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Establishing the regularities of the structure and phase formation of vacuum-
arc multilayer nitride coatings at different technological parameters is im-
portant for the predicted obtaining of the required properties of multilayer
systems. To analyse the influence on the physical and mechanical properties,
the following technological parameters of deposition vacuum-arc multilayer
nitride coatings are chosen: pressure of the reaction gas in the vacuum cham-
ber (0.08-0.27 Pa), constant negative voltage on the substrate (70—-200 V), lay-
er thickness (17-150 nm) and number of layers (68, 270, 1080). Chromium and
niobium nitrides, which are promising materials in many fields of application,
are chosen as components of vacuum-arc coatings. The research show that vac-
uum-arc multilayer nitride coatings CrN/NbN obtained under different tech-
nological conditions have high planarity of layers and practically no drop phase
in the volume of the coating. The analysis of heterogeneity of the structural
and phase state of the coatings is carried out by the root-mean-square deviation
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of the vacuum-arc coating microhardness. The trends in changes in physical
and mechanical properties are evaluated based on the average values of micro-
hardness, contact modulus of elasticity, and others ratios.

Key words: vacuum-arc coatings, multilayer coatings, microhardness, sur-
face morphology, physical and mechanical properties.

BcecranoBienHA 3aKOHOMipHOCTEIHl CTPYKTYpPO- Ta (a30yTBOpPEeHHS BaKyyMHO-
IyroBuX 6araTomiapoBUX HiTPUIHUX MOKPUTTIB 3a Pi3HUX TEXHOJIOTIUHUX IIa-
pameTpiB HaHEeCEeHHS € BAYKJIMBUM AJIA IPOTHO30BAHOTO OJePKaHHA MOTPiOHUX
BJIACTUBOCTEM OaraTomiapoBux cucteM. [asa aHamisu BmamBy Ha (isuKo-
MeXaHiuHi BJIacTUBOCTI 6y 00paHi HACTYITHI TeXHOJIOTiUHI TapamMeTpy HaHe-
CEeHHSI BAKYYMHO-IYTOBUX 0araTolnapoBUX HITPUAHUX IIOKPUTTIB: THCK peak-
IiiHOrO rasy y BakyymHiin kamepi (0,08—-0,27 Ila), mocriiiHa HeraTuBHA Ha-
npyra Ha migkjgaguHIii (70—-200 B), ToBmimua miapiB (17—-150 HM) i KigbKicTh
mapiB (68, 270, 1080). B aAKocTi cKJIaZOBUX BaKyyMHO-IYTOBUX MOKPUTTIB
oyau obpani HiTpuau Xpomy ta Hiobiro, AKi € mepcleKTUBHUMY MaTepisaamMu
y baraThox raJjyssx sactocyBaHHA. IIpoBemeHi HOCaif)KeHHsA MOKa3aJju, IO
oJlep:KaHi 3a PiBHMX TEXHOJIOTIUYHMX YMOB BaKyyMHO-AYI'OBi OarartoIiraposi
"iTpunui nokpuTrtss CrN/NbN MaoTh BUCOKY MJIAHAPHICTD IIAPiB i IPaKTUYHO
BificyTHiCTh KpameabHOI (pasu B 00°eMi MOKPUTTSA. AHaJi3y HeOTHOpimgHOCTU
CTPYKTYPHO-()A30BOT0 CTaHy IMOKPUTTIB ITPOBOAUIM 34 CEPEeTHLOKBAApPATHAU-
HUM BiIXMJIOM MiKPOTBEPAOCTH OJEPKaHMX BAKYYMHO-IYTOBUX HOKPUTTIB.
OriHoBaHHA TeHJEHIiH 3MiH (isMKO-MexXaHiUHMX BJIACTUBOCTEIl BUKOHYBa-
JIOCS 3a CepefHiMU 3SHAaUEeHHAMU MiKDPOTBEPAOCTH, KOHTAKTHOIO MOAYJIA IIPY-
"KHOCTHU Ta IHIIINX CIIiBBiTHOIIEHD.

KarouoBi ciioBa: BaKyyMHO-IYIOBi IOKPUTTSA, O0araToiiapoBi IOKPUTT, MiK-
POTBEPAiCTb, MOP(OJIOTiA MOBEPXHI, (hi3MKO-MeXaHiuHI BJaCTHUBOCTI.

(Received 17 October, 2023; in final version, 20 November, 2023 )

1.INTRODUCTION

In recent years, the development of vacuum-arc coatings for various
fields of application is based on the combination of coating components
with different physical and mechanical, electrical, magnetic, optical
properties and the complication of the vacuum-arc coating structure.
Thus, over the past two decades, a wide range of multicomponent [1-5]
and multilayer [6—10] coatings have been created and researched.
These studies showed the perspective and limitless possibilities of cre-
ating vacuume-arc coatings for various purposes.

One of the important factors affecting the functional properties of
multilayer vacuum-arc coating is the state of the interphase boundary
between layers of materials with different phase composition and
structural state. This becomes especially significant when the thick-
ness of the layers is reduced to tens of nm [11, 12]. In addition, the
thickness of individual layers and their total number also make a sig-
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nificant contribution to the processes of controlled formation of vacu-
um-arc coatings with the necessary properties [13, 14].

