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Effect of pressure of the reaction gas on the texture, structural stress state and mechanical properties
(hardness and resistance to abrasive wear) in vacuum-arc coatings based on Ti-V-Zr-Nb-Hf-Ta nitrides of
high entropy alloys were investigated in this work. At a bias potential of — 200V, an increase in nitrogen
pressure during deposition from 2.5-10-4 to 4.5-10-3 Torr leads to an increase in the content of nitrogen
atoms in the coating, and the formation of a bittexture state [111] + [311] is established. The formation of a
biaxial texture occurs due to the presence in alloys of atoms with very different masses (Ti, V and Hf, Ta).
The use of a multi-element composition in a single-phase state with a simple cubic lattice allows to achieve
high values of microstrain (up to 1.4 %) with a low deposition pressure. It is determined that the increase
of nitrogen pressure during deposition leads to an increase in macrostresses. The highest hardness of
53 GPa is achieved in coatings obtained at a pressure of 2-10-3 Torr. It has been established that coatings
with high resistance to abrasive wear are found to be: crystallite grain size 12-25 nm, absent of texture (or
a low level of texture perfection), and also rather high microstrain in crystallites.
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1. INTRODUCTION

Working surface determines the basic functional
properties of the material [1, 2]. Therefore, various
methods of surface modification are being developed in
order to achieve high hardness, low friction coefficient,
high resistance to oxidation and wear [3, 4]. The most
effective method of achieving high functional proper-
ties is ion-plasma deposition of special coatings [5] or
the creation of structural nanocrystalline states with a
strengthened boundary (due to doping with special
elements [6]).

Currently, the two most promising types of coat-
ings are multilayer nanostructured composites [7] and
multi-element coatings (4 or more elements) [8, 9]. The
use of such materials allows to achieve a superhard
state in multiperiod systems with a layer thickness of
less than 10 nm [10] or a corresponding crystallite size
in multi-element systems [11].

Among multi-element coatings, the greatest effect
of increasing the functional properties was achieved
for nitride high-entropy alloys (NHEA) [12].

The main distinctive feature of high-entropy alloys
(HEA) is the presence of dissimilar atoms in the lattice
of the solid solution [13]. Due to the different electron-
ic structure, size, and thermodynamic properties, at-
oms significantly distort the crystal lattice of the sub-
stitution solid solution [14]. This contributes to signifi-
cant solid solution hardening [15]. In addition, the
reduced free energy of HEA ensures the stability of
the solid solution during the subsequent heat treat-
ment, which was confirmed by various authors [16].
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PACS numbers: 64.75.St, 81.07.Bc, 62.25.-g,
61.05.cp, 61.82.Rx

HEA thus formed may have increased strength
combined with good oxidation resistance and corro-
sion. To achieve high entropy, the alloy should, as a
rule, consist of five or more basic elements with an
atomic concentration of each between 5 and 35 %.

In this work, transition metals with high free en-
ergy gain in the formation of nitrides were selected as
components of the high-entropy alloys. These are Ti,
Nb and Ta with an atomic radius close to 0.145 nm, Zr
and Hf with an atomic radius close to 0.16 nm and V
with an atomic radius of 0.132 nm. At the same time,
(Nb, Ta and V) have a bcc lattice at room temperature
and form a continuous series of solid solutions be-
tween themselves. Hf, Zr and Ti also form continuous
solid solutions with each other. They have a hcp crys-
tal lattice at room temperature, but have a bcc lattice
at high temperatures. At the same time, Hf, Zr, Nb
and V are f-stabilizers for titanium.

In such a combination, it is possible to create sta-
ble nitrides based on multi-element HEA [17]. In such
complex multi-element materials one can expect a
decisive influence on the structure and properties of
the coating on the magnitude of the pressure of the
reactive nitrogen atmosphere (Py) and the bias poten-
tial (Up) during deposition.

The purpose of this work was to analyze the influ-
ence of Py on the structural-stress state and mechani-
cal properties (hardness and resistance to abrasive
wear) in coatings of NHEA.
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2. SAMPLES AND METHODS OF
EXPERIMENTS

The cathodes for vacuum-arc evaporation were
produced from HEA of the Ti-V-Zr-Nb-Hf-Ta system
obtained by the method of vacuum-arc melting in an
atmosphere of high-purity argon.

