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The studies of the structure and properties of nanoscale multilayer coatings
based on the nitrides of refractory metals are summarized in a brief review. By
the example of TiN/MoN, TiN/ZrN, CrN/MoN, and more complex (multilayer)
(TiZrNbTaHf)N/WN:(TiZrNbTaHf)N/MoN obtained by vacuum-arc deposi-
tion of cathode, the dependences of their hardness, wear resistance, friction,
corrosion, and oxidation on conditions of the deposition and layers’ thickness
are investigated and analysed. The regularities of the structure and behaviour
properties of such nanoscale multilayer coatings depending on the size of
nanograins, textures, and stresses arising in these coatings are described.

Y KopoTKOMY OTIJIAMI y3araJbHEHO Pe3yJabTaTU JOCiIMKeHb CTPYKTYPHU Ta BJiac-
TUBOCTEl HAHOMACIITAOHMX 0araToIlapOBUX MOKPUTTIB HITPUIIB TIKKOTOII-
kux MeraniB. Ha mpukaazai TiN/MoN-, TiN/ZrN-, CrN/MoN- Ta 6iJbII1 cKJIaz-
uux (bararomaposux) (TiZrNbTaHf)N/WN:(TiZrNbTaHf)N/MoN-noxkpurris,
OJlepPrKaHUX METOMI0I0 BAKYYMHO-AYTOBOTO OCAAKEHHS KaTOdy, AOCTiAKEeHO Ta
IPOaHaJIi30BaHO 3aJEKHOCTI IX TBepmOCTH, 3HOCOCTiNKOCTHM, TePTs, KOpPo3ii i
OKMCHEHHSA BiJl yMOB OcaJi?KeHHS Ta TOBIIUHU I1tapiB. BigmiueHno 3akoHoMipHOC-
Ti CTPYKTYpH Ta BJIACTUBOCTEH MOBENiHKM JaHMX HaHOMACIITAOHUX 6araToIra-
POBUX MOKPUTTIB Bii po3Mipy HaHO3epeH, TEKCTYPHU Ta HAIIPYT, 1110 BUHUKAIOTH
Y IIUX MMOKPUTTAX.

B xpaTkom 0030pe 0600IIeHbI Pe3YILTATHI NCCAEN0BAHUN CTPYKTYPEI I CBOIICTB
HAHOMACIITAOHLIX MHOT'OCJIOMHBIX MOKPBITUI HUTPHUAOB TYTOILIABKUX METAaJI-
noB. Ha mmpumepe TiN/MoN-, TiN/ZrN-, CrN/MoN- u 6oJee CI0KHBIX (MHOTO-
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caoiubrx) (TiZrNbTaHf)N/WN:(TiZrNbTaHf)N/MoN-noKpbITUil, IIOJIyYEH-
HBIX METOZOM BaKyyMHO-TYTOBOTO OCAKAEHUA KaToa, NCCIeTOBAHbI U IIpOaHa-
JU3UPOBAHBI 3aBUCUMOCTY X TBEPIOCTH, N3HOCOCTONKOCTY, TPEHUS, KOPPO3UU
U OKWCJIEHUSA OT YCJIOBUI OCAMKIEHUA W TOJIIUHBI CJI0€B. OTMEUEHBI 3aKOHO-
MEPHOCTH CTPYKTYPHI U CBOMCTB IIOBEAEHMS TAKNX HAHOMACIITAOHBIX MHOTO-
CJIOMHBIX ITIOKPBITUH OT pasMepa HaHO3EPeH, TeKCTYPhl U HAIIPSIKeHNI, BO3HU-
KaIOIINX B 9TUX MOKPBITUAX.

Keywords: nanoscale nanocomposite coatings, structure, wear, corrosion re-
sistance, hardness.
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1.INTRODUCTION

One of the most promising applications of nanomaterials is the crea-
tion of protective coatings for products and tools with different func-
tional purposes. Such material characteristics as hardness, elasticity,
adhesive and cohesive strength, durability, thermal and chemical sta-
bility and others are particularly important in this regard [1-15].

Results of scientific researches show the tendency of active use of
nitrides and borides of transition metals and their combination in the
development of protective materials [16—25]. While nitrides of single
elements are studied well enough, their multilayer modifications need
study that is more detailed [26—35]. Therefore, the study of features of
structure, elemental and phase composition of multilayer coatings de-
pending on the deposition conditions is an important task in solid-state
physics and materials science [36—51].

2. RESULTS AND DISCUSSIONS
2.1. TiN/ZrN Coatings

We clearly see layers with cubic TiN and ZrN phases (of the NaCl
structure type) without preferred orientation of crystallites in the sur-
face layers. Increasing of the A period led to increasing of the TiN lay-
ers specific contribution. It is seen from the changes in the intensity of
the peaks of TiN and ZrN phases (see Fig. 1). Increasing of the deposi-
tion time and, as a result, bilayer thickness as well as total period of
the multilayer system led to changes of the lattice period of nitride
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Fig. 1. Diffraction patterns of the TiN/ZrN coatings (A = 70 nm) after thermal
annealing under the temperature of 700°C for one hour: a—from the surface
without polishing, b—after polishing of the oxidized surface on the depth of 5
um [15].

phases in the layers. Lattice period decreased with increasing of the
TiN-layers’ thickness from 0.4241502 nm (deposition time was 20 sec,
A=~70 nm) to 0.4238870 nm (deposition time was 40 sec, A~ 250 nm).
Changes for ZrN layers were not so large: from 0.4581055 nm (deposi-
tion time—20 sec) to 0.4581046 nm (deposition time was 40 sec).