In order to obtain predictably the required properties of multilayer
systems, it is important to establish the regularities of structural and
phase formation of vacuum-arc multilayer coatings under different dep-
osition technological parameters, namely, the pressure of the reaction
gas in the vacuum chamber, the constant negative voltage on the sub-
strate, the thickness and number of layers. Despite the large number of
studies in this direction and taking into account the infinite number of
possible combinations of multilayer systems, this task is still relevant.

Nitrides of transition metal of IV group (Ti, Zr, Hf) [15-17], V
group (V, Nb, Ta) [18—-20] and VI group (Cr, Mo, W) [21-23] are main-
ly used as components of a multilayer system. For example, chromium
nitride has good wear and corrosion resistance, high temperature sta-
bility, and a lower friction coefficient than titanium nitride [24]. Due
to this, it is used as a protective coating on a cutting tools operating at
high cutting speeds. In turn, niobium nitride has high hardness and
electrical conductivity, good heat resistance and chemical inertness
[25], and is used in microelectronic devices, superconductor detectors
and other fields. When these two materials are combined, it becomes
possible to obtain new properties of vacuum-arc multilayer coatings
and expand the field of their application.

This paper presents the results of studies of the influence of deposi-
tion technological parameters on the physical and mechanical properties
of vacuum-arc multilayer coatings based on chromium and niobium.

2. MATERIALS AND METHODS
2.1. Materials and Deposition

Vacuum-arc nitride multilayer coatings based on chromium and niobi-
um were deposited in a modified installation ‘BULAT-6’. The evapora-
tor materials were pure metals of vacuum melting: chromium
(Cr99N1) and niobium (Nb1). Cathodes were made of rods with a diam-
eter of 60 mm.

AISI 430 BA + PVC stainless steel samples with a mirror-polished
surface were used as substrates for deposition of coatings. Surface
roughness of these samples R, was lower than 0.05 pm. The dimensions
of the samples were 18x18x2 mm. They were used to determine the
physical and mechanical, tribological properties of coatings.

Previously, the samples were washed with an alkaline solution in an
ultrasonic bath for 10 minutes, and then with Nephras C2-80/120. Dur-
ing the deposition of the coatings, the samples were placed on both sides
on a vertically located metal substrate-holder in the vacuum-arc cham-
ber of the installation. Substrate-holder was in the form of a rectangle
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with dimension 220x300 mm. It was placed on the same horizontal level
as the evaporators and rotated around its vertical axis. The evaporators
themselves were located opposite each other, as shown in Fig. 1.

Before deposition of the vacuum-arc coatings, the vacuum chamber
with the samples was pumped to a pressure of P=1.3-10"3Pa. After
this, the ionic cleaning and activation of the sample surface were car-
ried out by bombardment with metal ions with continuous rotation of
the substrate-holder and a constant voltage on it —1.1 kV. The process
of samples cleaning and heating lasted for 10 minutes. After these pro-
cesses, an underlayer of pure metal (Cr, Nb) was deposited to improve
the adhesive properties of the coatings.

To study the influence of technological deposition parameters on the
physical and mechanical properties of vacuum-arc multilayer nitride
coatings based on chromium and niobium, three series of coatings were
obtained: with continuous rotation of the substrate holder with sam-
ples at a speed of 12 revolutions per minute (series I), at the interval of
the substrate holder rotation of 80 seconds (series II), at the interval of
the substrate holder rotation of 20 seconds (series III).

Control of the technological installation units (motor of substrate
holder rotation and power sources of the evaporators) during the depo-
sition of vacuum-arc coatings of the second and third series was car-

Fig. 1. Scheme of the installation for deposition of vacuum-arc multilayer ni-
tride coatings: 1—vacuum chamber, 2—vacuum-arc evaporator (titanium),
3—shield, 4—substrate holder with samples, 5—gas inlet, 6—substrates
(samples), 7—vacuum-arc evaporator frame—the anode for the gas dis-
charge, 8—vacuum-arc evaporator (chromium), 9—switching relay for con-
nection of evaporator power supply, 10—high negative voltage source Usg,
1]1—system for controlling the deposition of nanolayer vacuum-arc coatings,
12—vacuume-arc evaporator (niobium).
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ried out using the system for controlling the deposition of nanolayer
vacuum-arc coatings [26]. During the deposition of the second and
third series of coatings, the evaporators were turned off during the ro-
tation of the substrate-holder by 180°. This made it possible to obtain
clear boundaries between the layers.

The technological process of deposition vacuum-arc multilayer ni-
tride coatings to the samples took place within 1.5 hours. The pressure
of the reaction gas (nitrogen) in the vacuum chamber varied from 0.08
to 0.27 Pa. The constant negative voltage on the substrate was -70V
and —200 V. The arc current of evaporators was 80 A (for chromium)
and 100 A (for niobium). The evaporators had plasma flow focusing by
amagnetic field 5 mT. The distance from the evaporators to the axis of
substrate-holder rotation was 500 mm.

2.2. Structural Characterization

Planar raster electron microscopic images were obtained using a Tescan
Vega 3 SBU in secondary electron mode at an accelerating voltage of
30kV. The samples were examined without applying any coatings. A
standard technique was used to study the cross sections, which consisted
of cutting the sample (STRUERS Secotom-50 saw), fixing it in a poly-
mer matrix, and successive mechanical grinding and polishing
(STRUERS Tegramin 25 device). Cross sections were examined in a field
emission scanning electron microscope (Zeiss ULTRA Plus) at an accel-
erating voltage of 2 or 10 kV. An in-lens detector of secondary electrons
and a wide-angle detector of backscattered electrons were used.