The deposition of coatings was carried out in a
modernized installation “Bulat-6” [18]. Polished plates
of 12X18HIT stainless steel and copper foil of 0.2 mm
thick were used as the substrates. The coatings were
deposited by applying a constant negative potential
Up=—200V to the substrate, an evaporator arc cur-
rent of 90 A, a residual gas pressure of 2.5-10 % Torr.
The nitrogen pressure in the deposition process was
2.510-%-4.5-10-3 Torr. The coating deposition rate
was about 1.5 nm/s.

Deposition parameters, as well as hardness (H) and
the ratio of the hardness to the reduced modulus of
elasticity (H/E;), are presented in Table 1.

Table 1 — Deposition parameters and indentation results

S‘Ifflloes I A| Us, V| Py, Torr|H, GPa| HIE, | .. GPa
1 190 |—200] 25104| 44 |0141] 311
2 |90 |—200| 5104 | 435 |0.139] 310
3 190 |—200] 7104 | 52 |0160] 324
4 95200 210° | 54 |0.165] 3%
5 190 | —200]| 4510°] 48 |0.152] 316

The study of the structural-stressed state was car-
ried out on a DRON-3M X-ray diffractometer in Cu-K,
radiation using a graphite monochromator. The study
of the phase composition and texture of the coating
was carried out using traditional X-ray diffraction
techniques by analyzing the position, intensity and
shape of the diffraction reflex profiles [7]. The degree
of texturing was determined by the width of the rock-
ing curve during the &scan [5].

The elemental composition of the coating areas was
determined by the micro X-ray spectral method on the
«CAMEBAX microbeam» electron probe microanalyzer.
The concentration of components was determined as
the average of 8-10 local measurements at different
coating areas for each sample.

Microindentation was carried out on the installa-
tion "Micron-gamma" at a load of up to F'= 0.5 N using
a diamond Berkovich pyramid with a sharpening an-
gle of 65°, with automatically performed loading and
unloading for 30 seconds.

The study of resistance to abrasive wear was carried
out on the device "CSM Instruments CALOWEAR"
designed to carry out tests for wear coatings using the
method of spherical excavation using diamond abra-
sive "Calowear Superfine < 0.2 pm". The “CSM In-
strument Calowear” instrument (the general view is
shown in Fig. 1) allows determining the wear rate - the
value is inversely proportional to the wear coefficient.
The principle of operation is the formation of a spheri-
cal recess on the test sample. For this, the ball (coated
with diamond abrasive) is rotated on the surface of the
sample by means of the motor shaft. Rotating, the ball
produces a spherical notch wear on the surface of the
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sample. For linear wear, the wear rate K is defined as:
K =(7d")/(64R-L-Fy),

where L is the sliding distance; Fy is the normal load
on the sample; d is the diameter of the notch; R is the
radius of the sphere [19]. The size of the resulting
groove is determined using an optical microscope.

Fig. 1 — General view of the device CALOWEAR: 1 — engine;
2 —ball; 3 — motor shaft; 4 —shaft speed controller; 5 — cycle
counter; 6 — selector to set the time; 7 — START button; 8 —
STOP button; 9 —"Zero" setting knob; 10 — indicator of the
value of normal force; 11 — pump; 12 — hose; 13 — set for mixing
the suspension; 14 — metal guide for hoses

3. RESULTS AND DISCUSSION

The study of the surface morphology of nitrides of
HEA showed that the surface is structured into cells
with a size of several micrometers, which is typical of
other highly hard vacuum-arc coatings (TiN, MoN, ZrN,
etc.) [18]. On the outer surfaces of the coatings a droplet
phase is detected. With increasing nitrogen pressure in
the working chamber during the deposition process, the
number and size of the droplet phase decreases. The
coating structure is columnar (Fig.2). The columnar
structure is most pronounced for coatings produced at
low pressure (Fig. 2a).