Annealing in the oxygen atmosphere led to oxidation of the surface
layers [19, 20] and to forming of dioxides as the main phases: TiO,
(with tetragonal rutile-type crystal system; basic, up to 95 vol.% in the
layers based on titanium) and anatase (5 vol.% and less). We can de-
termine anatase (DB card number 5000223) on the diffraction spectra
(Fig. 1, a) using the most strong first line on the angle 20 ~ 25.36 de-
grees. Diffraction spectrum is shown for the rutile (DB card number
9007531) (see Fig. 1, a). Only one type of dioxide ZrO, (arkel having a
cubic crystal system, DB card number 5000038) was formed in the zir-
conium nitride layers after oxidation.

Layered X-ray analysis showed that after removal of the surface
layer (thickness of about 5 microns) by polishing, we could see dioxides
only in the subsurface layer of the coating. In more thick layers (Fig. 1,
b), we did not find oxides whereas nitrides are characterized by pre-
ferred orientation of crystallites with the [111] axis, perpendicular to
the plane of growth. Therefore, preferred orientation with the [111]
axis was formed at the beginning stage of growth for both TiN and ZrN
crystallites. Increasing of the total thickness of the coatings and re-
laxation of the compressive stresses led to disorientation of crystal-
lites, i.e. preferred orientation was not observed.

Using XRD analysis data (Fig. 1), we could assume that due to dis-
orientation of crystallites in the surface layers and low compressive
stresses, oxygen from the atmosphere penetrates into the subsurface
layers during deposition. It formed stable dioxide phases of metals due
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Fig. 2. Electron images of the cross-sections of the TiN/ZrN samples (general
view of the cross-section and magnified fragment) with amount of layers 533
(a and b), 233 (c and d) and 134 (e and f) [15].

to easier diffusion by intercrystallite ways. In more deep layers corre-
sponding to the beginning stages of growth, [111] texture of growth
appeared due to compressive stresses [7, 8]. This texture prevents dif-
fusion of oxygen into such layers due to high packing density of the
plane (111), so there is not enough oxygen to form dioxide phases.

Transmission electron microscopy (TEM) allowed providing detailed
analysis of changes in the surface layers after oxidation. Electron im-
ages of the cross-sections of the TiN/ZrN samples from different series
are presented in Fig. 2. Good planarity was observed even for the thin-
nest layers of the coatings from the first series (Figs. 2, a and b). High
continuity of the coatings and the lack of inhomogeneity, such as drop-
let fractions, are also typical for investigated samples.

Comparison of electron microscopy images of the structural state of
the layers in the multilayer TiN/ZrN coatings with total amount of
layers 134 (Fig. 3) showed that increasing of the volume fraction led to
bending of layers, stratification with separation and loss of strength
during oxidation (Figs. 3, ¢ and d). We observed dome-like disconti-
nuities in the areas of partial separation of layers (Fig. 3, d) on the sur-
face. Comparison of structures 1 and 2 in Fig. 3 showed that main vol-
ume changes took place in the titanium-based layers, whose thickness
increased from 80 nm to 110 nm, i.e. by 37.5% . Thickness of zirco-
nium-based layers increased from an average value 120 nm before an-
nealing to 135 nm after annealing during oxidation (Figs. 3, a and 3,
¢), i.e. by 12.5% . Wherein, columnar character of the grain structure
is clearly seen in zirconium-based layers, that is why they become quite
fragile. High density was observed in titanium-based layers, so we can
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Fig. 3. Image of the cross-section and surface of the coating of the third series
before (a, b) and after (c, d) annealing [15].

assume that these layers are subjected to compression and compaction
because of oxidation, despite the relatively high increasing of the
thickness. Thus, compensating tensile strain in the layers of the plane
of growth should be created in titanium-based layers, which deter-
mines their tendency to brittle fracture. Interphase boundary is the
main area of separation. It can be explained by decreasing of the adhe-
sive bonds during forming of phases with different crystal lattices (cu-
bic in zirconium-based layers and tetragonal in titanium-based layers)
due to oxidation.

Thus, unlike single-layer coating or coating with few layers, only
subsurface layers are susceptible to phase changes (in multilayer coat-
ing with amount of nanoscale layers more than 100) even in the case of
severe operation conditions in active oxygen atmosphere, thereby pre-
venting main structural state of inner carrier layers from changes.

Hardness is well known as a universal characteristic, which allow
rapidly estimating of mechanical properties of the coatings [8]. We de-
fined harness using microindentation method, and hardness was
around H ~42 GPa for the first series of samples, H ~38 GPa and
H ~ 36 GPa for the second and the third series of samples accordingly.
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TABLE 1. Tribological properties of the multilayer TiN/ZrN coatings.

. Friction Coefficient W? ar fla ctorll
Series mm°xN " xmm
No.
Starting moment During tests COI(TI SI:E)Ody S(ilil(?_gf;s
1 0.59 1.0 1.9 1.3
2 0.62 1.2 2.0 1.5
0.62 1.1 2.2 1.4

Thus, high hardness is typical for all series of samples with different
bilayer thickness, so such coatings are perspective for using as protec-
tive ones. In this connection, it was also necessary to provide tribologi-
cal tests to determine basic mechanical properties upon contact of the
coating with counterbody.

Results of tribological tests of multilayer samples with different bi-
layer thickness under room temperature are presented in Table 1. It is
clearly seen from the table, that fabricated multilayer coatings have
high wear coefficient paired with Al,O5 counterbody.

Figure 4 shows the images of friction tracks for TiN/ZrN samples
with different bilayer thickness.