2.3. Mechanical Testing

The study of physical and mechanical characteristics of coatings on
stainless steel samples was carried out by the microindentation method
using CMS hardness measurement equipped by standard Vickers pyr-
amid. Microhardness numbers were determined under indentation
loads not higher than 1.0 N. Microtester capable for load-displacement
measurements and equipped by trihedral Berkovich pyramid was used
to determine Young’s modulus, E, according to the test method proce-
dure originally proposed by Oliver and Pharr.

3. RESULTS AND DISCUSSION

3.1. Structural Characterisation of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

Technological parameters of deposition of vacuum-arc multilayer ni-
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tride coatings: arc current of chromium evaporator I,; and niobium
Ia2, constant negative voltage on the substrate Us, pressure of reaction
gas (nitrogen) Py are presented in Table 1.

Three series of vacuum-arc multilayer nitride coatings were ob-
tained by using of different technological modes: coatings with differ-
ent thicknesses of individual CrN and NbN layers and bilayer period
(CrN—-NbDbN), number of layers (68 and 270 layers) and kind of the in-
terface between the layers (clear boundary or transition layer).

Figure 2 demonstrates SEM images for the surface morphology of
vacuume-arc coatings of three series, obtained under the same technolog-
ical conditions (constant negative voltage on the substrate Us=-200V
and pressure of the reaction gas (nitrogen) Py =0.08—0.09 Pa).

The use of different technological deposition modes of vacuum-arc
coatings, namely turning off the power sources of the evaporators
(chromium and niobium cathodes) after 20 s and 80s for the time of
turning the substrate holder (5 s) and permanently switched on evapo-
rators, affect the processes occurring on the cathodes surface and in
the near cathode zone (width up to 2:107* cm [27]). The formation pro-
cesses of cathode spots of the I and II types and the duration of their

TABLE 1. Technological parameters of deposition of vacuum-arc multilayer
nitride coatings based on chromium and niobium.

Series No. Coating | Ia1, | Ias, Py,
of coatingsjsamplecomposition| A A Pa

I-1 CrN/NbN 80 120 -70 0.27 Constant rotation
I I-2 CrN/NbN 80 120 -200 0.27 Constant rotation
I-3 CrN/NbN 80 100 —-200 0.09 Constant rotation
Rotation interval — 80 s,

Us, V| Technological mode

II-1  CrN/NbN 80 100 -200 0.27

68 layers
-2 CrN/NbN 80 100 —70 0.27 otationinterval==80s,

I 68 layers
II-3 CrN/NbN 80 100 —70 0.0 Rotationinterval-==80s,

68 layers
4 CrN/NbN 80 100 —200 0,08 otationinterval=80s,

68 layers
-1 CrN/NbN 80 100 —200 0.27 Rotationinterval =20s,

270 layers
-2 CrN/NbN 80 100 —70 0.27 Rotationinterval =20s,

I 270 layers
I3 CrN/NbN 80 100 —70 0.08 Rotationinterval=20s,

270 layers

Rotation interval — 20 s,

I1I-4 CrN/NbN 80 100 -200 0.08 270 layers
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Fig. 2. SEM images of the surface morphology of vacuum-arc multilayer ni-
tride coatings CrN/NbN obtained at the same technological conditions
(Us=-200V, Px=0.08-0.09 Pa): I series—sample I-3 (a), II series—sample
11-4 (b), I1I series—sample I11-4 (¢).

existence on the cathode surface, the temperature of the cathodes, the
composition and state of the metal component of the plasma depend on
these conditions. Thus, even a relatively small change in the tempera-
ture of the cathode leads to a significant decrease in the average energy
and multiplicity of metal component ions of the plasma [27], which, in
turn, further affects the deposition processes of the vacuum-arc coat-
ing, the structural-phase state, and the physical and mechanical prop-
erties of the vacuum-arc coatings.

Figure 3 demonstrates SEM images for the surface morphology of
vacuum-arc multilayer nitride coatings CrN/NbN of third series ob-
tained under different technological conditions of deposition.
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Fig. 3. SEM images of the surface morphology of vacuum-arc multilayer ni-
tride coatings CrN/NDbN of third series obtained under different technological
parameters: sample III-1, Us=-200V, Py=0.27Pa (a), sample III-3,
Us=-70V, Px=0.08 Pa (b).

A transition layer of Cr—Nb—N is formed between CrN and NbN lay-
ers of the vacuum-arc nitride coatings in the mode of continuous rota-
tion of the substrate holder with permanently switched on cathodes
(series I). However, a clear boundary between CrN and NbN layers is
formed when using a system for controlling the deposition of nanolay-
ers vacuume-arc coatings (series Il and III), due to turning off the cath-
odes for the time of turning the substrate holder.

Figure 4 demonstrates SEM images of cross-section of vacuum-arc
multilayer nitride coatings CrN/NDbN with different thicknesses of in-
dividual CrN and NbN layers and bilayer period (CrN—NbN), the num-
ber of layers (68 and 270 layers), and the kind of the interface between
the layers (clear boundary or transition layer). The boundaries between
the layers are clearly visible, as can be seen in Fig. 4.

Analysis of the cross-sections SEM images of the vacuum-arc multi-
layer nitride coatings CrN/NDbN of three series with different number
of layers showed that the total thickness of the coatings was 3.6 um for
the vacuum-arc coatings of the first series, which were obtained by
continuous rotation of the substrate holder, and about 8 and 9 pym for
vacuume-arc coatings of the second and third series, respectively.