As can be seen from Tables 1 and 2, the pressure of
nitrogen during deposition affects its content in coat-
ings to the greatest extent. However, even the highest
content of 43.41 at. % is also less than stoichiometric
for mononitride (50 at. %). This reduced nitrogen con-
tent is apparently related to the processes stimulated
by ion bombardment at high Us =— 200 V. In this case,
secondary sputtering (in the near-surface region of
growth of the coating) leads to selective depletion of
nitrogen atoms (as the lightest) [12]. With metal at-
oms, with increasing Pn, the content of Ti atoms (hav-
ing a high energy of formation of nitride) increases. To
the greatest extent, with increasing Py, the content of
Hf atoms decreases (by 22 %). The reason for this ef-
fect is the large scattering of heavy atoms in the inter-
electrode gap during deposition [12].

Fig. 3 shows the characteristic energy dispersive
spectrum of the elemental composition of the coating
(series 4, P=2-10-2 Torr).
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Fig. 2 — Morphology of the coatings on the copper substrate:
a — series 2, b — series 4
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Fig. 3 — Energy dispersive spectrum of the elemental compo-
sition of the coating (series 4, P =2-10-3 Torr)

It is seen that all the elements of the original tar-
get are present in the coatings. Also, a peak from the
nitrogen component is detected in the spectrum.
Table 2 shows the resulting data on the study of the
elemental composition for 3 series of coatings.

Table 2 — The content of elements in the coatings according
to the energy dispersive analysis

series Element, at. %
No Ti \Y Zx Nb Hf Ta N
1 7.40 | 3.59 | 13.81 | 13.10 | 15.90 | 8.15 | 38.05
3 7.59 | 3.26 | 13.25 | 13.07 | 13.49 | 8.07 | 41.17
4 7.66 | 2.98 | 12.60 | 12.91 | 13.02 | 7.42 | 43.41

As can be seen from Fig. 4, a single-phase state is
formed on the basis of an fcc crystal lattice in the en-
tire range of pressures used. For nitride, the structur-
al type of this lattice is NaCl. As can be seen from
Fig. 4, for the nitride coating obtained at Uy =— 200 V
and the smallest P=2.510-4Torr (Fig.4, spec-
trum 1), [311] texture formation occurs.

J. NANO- ELECTRON. PHYS. 11, 03013 (2019)

The formation of such a texture in fcc materials is
often due to the high resistance of such a structural
state to radiation defect formation [7]. This texture is
maintained up to a comparatively high pressure
P=2-103 Torr (Fig. 4, spectrum 4). At a higher pres-
sure, a bit-texture state is formed with the main
growth texture [111] (Fig. 4, spectrum 5). However,
the degree of perfection of such a texture is small. This
can be associated with the misorientation effect of at-
oms of six-element nitride components of different
sizes in the lattice sites.
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Fig. 4 — XRD-spectra of nitride coatings obtained at different
pressures of the nitrogen atmosphere (the number of the
spectrum corresponds to the number of the series in Table 1)

The appearance of a plane of preferred orientation
of crystallites with the [100] axis of the texture at low
pressure of the nitrogen atmosphere (curves 1-3 in
Fig. 4) indicates an increase in the mobility [5] of the
deposited particles as a result of a relatively low ener-
gy loss during collisions in the interelectrode gap.

As an intermediate conclusion, it can be noted that
with an excess of nitrogen (at the highest pressure of
(2-4)10-3Torr), a [111] texture is formed. One of the
main factors for the formation of this type of texture is
the minimization of the strain energy of the system [7].

A comparison of the substructural characteristics
(measured by the width of diffraction reflections at
different angles) showed that with increasing pressure
an increase in the average crystallite size occurs (see
Fig. 5, dependence 1). This is determined by the fact
that at low pressure of the nitrogen atmosphere, high-
energy particles reach the growth surface with virtual-
ly no energy loss. In this case, a defective structure
with a large number of crystallization centers is
formed on the surface. This effect is most pronounced
at pressures of (2.5-7) 10— 4 Torr.

The change in the microstrain of crystallites with in-
creasing pressure has a non-monotonic character (Fig. 5,
dependence 2). At low pressures, microdeformation
grows to 1.4%. The reason for this is intense ion bom-
bardment (which occurs at low pressure with virtually
no energy loss by accelerated particles). At pressures
greater than 7-10-4 Torr, there occurs a decrease in the
microstrain of crystallites. The reason for this effect is
more equilibrium growth processes and a greater amount
of relaxation due to an increase in the grain size.