One could see that friction tracks are characterized by absence of
burrs, cleavages and radial cracks, indicating the high quality and ad-
hesive strength of coatings.

All fabricated coatings have good wear resistance average values of
the reduced wear were (1.3-1.5)-10° mm*xN 'xmm™. Wear of the
counterbody was rather small (1.9-2.2)-10° mm3xN 'xmm . Chipping,
cracking and peeling of coatings were not observed during friction
tests. We found good adhesion of the coatings to substrates. There
were no plastic deformation during tests; the observed wear is rather
typical for soft metals[5, 6].

Fig. 4. Friction tracks of the multilayer TiN/ZrN coatings: sample of the first
(a), second (b), and third (c) series [15].
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Fig. 5. Friction coefficients of the TiN/ZrN coatings: samples of the first (1),
second (2), and third (3) series [15].

Figure 5 shows values of friction coefficients for multilayer
TiN/ZrN coatings. Samples from the second series had the highest val-
ues of the friction coefficient p (curve 2 in Fig. 5). There was a great
difference between values of friction coefficient for the first and third
series on the distance from 0 to 300 meters. Friction coefficient pu for
the samples from the third series sharply increased to the value 1.2 and
stayed on this level along the length of testing area. Values of pu for the
samples of the first series monotonically increase along the friction
distance and are equal to the values for the third series. Friction coef-
ficient of the samples from the second series sharply achieved the
value 1.2 and then slowly monotonically increased to the value 1.3.

Friction coefficient p significantly depended on bilayer thickness
and total thickness of the coatings. The lowest friction coefficient was
observed for the samples from the first series with 20 nm bilayer
thickness and A ~ 40 nm. The highest values of friction coefficient were
observed for the samples of the second series with A ~ 70 nm.

2.2. TiN/MoN Coatings

Multilayer nanostructured TiN/MoN coatings were fabricated using
vacuum arc evaporation of two cathodes at atmosphere of molecular
nitrogen. For this procedure, we used unit ‘Bulat-6’, which allows ob-
taining coatings both for scientific purposes and for industry. Sub-
strate holder rotatable at predetermined speed allows alternating
deposition of titanium and molybdenum nitrides layers from two dia-
metrically arranged evaporators [16]. Thus, it is possible to obtain
coatings with different elemental and structural-phase compositions
by adjusting the current and voltage of the substrate and cathodes, ni-
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TABLE 2. Parameters of multilayer TiN/MoN deposition.

Period A, nm ¢ I I. U.. £, |p

Sample layer» dep? bias? bias? ’ N»

P Expected Measured S A A V |kHz| Pa
No. 1 4 8 -40

2 0.8

No. 2 4 8 -230
No. 3 20 25 -40

10 95-100 0.9 7 0.5
No. 4 20 25 -230
No. 5 40 50 20 0.9 -40
No. 6 80 100 40 1.0 -40

trogen pressure in the chamber and other parameters. The deposition
parameters are located in Table 2.

Because of deposition of samples, the multilayer coatings with vari-
ous thicknesses of the individual layers from 8 nm to 100 nm were pre-
pared. The total coating thickness was reached 8.4 microns.

If we consider the presence of only two elements, Mo and Ti, we get
the data shown in Fig. 6. The alternation of TiN and MoN layers is
traced quite well in this graph. Unfortunately, surface roughness and
relief layers of coating make it difficult to separate the layers more
clearly by SIMS analysis.

Used parameters of depth profile analysis for sample No. 4 lead to
sputtering rate of 2.0 nm/min for SiO,. Due to the roughness, we did
not measure the crater depth with stylus profilemeter.

In order to estimate the sputtering rate of TiN/MoN, we carried out
SRIM simulations (see Table 3). It is most likely that the sputtering

60 T T T

1 =Ti
2— Mo
55 3
2
'.;2 2
~ 50 ]
*. 1
=
"—|R
45 4
40 T T T
] 2000 4000 6000 8000
t, s

Fig. 6. SIMS depth profile analysis of normalized secondary ion currents:
m/z=48 (Ti") and 98 (Mo*) [16].
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TABLE 3. Parameters of SIMS analysis and SRIM simulations.

500 nA, 1.72 keV Ar" primary ion beam at 45° incidence angle

Material SiO, TiN MoN

S* (atoms/ion) 3.46 3.27  4.37
Ion range” (nm) 4.4 3.3 2.7
Sputtering rate (nm/min) 2.0 — —

“Values obtained from SRIM simulation.

rate of TiN and MoN was lower than for SiO, (lower than 2.0 nm/min).
Having compared results of SRIM simulation with data obtained from
RBS spectra and SEM images of the cross-section of multilayer sam-
ples, we assumed that the average sputtering rate was about 1.1-1.3
nm/min (or =2 0.02 nm/s).

The depth profile analysis was carried out for five hours. The crater
of 2.5x2.5 mm was sputtered during this time. Taking the sputtering
rate of 0.02 nm/s as a basis, it is possible to determine that crater
depth was 360—400 nm. Figure 7 shows a modernized previous graph
with the calculated thicknesses of the first few layers from the surface
of TiN/MoN coating.

XRD patterns of TiN/MoN multilayer coatings with double layer
thickness of A = 25, 50, 100 nm are shown in Fig. 3, a. Main peaks are
located around 20 = 36.5° and 26 = 42.5°. A more detailed study of the
spectral lines gave it possible to detect the asymmetric shape of the
peaks.

Peaks found at 20 = 42.5° can be divided into two components, which
correspond to (200) f.c.c. TiN and (200) cubic y-Mo,N planes (see Fig.