Table 2 shows the geometric parameters of the vacuum-arc multi-
layer nitride coatings CrN/NbN of three series, namely the thickness
of the chromium nitride Ac.n and niobium nitride Ax,x layers, the bi-
layer period h.,, the total coating thickness &, the number of bilayers
(periods), and the total number of layers.

Evaluation of the thickness of individual chromium nitride layer
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Fig. 4. SEM images of cross-section of vacuum-arc multilayer nitride coatings
CrN/NDbN of three series with different number of layers: I series (sample I-
3)—constant rotation (a), II series (sample II-4)—68 layers (b), III series
(sample ITI-1)—270 layers (¢).

TABLE 2. Geometric parameters of vacuum-arc multilayer nitride coatings

CrN/NDbN of three series.

. . Total
Serlgs of Coatlpg [— hnbN, By, nm | %, pum quber number
coatings |composition nm of bilayers

of layers
Iseries CrN/NbN - - 6.7 3.6 540 1080
IIseries CrN/NbN 80 150 230 7.8 34 68
III series CrN/NbN 17 50 67 9 135 270

hern and individual niobium nitride layer Anwn for vacuum-arc multi-
layer nitride coatings of the first series (with constant rotation of the
substrate-holder) was not carried out, since these coatings do not have
clear transition boundaries between CrN and NbN layers due to the
formation of a transition layer Cr—Nb—N.

In general, the resolution of the EDS technique is at the level of 1 um.
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Fig.5. Elements distribution of vacuum-arc multilayer nitride coatings
CrN/NDbN of the second series (sample II-4) by depth of the coating: nitrogen
N (a), chromium Cr (b), niobium Nb (¢).

However, as we can see from Fig. 5, which shows the EDS map of sample
I1-4, the observed map demonstrates the layered state of the sample.
The given elemental maps do not contain indications of a violation of
the layered structure homogeneity in the depth of the coating.

The elements distribution of the vacuum-arc multilayer coating on the
surface of sample II-4 is shown in Fig. 6. It can be seen that the coating is
quite homogeneous in composition. The analysis of the images showed
that the obtained coatings of the II and III series have high planarity of
layers and practically no droplet phase in the volume of the multilayer
vacuum-arc nitride coatings CrN/NbN, as can be seen in Fig. 4, b and c.

The chemical composition (on the surface) of the vacuum-arc multi-
layer nitride coatings CrN/NDbN of the second series (sample II-4) is:
25.1 at.% niobium, 32.5 at.% chromium, 42.4 at.% nitrogen.

3.2. Mechanical Characteristics of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

3.2.1. Microhardness of Vacuum-Arc Nitride Coatings CrN/NbN

In order to compare the physical and mechanical properties of vacuum-
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arc multilayer nitride coatings CrN/NbN with the properties of pure
metals (Cr and Nb), nitrides and individual nitride coatings (CrN and
NbN) and to further establish the regularities of the influence of the
technological deposition parameters, their properties are shown in Ta-
ble 3 (microhardness H, and modulus of elasticity E,) [28—34].

The microhardness of the studied vacuum-arc multilayer nitride
coatings based on chromium and niobium is presented in Table 4 in the
form of the minimum Hui,m and maximum H.,., values of the micro-
hardness, the range of the obtained values AH, the average value Hyea
and the root mean square deviation (RMSD). Evaluation of the micro-
hardness was carried out by eight measurements at a distance of
100 ym between them, with a total measurement length of 0.7 mm.

CrL

oL i 1,2

500 um' 500 pm !

5 '

00 pm

c d

Fig. 6. Element maps of vacuum-arc multilayer nitride coatings CrN/NbN of
the second series (sample II-4): nitrogen N (a), chromium Cr (b), niobium Nb
(¢), energy dispersive spectrum (d).
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TABLE 3. Properties of pure metals (Cr and Nb), nitrides and individual ni-
tride coatings (CrN and NbN).

No ‘ Phase |Hu, kg/mm2| H,, GPa ‘Eu, kg/mmz‘ E,, GPa |Reference
Pure metals

1 Cr 142-250 1.4-2.5 24000 235.4 [28, 30]
2 Nb 87 0.87 16000 157 [28, 30]
Nitrides

3 Cr:N 1571+49 15.4+0.48 - 310 [29]
4 CrN 1093 £ 93 10.7+0.9 - 319.8 [29]
5 Nbe:N 1720+100 16.9+1 - - [29]
6 NbNo.75 1780 17,5 - - [29]
7 NbNoger 1525+136 15+1.3 - - [29]
8 NbN 1461 14.3 49300+ 2000 493+2 [29,31]
Vacuume-arc nitride coatings
9 CrN - 16-23 - 298+11 [32,33]
10 NbN - 22.7-38.2 - 343-437 [34]

When analysing the obtained microhardness values, the values related
to the droplet phase of vacuum-arc coatings with microhardness values
less than 2.5 GPa were excluded. These microhardness values corre-
spond to the maximum value of microhardness among pure metals
(cathodes), namely chromium (Table 3).

TABLE 4. Microhardness of vacuum-arc multilayer nitride coatings based on
chromium and niobium.