The analysis of the stress-strain state was carried
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out by the method of multiple oblique surveys (“a-
sin?¥’-method). The negative angle of inclination (“a-
sin?¥’-graphs (Fig. 6)) occurs, that increases pressure
of the nitrogen atmosphere. This is due to the devel-
opment of greater compression macrostraction in the
coating. A characteristic feature of the obtained “a-
sin?¥’-graphs is their intersection almost at one point
sin?¥= 0.4. In the case of a cubic lattice, this intersec-
tion corresponds to a Poisson coefficient () close to
0.25 (sin2 % = 244(1+4)).
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Fig. 5 - Dependence of the size of crystallite grains (1) and
microstrain (2) on the pressure of the nitrogen atmosphere
during the coating deposition
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Fig. 6 — The dependence of "v" on pressure at a constant bias
potential of —-200V. Py, Torr: 1-710-4, 2-210-3,
3—-4.510-3

Fig. 7 shows the dependence of the change in macro-
deformation on pressure. It can be seen that there is a
strong increase in the compressive strain in the pres-
sure range (2.5-20) 104 Torr. At higher pressures, the
magnitude of the macrodeformation of compression in
the coatings remains almost unchanged.

It can be concluded that at low pressure, the main
contribution to the development of macrodeformation
is made by ionized particles accelerated in the field of
the bias potential. At the same time, the macrodefor-
mation level reaches 2.89 % (Fig. 7).

At high pressure, when the energy of the deposited
particles drops sharply due to collisions in the gap
between the cathode and the substrate, there is a
small macrostrain change.

J. NANO- ELECTRON. PHYS. 11, 03013 (2019)
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Fig. 7 - Dependence of macrodeformation change in coatings
on nitrogen pressure during condensation

The most universal characteristic of the mechani-
cal properties of coatings is their microhardness.
Measurement of the microhardness of the coatings
showed (Fig. 8) that the highest hardness is achieved
at a pressure of 2103 Torr. In the coatings obtained
at this pressure, on the one hand, a sufficiently high
stress-strain state of compression takes place (Fig. 7),
and on the other hand, the ratio between metal and
nitrogen atoms is close to equiatomic (Table 2).

56 T T T T T

0,165

0,160

F0,155

0,150

H, GPa
d/H

0,145

0,140

36 T T T T T
0,000 0,001 0,002 0,003 0,004 0,005

0,135
PN’ Torr

Fig. 8 — Dependence of microhardness (1) and the microhard-
ness to modulus of elasticity ratio (2) on the nitrogen pres-
sure during condensation

As can be seen from Fig. 8, the highest hardness is
53 GPa and the highest ratio H/E = 0.165 is reached at
the value of Pv=2-10-3 Torr. As is well known, the
value of H/E characterizes the ability of a material to
resist a change in size and shape during deformation
[20]. Thus, with the highest hardness of the coating,
they are characterized by the greatest resistance to
the deformation process.

Fig. 9 shows the results of resistance tests. It is
seen that the presence of a nanograined and practical-
ly non-textured structure at low pressure during depo-
sition (Fig. 4) determines the increased resistance of
such coatings to abrasive wear.
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Fig. 9 — Dependence of the abrasive wear of the coatings
Ti-V-Zr-Nb-Hf-Ta-N on the nitrogen pressure in the vacuum
chamber during the deposition process

Comparison of test results with the dependence of
microstrain in crystallites (Fig. 5, dependence 2) shows
a direct relationship between the deformed state and
abrasive wear: a high level of microstrain of the coating
crystallites determines the least abrasive wear. At the
same time, the presence of high microstrain is a char-
acteristic feature of multicomponent HEA at low depo-
sition pressure (Fig.5). This is due to the high effi-
ciency of the radiation factor of defect formation (due
to the low energy loss of a collision in the gap “evapo-
rating cathode — coating” at low pressure). Also, at low
pressure, the possibility of attaining a higher level of
microstrain is facilitated by the incomplete filling of
octahedral interstices with atoms. In such a state (i.e.,
the material is in a state that is pre-stoichiometric in
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CrpykrypHa iHkeHepia i mexaniuni BiaactuBocri (Ti-V-Zr-Nb-Hf-Ta)N
HOKPUTTIB OTPUMAHUX IPU Pi3SHOMY TUCKY