Sputtering rate v=0.02nm/s
A=24.4nm  +=25.1nm | A=26.9nm |

60+

I/ +1y, %

40 j |
0 1000 2000 , 3000 4000 5000
sy S

Fig. 7. Determination of the coating layers based on SIMS analysis [16].
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Fig. 8. The diffraction patterns (XRD), obtained for coatings with different
layer thickness A = 25, 50 and 100 nm [16].

8). The peak at 26 = 36.5° is attributed to (111)-oriented TiN and y-
Mo,N grains. The volume fractions of TiN and y-Mo,N phases were ex-
tracted from the XRD line fitting procedure of the (200) and (111)
peaks using the ‘New_profile’ software.

All of the identified peaks are marked in Fig. 9. These results show
that TiN/MoN coatings consist of highly textured (200) cubic layers.

X-ray analysis shows the formation of only one phase with the f.c.c.
lattice (structural type NaCl) in coating with A = 8 nm when substrate
voltage is —40 V. The formation of two-phase system of TiN with NaCl-

60 75
- |
45 60|
2 a |
g | g 45
S 30 g |
— ~ t
s | < 30
~ | ~ |
15 | '
15/

%1 42 43 44 %1 42 43 44

20, deg 20, deg

Fig. 9. The separation of diffraction spectra into components peaks from the
two phases: curve I—TiN (200), curve 2—y-Mo,N (200). Left—sample #5,

right—sample #6 [16].
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00 mm)

Fig. 10. Cross-section TEM bright field image for sample #5 with A = 50
nm [16].

type f.c.c. lattice and high-temperature y-Mo,N is observed when sub-
strate voltage is increasing to —230 V. The volumetric ratio of TiN/y-
Mo,N phases is 90/10 accordingly.

The presence of only one phase at U, = —40 V can be explained by the
alleged epitaxial growth of thin layers, which growth period is deter-
mined by stronger bonds in TiN layer. Increasing of substrate potential
to —230 V leads to the appearance of two-phase because of intensifica-
tion of ion bombardment, which contributes to the grain refinement
and the beginning of interfaces formation. Formation of separate lay-
ers Mo,N with a cubic lattice and the appearance of interphase bounda-
ries lead to growth of stress in the TiN phase and increase lattice pe-
riod in unstressed section. The structure of these coatings is columnar.

Figure 10 shows TEM dark field image (sample No. 5), which dem-
onstrates columnar growth in multilayer nitride. It starts from inter-
face between textured (111) steel substrate and TiN/MoN layers. Coat-
ing has a 100 nm thin interlayer. According to the data, it consists of
Ti, Mo, C and traces of N.

Measurements of hardness and elasticity modulus of most samples
were conducted to determine their mechanical properties and ability to
durability. A more detailed study of hardness and elasticity are given
for samples No. 5 and No. 6 in Fig. 11. They show typical regularities
of H(L) and E(L). In measurements, the indenter has reached a depth
of coverage almost 3 um. Penetration of the indenter was almost linear
on the whole stage of load application.

Results of hardness and elasticity modulus measurements for coat-
ings with different layer thicknesses are shown in Table 4. As seen, the
hardness of the samples tends to decrease with growth of period A in
the coating. The maximum value of hardness, H =47 GPa, was
achieved at the minimum of the resulting coatings period A =8 nm.
Modulus of elasticity changed with changing the thickness of the dou-
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Fig. 11. Physical and mechanical properties of coatings: dependence of the
penetration depth on the load (a), the hardness on the load (b), and the Young
modulus on the load (¢) [16].

ble layer. The maximum value of E =470 GPa was obtained at the same
period A =8 nm.

However, knowing the values of hardness or elasticity of the mate-
rial is not sufficient to predict its protective capacity. The graph is
shown in Fig. 12, where area is divided into sections: I —section with
H/E <0.1, which has no good plasticity of the material, 2—section
with good plasticity of the material. As can be seen, the sample No. 2
with A =8 nm is flagged exactly on the line of plasticity.

The general trend of graph testifies to expediency of the studied
multilayer TiN/MoN coatings at A < 8 nm and at other thicknesses of
layers.

These data indicate a good chance of producing TiN/MoN coatings
with high plasticity and, hence, the wear resistance.

TABLE 4. Hardness and elasticity modulus measurements.

A, NIM H, GPa E, GPa H/E
8 47 470 0.1
25 31.8 456 0.07
50 26.5 418 0.063

100 254 392.6 0.065
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Fig. 12. Characteristics of coatings plasticity [16].

2.3. MoN/CrN Coatings

As seen from the side cut area, a multilayer coating (Fig. 13) differs
with a sufficiently high planarity of layers and the absence of drop
phase in the interior areas of the coating.

The results of elemental analysis show that for small thicknesses,
when the layers are the thinnest and the most significant portion of
time during precipitation have goes for high-speed rotation of the sur-
face and interaction with residual gases in the working chamber; the
depletion of the layers of the coating with light nitrogen atoms (Fig.
14) occurs.

It should be noted that at thicknesses greater than 50 nm, the con-
tent of elements in the coating comes to values close to constant, and at
a pressure of 3:10°2 Torr makes a proportion close to 1 between the
metal atoms, and about 33% of nitrogen, which corresponds to the
stoichiometry of the phases Me,N (where Me are metal atoms: Mo or
Cr). At a lesser pressure of 7-10™* Torr and 2.4-10™* Torr, the nitrogen
contents drops sharply to 17.09 and 6.33 at.% , respectively.