Series of| No. Coating Ho, H,., AH. GPa Hne, | RMSD,
coatings|sample|composition| GPa GPa ’ GPa GPa
I-1 CrN/NbN 22.274 24.922 2.648 23.716 1.044

I 1-2 CrN/NbN 16.607 24.996 8.389 22.31 2.552

I-3 CrN/NbN 16.972 19.914 2.942 18.766 0.896
II-1  CrN/NbN  15.76 31.717 15.957 22.481 4.338
II-2 CrN/NbN 10.402 17.176 6.774 14.531 2.958
II-3 CrN/NbN 18.884 31.916 13.032 24.055 3.472
II-4 CrN/NbN 23.076 29.579 6.503 25.188 1.994
III-1  CrN/NbN 21.889 25.562 3.673 23.435 1.389
III-2 CrN/NbN  15.33 34.994 19.664 23.723 7.16
III-3 CrN/NbN 23.059 28.019 4.96 25.045 2.062
II1-4 CrN/NbN 21.574 24.913 3.339 23.054 1.15

II

III
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The analysis of the average microhardness values of the obtained
vacuum-arc coatings CrN/NbN by series (I-III) depending on the tech-
nological deposition parameters (constant negative voltage on the sub-
strate Us and the pressure of the reactive gas (nitrogen) Py) are pre-
sented in the form of graphs, as can be seen in Figs. 7, 8. These graphs
show trends in changes in the microhardness of vacuum-arc coatings
depending on changes in technological parameters, but do not take into
account the heterogeneity of the structural-phase state of each vacu-
um-arc coating. This heterogeneity is characterized by the spread of
the microhardness values and the root mean square deviation (RMSD).
Thus, a larger value of RMSD indicates a greater spread of microhard-
ness values in the obtained data set, while a smaller value, respective-
ly, indicates that the obtained values are grouped around the average
value of microhardness.

Increasing the constant negative voltage on the substrate Us from
-70t0—-200 YV leads to:

— the reduction of the average microhardness value of vacuum-arc

28
28 :
S 1-23.716 5 24.055 2 2b5.188
g T 2 21
4 18.766 ¢ 22.481
T14] - S 4 . 1
A 314 :
o 2 14.531
7 o
74--
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UV 0 70 140 210
EY -Ug, V
a b
25.045 2 5 23.435
o 21--28-128 1 23,054
<)
=§14
a
A e R
0 H
0 70 140 210
U,V

Fig. 7. Dependence graphs of the average microhardness value Hyeq of vacuum-
arc multilayer nitride coatings CrN/NbN to the constant negative voltage on the
substrate Us at constant values of the nitrogen pressure in the vacuum chamber
Px: series I (1—Px=0.27Pa, 2—Px=0.09 Pa) (a), series I (I —Px=0.27 Pa, 2—
Px=0.08 Pa) (b), series III (1 —Px=0.27 Pa, 2—Px=0.08 Pa) (c).
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Fig. 8. Dependence graphs of the average microhardness value Hyeq of vacu-
um-arc multilayer nitride coatings CrN/NDbN to the nitrogen pressure in the
vacuum chamber Py at constant negative voltage on the substrate Us: series I
(1—Us=-70V, 2—Us=-200V) (a), series Il (I —Us=-70V, 2—Us=-200V)
(), seriesIII (1—Us=-70V,2—Us=-200 V) (¢).

multilayer nitride coatings CrN/NbN of the first series by 3.5 GPa at
the pressure of the reaction gas (nitrogen) Px=0.09 Pa, as can be seen
in Fig. 7, a;

— an increase in the average microhardness value of the second series
of vacuum-arc multilayer nitride coatings CrN/NbN by 8 GPa at the
pressure of the reaction gas (nitrogen) Px=0.27 Pa and by 1 GPa at the
pressure of the reaction gas (nitrogen) Px=0.08 Pa, as shown in Fig. 7, b;

— the preservation of the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN of the third series at the pressure
of the reaction gas (nitrogen) Px=0.27 Pa and a decrease of 2 GPa at the
pressure of the reaction gas (nitrogen) Px=0.08 Pa, see Fig. 7, c.

An increase in the pressure of nitrogen in the vacuum chamber Py
from 0.08 to 0.27 Pa leads to:

— an increase in the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN of the first series by 1.4 GPa at a
constant negative voltage on the substrate Us=-70V, seein Fig. 8, a;

— the decrease in the average microhardness value of the second series
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of vacuum-arc multilayer nitride coatings CrN/NbN by 9.5 GPa at a con-
stant negative voltage on the substrate Us=—70V and by 2.7GPa at a
constant negative voltage on the substrate Us=-200V, as shown in Fig.
8, b;

— the decrease in the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NDbN of the third series by 1.3 GPa at
a constant negative voltage on the substrate Us=-70V and preserva-
tion of the value at a constant negative voltage on the substrate
Us=-200V, as can be seen in Fig. 8, c.

For the vacuum-arc multilayer nitride coatings CrN/NbN of the
third series with the largest total number of layers (270 layers) and the
smallest bilayer period (s, =67 nm), the preservation of the average
microhardness value is observed when the nitrogen pressure in the
vacuum chamber changes (at a constant negative voltage on the sub-
strate Us=-200 V) at the level of 23.05 GPa (sample I1I-4)—23.43 GPa
(sample III-1) and when the negative voltage on the substrate changes
(at constant pressure of the reaction gas (nitrogen) Px=0.27 Pa) at the
level 23.72 GPa (sample I11-2)—23.43 GPa (sample ITI-1).

