to — 150 V, a texture [111] is ob-
served, and, with an increase of bias potential, a tex-
ture [111] + [110] is observed.

CONCLUSION

The results of the studies, which were carried out,
have shown that nitride multicomponent coatings have
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fce crystal lattice and are monophase, which indicates
of the effect of high entropy in the coatings.

With the increase in the negative bias potential on
the substrate and during the deposition of nitride coat-
ings based on multi-component systems, the texture
[100] changes from —70V to [111] at —120V to
— 150 V. In this way, by alteration the deposition pa-
rameters at formation of nitride coatings based on mul-
ticomponent systems, one can set the structure and
influence physical and mechanical properties of the
studied coatings.

3axonomepHOCTH (POPMUPOBAHUS HUTPUIHBIX IOKPHITUI HA OCHOBE MHOTOKOMIIOHEHTHBIX
CILJIABOB

B.M. Bepecues?, I0.M. [llatensunx?, H . lymaxosaZ2,
V.C. Hemuenxo!, C.A. Knumenro3, A.C. Mauoxun3

1 Xapovrosckuil HayuoraavHoil yrusepcumem umernu B.H. Kapasuna na. Csoboovt, 4, 61022 Xapovros, Yrpauna
2 Cymcruli eocyoapemeennbili yHusepcumem, ya. Pumcrozo-Kopcakrosa, 2, 40007 Cymot, Yepauna
3Uncmumym ceepxmaeepovix mamepuanos umeru B.H. Baxyns HAH Yipaunot, yi. Aemosasodckasn 2, 04074
Kues, Yxpauna

Omnpenesiernl ruandeckre GaKTOPBI, BIUAIOIIME HA CTPYKTYPHOE COCTOSHME U (ha3OBBINA COCTAB HUTPHUIHBIX
HOKpHTI/]fI Ha OCHOBE MHOTI'OKOMIIOHEHTHBIX CILJIaBOB, IIOJIy4Y€HHBIX METOIOM BaAKYYMHO-IYTI'OBOI'O OCAKICHUA. HO'
Ka3aHo, YTO IOBBIIIIEHNE TTAPITAAIHLHOIO JABJIEHUST a30Ta 00ecIeunBaeT (pOpMHUPOBAHKE OTHO(A3HOIO TBEPIIOro

pacreopa ¢ TTIK  xpucrammdeckoit

pemetroii.  [lpum

JaBJIeHUW  a30THOM  Cpeldbl  HIKe

10-3 Ila dopmupyercs ommodasuemi TBepapi pacreop ¢ OLIK pemrerkoit, a B mpemesnax HaBIeHUs asora
Pxn=10-3 - 8 x 10-2 Ila nabmonaercsa aeyxdasuas cucrema tBepasix pacTeopos ¢ OITK u I'I[K pemrerxoir. [Tpu
norenrmalte cvernenns — 70 B Habmogaercs texcrypa [100]; B mipeesiax u3MeHEHUsT TIOTEHITAAIA CMEIeHUS (—
70 B - — 90 B), mosiBsistercst Texerypa [100]+[111]. B quamasone Us or — 120 B mo — 150 B — mabimomaercs Texcry-
pa [111] i, ¢ OBBIIIIEHEM TIOTEHIAIA CMEIeHN s, Hab rogaeTcs Tekcrypa [111] + [110].

Kmouessie ciioa: Hurpugasie mokpertus, MuorokommoneuTHsie cruiaBel, Jlasmenme, Comepskanue aso-

ta, Crpykrypa, TBepmocrts.

3aKoHOMipHOCTI pOopMyBaHHA HITPUOHUX IOKPUTTIB HA OCHOBI 0AraTOKOMIIOHEHTHHX CILJIaBiB

B.M. Bepecues!, 10.M. llla6ensuur?, H.I. [llymaxosa2,
V.C. Hemuenxo!, C.A. Kiumenxo3, A.C. Manoxiu3

L Xapriscvrull HayionanvHull yHigepcumem imerni B.H. Kapasina, maiidarn Ceoboou, 4, 61022 Xapkis, Vrpaina
2 Cymcvruil deporcasrull yHigepcumem, 8yai. Pumcvrozo-Kopcakrosa, 2, 40007 Cymu, Yrpaina
3 Incmumym naomeepoux mamepianis imeni B.M. Baxynas HAH Ykpainu, eys. Aémosasodcvra 2, 04074
Kuis, Yrpaina