Analysis of diffraction spectra of the coatings shows that in the case
of a small value of the negative bias potential applied to the substrate
during the deposition (-20 V) in the spectra (Fig. 15) for all the layer
thicknesses in the range of 5—200 nm, phases with cubic lattices based

Fig. 13. The image of multilayer coating [17].
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Fig. 14. Dependence of the content of atoms of nitrogen (1), molybdenum (2),
and chromium (3) on the thickness of the layers of the multilayer composite
material MoN/CrN [17].

on f.c.c. one with a weak texture with the axis [311], typical for given
regimes in monolayer state for y-Mo,N phase [21].

Increasing the bias potential to -150V and —300 V leads to forma-
tion of texture with [100] axis in the layers and to increase in its inten-
sity with increasing the thickness of the layer.

On a substructural level at the lowest U, =—-20 V with the increase of
thickness of the layer, the growth of the average crystallite size and
nonmonotonic microstrain behaviour are observed: from high values
(1.5% ) with a layer thickness of less than 20 nm, through a minimum
(1.1%)at h~100 nm to 1.4% at large thicknesses (see Fig. 16, a).

With an increase of U, up to —150 V in the absolute magnitude, a de-
crease in microstrain in the layers both by absolute value (0.8-1.05%),
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Fig. 15. Areas of diffraction spectra of the coatings obtained at P,=3-1073 Torr
and U, =-20 V at thickness of the layers of 6 nm (1), 13 nm (2), 25 nm (3), 50
nm (4), 200 nm (5) and U,=-300 V at thickness of the layers of 13 nm (6)[17].
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Fig. 16. Dependence of substructural characteristics (microdeformation (&) (1)
and the size of crystallites L (2)) on the thickness of the layers in the coatings
obtained at U,=-20V (a) and U,=-300V (b) [17].

and by amplitude takes place.

The average crystallite size was varied nonmonotonically, increas-
ing proportionally to the thickness of the layer to a thickness of 100
nm, and then was reduced by 40% with a further increase of the layer
thickness.

For highest U, = —300 V used in paper, the value of microstrain in
the layers did not exceed 0.4% (see Fig. 17, b), and the crystallite size
was the smallest of the considered for the respective thicknesses. The
observed decrease in microdeformation indicates on recombination
processes stimulated by higher density of radiation defects along with
the increase of the mean energy of the film-forming particles because
of increase of U. The decrease of the average size of crystallites can be
linked with the intense action of the defects, which increases the
growth of centres of formation.
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Fig. 17. Change in the average values of the amplitude of the acoustic emis-
sion (spectrum 1, right scale) and the coefficient of friction (spectrum 2, left
scale) for the coatings produced at P, = 3-10~2 Torr and U, = -300 V at the
thickness of the layers 13 nm (a) and 400 nm (b) [17].
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Fig.18. Wear tracks at critical loads, L¢;, for the coatings produced at
P,=3-10"2 Torr and U, = —-300 V at layer thicknesses: 400 nm (a), 200 nm (b),
13 nm (¢)[17].

The smaller size of the crystallites and hence a larger average spe-
cific volume of the borders defines a higher relaxation capacity for the
randomly formed dislocation defects, which define microstrain.

The presence of a small microdeformation and grain size of crystal-
lites may be factors of increasing the adhesive strength of the mate-
rial. Thus, for adhesive strength tests, the coatings obtained at
U,=-300V with different layer thicknesses were chosen.

The conducted studies have shown that for the entire range of the
used thicknesses of the layers, the uniform wear of the coating over the
entire range of applied loads takes place in the composite coatings; this
is manifested in the homogeneity of acoustic emission spectrum (see
Fig. 17, spectrum 1). Along with this, the coefficient of friction for all
the thicknesses of the coatings is sufficiently close and is in the range
of 0.18-0.24 (see Fig. 17, spectrum 2).

Along with this, the nature of wear with the decrease of the thick-
ness of the layers becomes more uniform that is especially evident at
the areas of the first critical load L., (see Fig. 18). This indicates a de-
crease in brittleness (ductility increase) of the layers along with de-
creasing h. Such changes may be related to a decrease of the average
crystallite size and microstrain in this case (see Fig. 18, b). In this case,
the critical load value is determined by a decisive role of coating hard-
ness value, which with the increase of thickness of the layers varied
from 23 to 35 GPa.

Along with this, the most ductile form of wear (see Fig. 19) is char-
acteristic for the coatings obtained at low pressure and reducing the
nitrogen content, which determines strong covalent interatomic
bonds. The hardness of these coatings is 4—7 GPa.

Summary data on the critical load abrasion of the coatings L.; shown
in Table 5 for the coatings produced at Py =38-10" Torr and U,=-300 V
show that the adhesion strength is great for all layer thicknesses of



ARC-EVAPORATED NANOSCALE MULTILAYER NITRIDE-BASED COATINGS 17

Fig.19. Wear tracks at critical loads L., for the coatings produced at
Py =7-10"*Torr (a) and Py=2-10"* Torr (b) [19].

TABLE 5. Critical load Lo for the coatings obtained at Py=3-107Torr,
U,=-300V and different thickness of layers.

The thickness of layers 2, nm L, N
13 130.9
25 152.1
50 156.7
100 157.3
200 185.7
400 187.6

such coatings, however, the increase in the thickness and hardening
allows reaching the maximum value Lo; = 185—187 N at the thicknesses
of the layers of 200—400 nm.

It should be noted that for the initial stage of wear, the critical load
for the coatings produced at Py=3-10"% Torr is in the range of 13—18 N,
whereas for the plastic coatings obtained at low pressure of nitrogen
atmosphere, the value Lg; is much lower, and has values of 6 and 4 N,
respectively, for Py = 7-10"* Torr and Py =2-10"* Torr.