A change in voltage on the substrate at a constant nitrogen pressure
leads to a change in the temperature conditions for deposition of vacu-
um-arc coatings due to a change in the energy of metal ions bombard-
ing the substrate. In turn, an increase in the pressure of the reaction
gas (nitrogen) in the vacuum chamber at a constant voltage on the sub-
strate leads to an increase in the dispersion of the droplet phase of the
plasma metal flow and can affect the energy of metal ions and thereby
also regulate the temperature conditions of coating deposition. Thus,
most likely, during the deposition of vacuum-arc coatings on samples
III-1, III-2 and III-4, the same temperature conditions were created
with different technological parameters, which affected the processes
of the formation of nuclei centres and the directionality of the chemi-
cal reaction during film formation.

The dependence of the average microhardness value of vacuum-arc
multilayer nitride coatings CrN/NbN on the number of layers N is pre-
sented in Fig. 9. For vacuum-arc coatings of the first series (constant
rotation of the substrate-holder), based on the technological conditions
of coating deposition (deposition time is 1.5 hours, the rotation speed
of the substrate-holder is 5 s, the thickness of the coating is 3.6 um),
the approximate calculated values of the number of layers and the bi-
layer period were 1080 layers (revolutions of the substrate-holder) and
6.7 nm, respectively.

An increase in the number of layers from 68 to 270 leads to an in-
crease in the average microhardness value H.q by 4—-39% at various
technological deposition parameters of vacuum-arc multilayer nitride
coatings CrN/NbN, except for the mode at Us=-200V, Py=0.08—-
0.09 Pa, when H..q decreases by 8.5% . These changes are associated
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Fig. 9. Dependence graphs of the average microhardness value Heq of vacu-
um-arc multilayer nitride coatings CrN/NbN on the number of layers N at
various technological parameters: 1—Us=-200V, Px=0.27Pa, 2—
Us=-200V, Px=0.08-0.09 Pa, 3—Us=-70V, Px=0.27Pa, 4—Us=-70V,
Py=0.08-0.09 Pa.

with an increase in the number of interphase boundaries, which affect
the processes of deformation of individual layers and diffusion between
them. This leads to increased crack propagation resistance and elastic
properties of vacuum-arc multilayer nitride coatings. The nature of the
boundaries between CrN and NbN layers also affects the physical and
mechanical properties of the coatings. Thus, vacuum-arc multilayer ni-
tride coatings with a transition layer Cr—Nb—N (series I) between layers
CrN and NbN have average microhardness values by 11-19% lower
than coatings with clear transition boundaries CrN/NDbN (series III).

The maximum of the average microhardness value Hyea=25.188
GPa of vacuum-arc multilayer nitride coatings CrN/NbN was obtained
at a constant negative voltage on the substrate Us=-200V, the pres-
sure of the reaction gas (nitrogen) in the vacuum chamber Px=0.08 Pa
and the total amount layers N = 68 with a bilayer period A, =230 nm. It
should be noted that the maximum of the absolute value of the micro-
hardness Hn.x = 34.994 GPa, as can be seen in Table 4, among the stud-
ied vacuume-arc coatings CrN/NbN has the coating sample III-2, which
consists of 270 layers with a bilayer period A, =67 nm, but at the same
time it has the maximum spread of the microhardness values RMSD
=17.16 GPa.

3.2.2. The Root Mean Square Deviation of Microhardness of Vacuum-
Arc Multilayer Nitride Coatings CrN/NbN

As it was noted earlier, the average microhardness value of vacuum-
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arc multilayer nitride coating does not reflect the heterogeneity of the
structural phase state of the coating, but only summarizes the proper-
ties. To evaluate this heterogeneity, we can use the spread of the ob-
tained microhardness values of the coatings and RMSD. The analysis
of these values can help to establish a connection between the techno-
logical deposition parameters of vacuum-arc multilayer nitride coat-
ings CrN/NbN and the processes of formation of the structural phase
state. Figures 10 and 11 show the influence of the technological condi-
tions of coating deposition on the spread of microhardness values of
vacuum-arc multilayer nitride coatings CrN/NbN.

An increase in the constant negative voltage on the substrate from
—70V to—-200V at a constant pressure of the reaction gas (nitrogen) in
the vacuum chamber leads to a decrease in the spread of microhardness
values of vacuum-arc multilayer nitride coatings CrN/NDbN of all three
series, respectively, this indicates that, that the obtained values clus-
ter around the average value of microhardness. Thus, when the voltage
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Fig. 10. Dependence graphs of the root mean square deviation RMSD of mi-
crohardness of vacuum-arc multilayer nitride coatings CrN/NbN to the con-
stant negative voltage on the substrate Us at constant values of the nitrogen
pressure in the vacuum chamber PN: series I (I—Px=0.27Pa, 2—
Px=0.09 Pa) (a), series II (I—Px=0.27Pa, 2—Pnx=0.08 Pa) (b), series III
(I—Px=0.27Pa, 2—Px=0.08 Pa) (¢).
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Fig. 11. Dependence graphs of the root mean square deviation RMSD of mi-
crohardness of vacuum-arc multilayer nitride coatings CrN/NDbN to the ni-
trogen pressure in the vacuum chamber Py at constant negative voltage on the
substrate Us: series I (I—Us=-70V, 2—Us=-200V) (a), series II (I—
Us=-T70V,2—Us=-200V) (b), series II1 (1 —Us=-T0V, 2—Us=-200 V) (¢).

on the substrate is increased, vacuum-arc multilayer nitride coatings
with a more uniform structure are formed.