0.B. CoGomn!, A.O. Aagpees?, I".O. ITocrenpunxk!, A.O. Meitnexos?!, 10.€. Caraigamuikos?,
B.O. Crontosuiiz, H.C. €srymenko?, T.O. Cupenro?, #K.B. Kpaescokal, O.B. 3paroincruii!

1 Hauionanvruii mexuiuhuil ynigepcumem «XapkiecobKuil nonimexniunuil incmumymn, 8ya. Kupnuuosa, 2,
61002 Xapxis, Vrpaina
2 Hauionanvruti Haykosuli uenmp XapKigcoKuil Piauko-mexrivnull incmumym, 8ya. Axademiuna, 1, Xapkis,
61108 YVrpaina
3 Xapkiscoruti mawunobyoisHull Kosedsxc, 8ys. Ilnexaniscorka 79, 61068 Xapkis, Yrkpaina

B po6oTi mociKeHO BIUIMB THCKY PEAKIIHOTO rady Ha TeKCTYPY, CTPYKTYPHO-HAIIPY KeHUI CTaH 1 Me-
XaHIYHI BJIACTUBOCTI (TBEPMICTS 1 CTIMKICTD 10 a0pas3uBHOIO 3HOCY) B BAKYYMHO-AYTOBUX MOKPUTTAX HA OCHO-
Bl HiTpumiB Ti-V-Zr-Nb-Hf-Ta BucoxoeHTpomiiiHux cmiasiB. BeramoBseHo, 1m0 HpW IIOTEHIAT 3CYBY
— 200 B 306inpurenHst TUCKY a30Ty mipu ocarerH] Big 2.510-4 1o 4.5-10-3 Topp npu3BOgUTH 70 HIBUIIEH-
Hs BMICTY aTOMIB a30Ty B IIOKPUTTI, a TAKOXK popMyBaHHIO biTekcTypHoro crany: [111] + [311]. @opmyBanHs
GlakciaJbHOI TEKCTYPH BIOYBAETHCA Yepes HASBHICTH B CIIABAX ATOMIB 3 MACaMHU, 10 CHJIBHO BIPI3HIIOTH-
cs (Ti, V Tra Hf, Ta). Bukopucramus 6aratoesleMeHTHOrO CKJIQILy MPHU OZHO(MA3ZHOMY CTaHI 3 IIPOCTOI0 KyOid-
HOIO PEITITKO0 JIO3BOJISAE JIOCSITATH BUCOKHX 3HAYEHb MiKpoedopmartii (o 1.4 %) npu HE3BKOMY THCKY Oca-
mexeHHsI. BeraHoBieHo, 1m1o 31 301/IBIIEHHSAM THUCKY a30TY IIPH OCAKEHHI IIPU3BOJUTH 0 301/IBIIEHHS MaK-
pomedopmariii. Haiibisieima TBepmaicts cramoButh 53 ['Ila 1 gocsiraerhest B IOKPUATTSAX, OTPUMAHUX IIPU THCKY
2-10-3 Topp. BusHaueHo, 1110 BUCOKY CTIMKICTD [0 a0PA3HMBHOIO 3HOCY MAKTh HOKPHUTTA Y SAKHX: PO3MIp 3e-
peH-kpucTaiiTiB 12-25 M, HeMae (a00 HU3BLKMHA PiBEHBb TOCKOHAJIOCTI) TEKCTYPH, a TAKOYK JOCUTH BHCOKA
MikpogedopMAaIlis B KpUCTAITAX.

Kmiouosi cnosa: Bucoxoentpomitini crtasu, Tuck asory, [Tokpurrs, Texerypa, CyOcTpyKTypHI XapaKkTepH-
crukn, [lorenmiamn scyBy, Tsepaicrs, AOpasuBHUIA 3HOC.
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