2.4. Metal Nitride (Group VI) Coatings

The studies of morphology of growth of the multilayer coatings
showed their sufficiently large homogeneity and planarity in all the
used modes for both types of (TiZrNbTaHf + Mo)N and (TiZrNbTaHf +
+ W)N systems. The drop inhomogeneity was revealed on the surface,
which did not lead to a significant change in planarity and average
thickness (less than 0.5%, see the data on thickness in Fig. 20).

The analysis of element composition (EDX method) has shown that
the increase of negative bias potential (U,) led to depletion of the coat-
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Fig. 20. SEM-pictures of the side surface of the ‘coating-substrate’ of the
multilayer coatings: a—(TiZrNbTaHf)N/WN (Py = 4-1072 Torr, U, = —-90 V),
b—(TiZrNbTaHf)N/MoN (Py=4-10"3Torr, U,=-50V), c—(TiZrNbTaHf)N/
MoN (Py=1.5-102Torr, U, =-50 V) [18].

ing by light atoms. The main reason of this is selective spraying of
light atoms during the spraying from the surface of growth [12]. To
the largest extent it affects nitrogen atoms, the content of which in the
coating with the increase of U,, in the studied rage decreases more than
1.5 times (see Fig. 21).

It is worth noting, that at the same time saturation of the coatings
(TiZrNbTaHf)N/WN with nitrogen is larger in comparison with
(TiZrNbTaHf)N/MoN by modulus. In addition, the spray character
(secondary selective spraying) is, apparently, a basis of change of
metal components of layers.

In (TiZrNbTaHf)N/WN coatings, in the layers with WN, with the
increase of U, from —-90 to —280 V, the content of heavy W (with re-
spect to the content of metal elements in TiZrNbTaHf layer) increases
from 33% to 53%.

30
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Fig. 21. Dependence of nitrogen atoms’ content in the coating on the value of
(-U,): 1—(TiZrNbTaHf)N/WN (Py = 4-107® Torr), 2—(TiZrNbTaHf)N/MoN
(Px=4-1073Torr), 3—(TiZrNbTaHf)N/MoN (Py =1.5-10"% Torr) [18].
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For the coatings (TiZrNbTaHf)N/MoN, the ratio between the atomic
contents of Mo and metal of the second layer (TiZrNbTaHf) with the
increase of U, is practically not observed, remaining at a level of 41-42
at.% by its magnitude (Fig. 22, a, ¢) shows typical energy-dispersive
spectra of the coatings and calculated atomic composition).

Annealing practically does not change the ratio of metal components
and leads to a substantial change in content of nitrogen atoms of nitro-
gen and impurity oxygen atoms in the coating.

If, at a low bias potential, the content by nitrogen atoms is decreased
by the absolute value by a value of about 2% (Fig. 22, a, b), than in the
case of large U, = —-200 V, the decrease is more significant and is 5%
(Fig. 22, ¢, d). This can be linked with the additional formation of
paths of light diffusion during the formation of solid solution of HEA
atoms Mo(W) a boundary area because of radiation stimulated mixing.

The effect of bias potential and the pressure of working nitrogen
atmosphere also greatly influenced phase composition and structural
state of the coatings.
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Fig. 22. Energy-dispersion spectra and element contents calculated by it in the
coatings (TiZrNbTaHf)N/MoN (Py = 4-1072 Torr) obtained at (a) -U,=-100 V
(before the annealing), (b) —100 V (after the annealing), (¢) —200 V (before the
annealing), (d) —200 V (after the annealing) [18].
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Areas of X-ray diffraction spectra of the coatings, obtained under
different technological conditions are shown in Fig. 23.

For comparison, the spectra of the coating before the annealing and
after the high temperature vacuum annealing are shown in one figure
for comparison.

The analysis of the obtained diffraction spectra shows that for all
deposition modes the formation of phases with cubic (f.c.c.) lattice oc-
curs in both layers of multilayer coatings.

In the layers of high-entropy alloy, it is a disordered solid solution
(TiZrNbTaHf)N with the crystal lattice of NaCl type [22], in the layers
of the Mo—N system, it is y-Mo,N, but in the layers of the W—N system,
it is B-W,N (PDF 25-1257). The similarity of structural states in the
layers based on high entropy alloy and nitrides of VI Group transition
metals (close relation of preferred orientation of crystallites layers) in-
dicates the relationship between structure of layers and their growth.

From the obtained spectra, it can also be seen that in the coatings
received during the deposition at low Ug, the post-condensation anneal-
ing does not lead to a significant change of the type of diffraction spec-
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Fig. 23. Areas of X-ray diffraction spectra of (TiZrNbTaHf)N/MoN coatings:
a—Py = 1.5:1072 Torr, -U, = 50 V; b—Py = 4-1073 Torr, -U, = 50 V; c—Py =
=4.10"2 Torr, U, = -200V; and d—(TiZrNbTaHf)N/WN, P, = 4.107® Torr,
-U,=90V. I—after the annealing, 2—before the annealing at 700°C [18].
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tra (let’s compare I and 2 on the Fig. 23, a, b, ¢, d). During the increase
of pressure of the working nitrogen atmosphere, the increase of tex-
turing rate occurs (relative increase of intensity of reflexes). Thus,
under relatively low values of U,, in the (TiZrNbTaHf)N/MoN coat-
ings, such a texture has an axis[311] (Fig. 23, a, b).