An increase in the pressure of the reaction gas (nitrogen) in the vac-
uum chamber from 0.09 Pa to 0.27 Pa with constant voltage on the
substrate leads to a decrease in the spread of microhardness values of
vacuum-arc multilayer nitride coatings CrN/NbN of the first series
(with constant rotation of the substrate holder) and an increase in the
spread of microhardness values of vacuum-arc multilayer nitride coat-
ings of CrN/NDbN of the second and third series.

The microhardness of the vacuume-arc nitride coating is determined
mainly by the bonding forces between the metal and non-metal atoms.
The properties related to the dynamics of the crystal lattice (root mean
square amplitudes of thermal oscillations of the lattice structural
complexes, melting temperature, elastic constants) are more influ-
enced by the connection between the metal atoms themselves. Thus, an
increase in the content of nitrogen atoms in Cr.N, and Nb.,N, com-
pounds leads to a decrease in microhardness (Table 3). An increase in
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microhardness occurs when the interatomic bond between metal atoms
is strengthened, namely during the shear modulus decreases and shear
deformations of the metal are difficult.

3.3. Elasticity Characteristics of Vacuum-Arc Multilayer Nitride
Coatings CrN/NbN

Table 5 presents the average values of the elasticity modulus (elasticity
contact modulus E;, Young’s modulus E) of vacuum-arc multilayer ni-
tride coatings CrN/NDbN, the Huei/E: ratio, which characterizes the
structural state of the vacuum-arc coating and the property of the ma-
terial to resist mechanical impact, and the H’ , /E? ratio, which
characterizes the material’s resistance to plastic deformation [14].

Figure 12 demonstrates the dependence of the properties of vacuum-
arc multilayer nitride coatings CrN/NbN on the number of layers,
which was presented in Table 5.

The ratio of the average values microhardness to the contact modu-
lus of elasticity Humed/E: of the obtained vacuum-arc multilayer nitride
coatings CrN/NbN lies in the range from 0.05 to 0.071, which corre-
sponds to the nanostructural state of the coatings.

An analysis of the dependencies of elasticity contact modulus E, on
the technological deposition conditions of vacuum-arc multilayer ni-
tride coatings CrN/NDbN, as can be seen in Fig. 12, a, showed that when
the number of layers in the coating increases from 68 to 270, the elas-
ticity contact modulus E, decreases by 6—8% when constant negative

TABLE 5. Physical mechanical characteristics of vacuum-arc multilayer ni-
tride coatings based on chromium and niobium.

Series of| No Coating H eq,
coatings|sample|composition| GPa

I-1 CrN/NbN 23.716 300.45 372.95 0.064 0.148
I I-2 CrN/NbN  22.31 291.52 356.92 0.063 0.131
I-3 CrN/NbN 18.766 250.22 291.36 0.064 0.106
II-1  CrN/NbN 22.481 317.96 403.72 0.056 0.112
II-2 CrN/NbN 14.531 250.52 293.44 0.05 0.049

E.,GPa| E,GPa | Hue/E: |H? , | E?

= II-3 CrN/NbN 24.055 279 336.88 0.071 0.179
II-4 CrN/NbN 25.188 312.32 393.29 0.064 0.164
III-1  CrN/NbN 23.435 299.55 369.31 0.063 0.143
I III-2  CrN/NbN 23.723 335.33 439.54 0.054 0.119

III-3 CrN/NbN 25.045 302.14 373.71 0.067 0.172
III-4 CrN/NbN 23.054 286.13 347.15 0.066 0.15
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Fig. 12. Dependence graphs of the elasticity modulus E. (a), ratio Hwme/E: (b),
ratio H? , / E? (c) on the number of layers N at various technological parame-
ters: 1—Us=-200V, Px=0.27Pa, 2—Us=-200V, Px=0.08-0.09 Pa, 3—
Us=-70V,Px=0.27Pa,4—Us=-70V, Px=0.08-0.09 Pa.

voltage on the substrate Us=—-200V and increases by 8—-25% at a volt-
age Us=-T7T0V and at different pressures of the reaction gas (nitrogen)
Px=0.08-0.27 Pa. This may be due to a reduction in the energy of the
ions bombarding the substrate and affecting the coating formation
mechanisms. That is, the influence of the radiation factor on the prop-
erties of vacuum-arc coatings decreases.

The elasticity contact modulus E, decreases by 3.5-12.5% at all in-
vestigated technological parameters of coating deposition for vacuum-
arc multilayer nitride coatings with a transition layer of Cr—Nb—N be-
tween CrN and NbN layers. Thus, in the case of obtaining vacuum-arc
multilayer nitride coatings of the first series with a total number of
layers 1080 (with constant rotation of the substrate holder), the
change tendency in the physical and mechanical properties Heq and E,
of the coatings is predominantly influenced by the nature of the
boundaries formed between the layers CrN and NbN.

The maximum value of the elasticity contact modulus
E.=335.33 GPa of the vacuum-arc coating CrN/NbN was obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Px=0.27 Pa and the
total amount of layers N = 270 with a bilayer period 4, =67 nm.