Busnaueno disnuni daxropm, 10 BIUIMBAKTL HA CTPYKTYPHMHI CTaH 1 asoBUil CKJIAL HITPUAHUX IIOK-
PHUTTIB HAa OCHOBI GATaTOKOMIIOHEHTHMX CILJIABIB, OTPUMAHUX METO0M BaKyyMHO-IyTOBOTO ocajskeHHs. [lo-
Ka3aHo, IO MMABUINEHHS IapIaJbHOTO THCKY a30Ty 3abesmedye (pOpMyBAHHSA OJHOMAZHOTO TBEPLOLO PO3-
unny 3 'K kpucramiunomo rpatkoo. 3a yMOB THCKY a30THOTO cepemosuina Hrkde 10-3 ITa dopmyerbes ox-
Hodasauit TBepauii posuns 3 OLIK rpaTkom, a B Mmeskax Trucky asory Px = 10-3-8 x 10-2 I1a cnocrepiraerses
nBodasHa cucrema TBepaux podunuie 3 OIK i I'IK rparamu. IIpu norentiamni amimenns — 70 B cmocrepi-
raerbea Texcerypa [100]; B Meskax 3MIHIOBAHHS HOTeHIaTy amimeHHs (— 70 B- — 90 B), 3'aBisgerscs Texery-
pa [100] + [111]. B miamasoni Uy Big — 120 B 1o — 150 B — criocrepiraerses texcrypa [111] 1, 3 minBuineHHsaM
HOTEeHITIaJIy 3MIIeHHs, CIIocTepiraeTbes Texerypa [111] + [110].

Kirouosi cosa: Hirpurei nmoxkpurrsi, BaratrokommorentHi crasu, Tuck, Bmicr azory, Crpykrypa, TBepmicrs.

04023-4



LAWS OF FORMATION OF VACUUM-ARC NITRIDE COATING...

REFERENCES

T.K. Chen, T.T. Shun, J.W. Yeh, M.S. Wong, Surf. Coat.
Technol. 188-189, 193 (2004).

A.D. Pogrebnjak, A.A.Bagdasaryan, L.V.Yakushchenko,
V.M. Beresnev, Russ. Chem. Rev. 83 No 11, 1027 (2014).
B.S. Murty, J.W.Yeh, S.Ranganathan, High-Entropy
Alloys (Elsivier, Boston: 2014).

LI. Aksenov, A.A. Andreev, V.A. Belous, V.E. Strelnitskij,
V.M. Khoroshskh, Vacuum arc. Plasma sources, coating
deposition, surface modification (Nauxovadumka: Kiev:
2012) [In Ukrainian].

E.V. Berlin, L.A. Seidman, Ion-plasma processes in thin-
film technology (Technosfera: Moskva: 2010) [In Russian].
Y. Zhang, Y.J. Zhou, J.P. Lin, G.L. Chen, P.K. Liaw, Adv.
Eng. Mater. 10 No 6, 534 (2008).

M.C. Gao, J.-W. Yeh, P.K. Liaw, Y. Zhang, High-Entropy
Alloys: Fundamentals and Applications (Springer Interna-
tional Publishing AG: Switzerland: 2016).

S. Guo, C. Ng, J. Lu, C.T. Liu, J. Appl. Phys. 109, 103505
(2011).

9.

10.

12.

13.

14.

04023-5

J. NANO- ELECTRON. PHYS. 9, 04023 (2017)

L.V. Pankratz, Thermodynamic properties of carbides,
nitruides, and other selected substances. Bulletin (United
States Department of the Interior: Bureau of Nines: 1994).
A.D. Pogrebnjak, 1.V. Yakushchenko, 0.V. Bondar,
V.M. Beresnev, K. Oyoshi, O.M. Ivasishin, H. Amekura,
Y. Takeda, M. Opielak, C. Kozak, J. Alloy. Compd. 679,
155 (2016).

. S.A. Firstov, V.F. Gorban, N.I. Danilenko, Powder Metal-

lurgy and Metal Ceramics 52 No 9-10, 560 (2014).

A.D. Pogrebnjak, I.V. Yakushchenko, A.A. Bagdasaryan,
0.V. Bondar, R. Krause-Rehberg, G. Abadias, P. Chartier,
K. Oyoshi, Y. Takeda, V. M Beresnev, O.V. Sobol, Mat.
Chem. Phys. 147 No 1, 1079 (2014).

U.S. Nyemchenko, V.M. Beresnev, S.A. Klimenko,
IL.A. Podchernyaeva, P.V.Turbin, A.A. Andreev, J. Sup-
perhard Mater. 37 No 5, 322 (2015).

S.-Ch. Liang, Z.-Ch. Chang, D.-Ch. Tsai, Yi-Ch. Lin, Huan-
Shin Sung, M.-J. Deng, F-Sh. Shieu, Appl. Surf. Sci. 257
No 17, 7709 (2011).


https://doi.org/10.1016/j.surfcoat.2004.08.023
https://doi.org/10.1016/j.surfcoat.2004.08.023
https://doi.org/10.1070/RCR4407
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1063/1.3587228
https://doi.org/10.1016/j.jallcom.2016.04.064
https://doi.org/10.1016/j.jallcom.2016.04.064
https://doi.org/10.1007/s11106-014-9560-z
https://doi.org/10.1007/s11106-014-9560-z
https://doi.org/10.1016/j.matchemphys.2014.06.062
https://doi.org/10.1016/j.matchemphys.2014.06.062
https://doi.org/10.1016/j.apsusc.2011.04.014
https://doi.org/10.1016/j.apsusc.2011.04.014