Applying a large negative potential U, =—-200 V leads to an increase
in the degree of ‘chaotization’ of the structure (the structure inherent
to small U, is not manifested for high U,), as well as to increase of dis-
persion of crystalline formations in the layers of the coatings, which is
manifested the most for the layers y-Mo,N for which with the increase
of U, the average size of crystallites decreases from 54 nm to 37 nm.
For the coatings (TiZrNbTaHf)N/WN, the formation of texture with
the axis [111] (Fig. 23, d) occurs at relatively low U, = -90 V, which is
typical for the preferred minimization of deformation in the process of
growth, the degree of perfection of which increases (spectrum 2 in Fig.
23, d) during the annealing. At the same time, reduction of the period
of a lattice is observed in the annealed coatings in both layers: in
(TiZrNbTaHf)N from 0.443 nm to 0.439 nm, and in 3-W,N layers from
0.425 nm to 0.421 nm.

In the coatings (TiZrNbTaHf)N/MoN, annealing leads to a signifi-
cant change of the lattice parameter almost exclusively in the nitride
layers of high entropy alloy. The layers of the Mo—N system are char-
acterized by the slight change of the grating period remaining at a
range of 0.418-0.419 nm in the coatings obtained at low Py =1.5-10"°
Torr and at the level of 0.425—0.424 nm at Py = 4-1072 Torr. An excep-
tion is the coating obtained with a large U, =-200 V, for which even at
Py=4-10"2 Torr grating period does not exceed 0.420 nm. One more
characteristic feature of this type of the coatings is formation of ni-
tride phases of high-entropy alloy with a smaller period. Therefore, if
the main nitride phase in the layers has a period of 0.44-0.47 nm, in
the case of high values of applied U, = -200 V, the formation of a new
fine crystalline phase occurs. It is manifested on the diffraction spec-
tra before the annealing in the asymmetry of reflexes (see spectre 1 in
Fig. 23, ¢), which in case of annealed coatings is found in the form of
independent reflections from lattice planes of the phase with a period
of 0.434-0.435 nm (see spectre 2 in Fig. 23, c).

Presumably, this effect may be associated with the formation of
mixed solid solution phase based on the high entropy nitride of the
type (MoTiZrNbTaHf)N (including Mo atoms from the second layer as
a compound element) on a disordered interphase border. Formation of
such a layer may lead to a decrease of functional properties of the coat-
ing and, in particular, mechanical properties.

The universal mechanical characteristics taking in account their
sufficient ease of definition and good reproducibility are microinden-
tation data and scratch testing.
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The coatings of the greatest firmness according to the microinden-
tation data are the coatings deposited at a relatively low potential bias.
For the coatings (TiZrNbTaHf)N/WN, the hardness reaches 44 GPa,
and for (TiZrNbTaHf)N/MoN, 41 GPa.

When increasing U,, the hardness slightly falls down to 39 GPa, ap-
parently due to the radiation-stimulated mixing. The pressure reduc-
tion also leads to a decrease in hardness.

In the case of the coatings obtained at low -U,, post-condensation
annealing leads to increase of hardness of such coatings because of or-
dering at high temperatures in high entropy nitride layers. To the
greatest extent, it affects the coatings (TiZrNbTaHf)N/WN obtained
at U,=-90V, where the hardness increases from 44 GPa to 59 GPa. In
the case of coatings (TiZrNbTaHf)N/MoN, the largest increase in
hardness is observed at U, =-50 V: from 40.5 GPa before the annealing
to 48.5 GPa after the annealing.

For the coatings obtained at large U, € [-280, —200] V, the annealing
is followed by a slight not only leads to increased hardness, but also ac-
companied by a slight drop of hardness from 39—40 GPa before the an-
nealing to 38—37 GPa after the annealing.

Results of scratch tests also show that the greatest pressure prior to the

Ley = 4.950 (a)
Ly = 32.00 (b)
Les =47.40 (c)
L, = 65.00 (d)
Les=117.9 (e)

Fig. 24. View of wear tracks and the resulting critical loads for the coatings
(TiZrNbTaHf)N/MoN (Py = 4-107 Torr, U,=-150 V) [18].
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Lg, = 6.060 (a)
Le, = 31.30 (b)
Lgs =45.50 (¢)
Le, = 81.60 (d)
Les=124.9 (e)

Fig. 25. View of wear tracks and the resulting critical loads for the coatings
(TiZrNbTaHf)N/MoN (TiZrNbTaHf)N/WN (Py = 4-1073 Torr, U,=-90 V) [18].

failure is inherent to the coatings obtained at low values of U, and, for the
coatings (TiZrNbTaHf)N/WN, reaches the values L.;=117.9 N (Fig. 24),
and for the coatings (TiZrNbTaHf)N/MoN, L.;=124.9 N (Fig. 25).

The annealing at 700°C of the coatings of (TiZrNbTaHf)N/MoN sys-
tem obtained at Py = 3:107 Torr, U, = —150 V, for which the initial
hardness was relatively high (35 GPa), which then increased to 41.5
GPa after the annealing led to enhanced wear resistance for all values
L. (see Figs. 24, 25), and the wear is inherent to abrasion, which is
manifested by the absence of large amplitude peaks (which are inher-
ent to brittle failure) on the curve of dependence of acoustic emission
on pressure (see Fig. 26, a).

Slightly larger by its magnitude hardness (48.5 GPa) of the compos-
ite coating (TiZrNbTaHf)N/MoN obtained at Py = 4-107® Torr and U, =
=-50 V after the annealing increases the critical values of L;, Lq, and
L (see Figs. 24, 25), but, at the same time, the values of L., and L
are decreased, i.e. critical stresses responsible for the formation of
multiple cracks and wear of material of the coating takes place.