Analysis of Heq/E, ratio values with different number of N layers in
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the vacuum-arc multilayer nitride coating CrN/NDbN, as can be seen in
Fig. 12, b, demonstrated that the greatest influence of technological pa-
rameters of coating deposition is observed with the minimum number of
layers (INV = 68) with a bilayer period A,= 230 nm. Thus, vacuum-arc coat-
ings CrN/NDbN of the series IT with the same number of layers N = 68, but
obtained under different technological deposition conditions, have more
noticeable differences in the properties of the coatings than with other
numbers of layers. Moreover, the vacuum-arc coatings CrN/NbN of the
series I, which were obtained during constant rotation of the substrate
holder and did not have clear boundaries between CrN and NbN layers,
turned out to be the most structurally close to each other. This indicates
that the reduction of the thickness of individual layers CrN (Zcn), NbN
(hxoy) and the bilayer period Ay, from 230 to 6.7 nm significantly affects
the dependence of the properties of vacuum-arc multilayer nitride coat-
ings CrN/NDbN on the technological parameters of coating deposition.

The maximum value of the ratio Hpuea/E:=0.071 was achieved by vac-
uum-arc multilayer nitride coatings CrN/NbN, which were obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Py=0.08 Pa and the
total number of layers N = 68 with a bilayer period A, =230 nm.

4. CONCLUSION

Investigation of vacuum-arc multilayer nitride coatings CrN/NbN,
which were obtained under different technological parameters of depo-
sition (constant negative voltage on the substrate Us is from —70 to
—200V, pressure of the reaction gas (nitrogen) in the vacuum chamber
Py is from 0.08 to 0.27 Pa, the total number of layers N (68, 270,
1080), the bilayer period Ay is from 6.7 to 230 nm) made it possible to
expand the understanding of the technological deposition parameters
influence on the physical and mechanical properties of the obtained
vacuum-arc coatings. The obtained research results can be summarized
in the form of the following conclusions.

1. The use of different technological modes made it possible to obtain
three series of vacuum-arc multilayer nitride coatings with different
thicknesses of individual CrN and NbN layers and bilayer period (CrN—
NbN), number of layers (68 and 270 layers) and nature of the interface
between the layers (clear boundary or transition layer).

2. Cross-sections analysis of vacuum-arc multilayer nitride coatings
CrN/NDbN of three series with different number of layers and bilayer
period showed that the total thickness of coatings was 3.6 pm for vac-
uum-arc coatings of the first series, which were obtained by continu-
ous rotation of the substrate holder, and about 8 and 9 ym for vacuum-
arc coatings of the second and third series, respectively.

3. Elemental analysis using characteristic x-ray radiation showed that
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the obtained coatings of series II and III have high planarity of layers
and practically no droplet phase in the volume of multilayer vacuum-
arc nitride coating CrN/NbN.

4. For vacuum-arc multilayer nitride coatings CrN/NDbN of the third
series with the largest total number of layers (270 layers) and the
smallest bilayer period (f,=67 nm), the preservation of the average
value of microhardness is observed when the nitrogen pressure in the
vacuum chamber changes (at a constant negative voltage on the sub-
strate Us=-200 V) at the level 23.054 GPa (sample I11-4)—23.435 GPa
(sample III-1) and when the negative voltage on the substrate changes
(at a constant pressure of the reaction gas (nitrogen) Px=0.27 Pa) at
the level 23.723 GPa (sample I11-2)—23.435 GPa (sample ITI-1).

5. An increase in the number of layers from 68 to 270 leads to an in-
crease in the average value of microhardness Hy.q by 4-39% at various
technological deposition parameters of vacuum-arc multilayer nitride
coatings, except for the mode at Us=—-200V, Px=0.08-0.09 Pa, when
H ,.qa decreases by 8.5% . These changes are associated with an increase
in the number of interphase boundaries, which affect the processes of
deformation of individual layers and diffusion between them. This
leads to increased crack propagation resistance and elastic properties
of vacuum-arc multilayer nitride coatings.

6. The maximum of the average microhardness value Hyeqa=25.188
GPa of vacuum-arc multilayer nitride coatings CrN/NbN was obtained
at a constant negative voltage on the substrate Us=-200V, the pres-
sure of the reaction gas (nitrogen) in the vacuum chamber Px=0.08 Pa
and the total number of layers N = 68 with a bilayer period A, =230 nm.
7.An increase in the constant negative voltage on the substrate from
—70V to -200V at a constant pressure of the reaction gas (nitrogen) in
the vacuum chamber leads to a decrease in the spread of microhardness
values of vacuum-arc multilayer nitride coatings CrN/NDbN of all three
series, respectively, this indicates on the fact that the obtained values
cluster around the average value of microhardness.

8. During increasing the number of layers in the coating from 68 to
270, the elasticity contact modulus E, decreases by 6—8% at a constant
negative voltage on the substrate Us=-200V and increases by 8-25%
at a voltage Us=-70V at various pressures of the reaction gas (nitro-
gen) Py=0.08-0.27 Pa.

9. The maximum value of the elasticity contact modulus
E,=335.33 GPa of the vacuum-arc coating CrN/NbN was obtained at a
constant negative voltage on the substrate Us=-70V, the pressure of
the reaction gas (nitrogen) in the vacuum chamber Py =0.27 Pa and the
total number of layers N = 270 with a bilayer period A, =67 nm.

10. The maximum value of the ratio Hme/E:=0.071 was achieved for
vacuum-arc multilayer nitride coatings CrN/NbN, which were ob-
tained at a constant negative voltage on the substrate Us=-70V, the
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pressure of the reaction gas (nitrogen) in the vacuum chamber
Py =0.08 Pa and the total number of layers N = 68 with a bilayer period

hy,=230 nm.
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