The effect of formation of multiple cracks and brittle fracture of
high hardness coating is observed even better for a steel-based sub-
strate with a higher plasticity for the system (TiZrNbTaHf)N/WN,
obtained at Py = 4-1072 Torr, U, = —90 V, the hardness of which is in-
creased as a result of annealing up to 59 GPa. In this case, the increase
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Fig. 26. Changes in average values of the coefficient of friction (spectrum 1,
left scale) and in the amplitude of acoustic emission (spectrum 2, right scale)
for the coatings: a—(TiZrNbTaHf)N/MoN (Py = 4-107 Torr, U, =-150 V) and
b—(TiZrNbTaHf)N/WN (Py=4-10"2 Torr, U,=-90 V) [18].

of value of the critical load L, (see Figs. 24, 25) takes place only, a
slight relative decrease of L., and L. and a strong decrease of L., and
L. It is significant that in this area, strong peaks typical to the for-
mation of macroareas with brittle failure appear on the dependence of
the acoustic emission signal on the load (Fig. 26, b).

Thus, the achievement of ultrahigh hardness in a case of relatively
ductile substrate may not lead to an increase in adhesive strength due
to the brittle fracture of the coating during the wear process in the
boundary areas to the ductile base material.

To determine tribological characteristics, the testing ‘ball-disc’
scheme was used, for which the balls with diameter of 6.0 mm made of
sintered certified materials, Al,O5 and steel Ac;,,Crg, were used.

Visually, friction tracks (see Fig. 27) are characterized by the ab-

L Ac100CH

: M

‘.'654.88um 734.09pm

Fig. 27. Images of friction tracks during the tests (by the ‘ball-disc’ scheme
with a counterbody (ball) made of Al,O; and steel Ac,,,Crg) of the multilayer
coating (TiZrNbTaHf)N/MoN (Py = 4-1072 Torr, U, = -50 V). a—with detailed
friction tracks by the type of the counterbody, b—with the determined aver-
age sizes of friction tracks for different counterbodies [18].
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TABLE 6. The critical load L. for composite multilayer coatings, before and
after one-hour annealing at 700°C.

-U,, |Annealing, Lo, N
\% °C 1 2 3 4 5
- 4.52 | 31.8 | 48.2 | 65.8 | 73.1
700 5.07 | 40.2 | 51.4 | 56.0 | 82.2
- 6.06 | 31.3 | 45.5 | 81.6 | 124.9
700 7.33 | 42.8 | 58.4 | 63.8 | 81.7
- 4.95 | 32.0 | 47.4 | 65.0 | 117.9
700 8.31 | 31.3 | 39.7 | 41.3 | 62.7

Coating type

(TiZrNbTaHf)N/MoN| 150
(TiZrNbTaHf)N/MoN| 50

(TiZrNbTaHf)N/WN| 90

sence of barbs, chips, and radial cracks, which indicates the high qual-
ity of the coating and its adhesive strength.

The average width of the friction track in a case of the counterbody
made of Al,O; has a value of 654.88 um (see Fig. 27, b), and in the case
of steel counterbody, the track has different thickness and is charac-
terized by a non-uniform wear pattern.

The reason for this heterogeneous nature is sticking of relatively
soft and ductile metal of the counterbody to the coating, which in-
creases the actual impact area, and further friction occurs in a pair of
worn-out metal and the metal of counterbody.

Lowering of the fixed friction coefficient and increase of wear of a
steel ball is also linked with this (Table 6).

During friction with a counterbody made of Al,O;, the uniform abra-
sive wear of the friction pair with the removal of wear products and
their accumulation at the edges of the groove was observed (Fig. 27, a).

In this case, the amount of transferred material depends on the
strength of adhesive bond, which depends on the electronic structure of
the counterbody based on Al,O; and multilayer coating, and determines
the ability to form solid solutions, intermetallic compounds with each
other, and oxides stable at high temperatures. This is related to the high
values of the coefficient of friction during the tests with Al,O5 counter-
body, which include high entropy nitride (TiZrHf VNbTa)N [14].

At the same time, the coatings possess good wear resistance: wear
value for both types of counterbodies is within the limits (0.39-
2.12)-107° mm?*xN 'xmm ™. Wear of the counterbody of Al,O, is also
sufficiently small—2.25-10° mm?®*xN'xmm™ (Table 7), in contrast
with a steel counterbody Ac;,,Crg, for which wear differs by one order
and has a value of 2.59-10™* mm?xN 'xmm™.

Thus, a universal resistance of multilayer coatings based on nitrides
of high entropy alloys to various types of counterbodies, different in
hardness and toughness opens good perspectives to use such coatings
as protective coatings at complex exposures in conditions of abrasive
wear [1, 15].
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TABLE 7. Tribological characteristics of the multilayer (TiZrNbTaHf)N/MoN
coating (Py = 4-107® Torr, U, = -50 V) during the tests by the scheme ‘ball—-
disc’ with counterbody (ball) of Al,O; and steel Ac,,Crs.

Type Coefficient Wear factor, mm*xN 'xmm™
of counterbody of friction Counterbody Coated samples
AlLO, 0.83 2.25x 1076 3.90x10°°
Ac,o,Cr steel 0.57 2.59 x 10 2.12x10°
3. CONCLUSIONS

In this article, the influence of the size of bilayers deposition parame-
ters, the stress and microstructure of the change of physical and me-
chanical properties of the nanostructure (nanocomposite) coatings
produced by vacuum arc deposition from the cathode is written and
shown. Presented results are an intermediate stage of our work in the
field of development and study of nanoscale multilayer coatings
formed from refractory metals. The present results suggest the pros-
pect of obtaining and studying such nanoscale nitride multilayer
nanostructured coatings in the near future.
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