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The structure and tribological properties of the nitride coatings (Zr-Ti—-Nb)N, (Zr-Ti—Cr-Nb)N,
and (Zr-Ti-Cr=Nb-Si)N, fabricated by vacuum arc deposition have been investigated. Their ele-
mental composition and crystal structure are characterized by EDS and SEM analyses, XPS,
and X-ray diffraction. The multicomponent (Zr-Ti—Cr—Nb-Si)N and (Zr-Ti-Nb)N coatings are
found to be a simple face-centered cubic (fcc) solid solution. For the coatings without Si, the struc-
ture is mainly composed of the TiN fcc phase and CryN trigonal modification. The (Zr-Ti—-Nb)N
and (Zr-Ti—Cr-Nb)N coatings provided the best adhesive strength in different conditions. The
(Zr-Ti—Cr-Nb-Si)N coatings exhibited the worst adhesive strength, which may be attributed to
the relative low hardness

KEY WORDS: vacuum arc, tribological properties, multielement coatings, microstruc-
ture, adhesion

1. INTRODUCTION

The lifetime of tools for machining, cutting, drilling, and other working processes is signifi-
cantly enhanced by the use of nitride or carbide protective coatings, owing to their high hard-
ness, plasticity, good wear, thermal stability, and corrosion resistance (Holleck, 1986; Sund-
gren and Hentzell, 1986; Pogrebnyak et al., 2009, 2014a; Poplavsky et al., 2017; Svito et al.,
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2017). Based on the design concept for traditional alloys and physical metallurgy, it is found
that almost all nitride coatings are based on one principal metallic element, for example, TiN,
ZrN, and CrN. However, owing to the requirement of higher working properties, multicompo-
nent nitride coatings such as Ti—Al-N, Ti-Nb—-N, Ti—Cr-N, Zr—Ti-N, Cr—Zr-N, Zr-Ti—Si—N,
Zr-Nb-Ti—Cr—N, Ti—Al-Cr—N, Ti-Hf-Zr—V-Nb—N, and others are attracting more and more
attention (Pogrebnjak et al., 2014b; Pal Dey and Deevi, 2003; Kim et al., 2008; Han et al.,
2003; Boxman et al., 2000; Zhang et al., 2013). Many research groups reported that the addi-
tions of elements with different atomic sizes to binary and ternary nitride films would have a
favorable effect on the mechanical and tribological properties of protective coatings.

The purpose of this work is to investigate the influence of the deposition parameters on
the elemental and phase composition, mechanical and tribological properties of (Zr—Ti—Nb)N,
(Zr-Ti—Cr—Nb)N, and (Zr—Ti—Cr-Nb-Si)N coatings.

2. EXPERIMENTAL

The cathodes made from Zr—Ti—Nb (Zr — 35 at.%, Nb — 35 at.%, Ti — 30 at.%), Zr—Ti—Cr—
Nb (Cr — 37.39 at.%, Zr — 27.99 at.%, Nb — 22.30 at.%, Ti — 12.32 at.%), Zr-Ti—Cr—Nb
(Cr — 37.39 at.%, Zr — 27.99 at.%, Nb — 22.30 at.%, Ti — 12.32 at.%), and Zr-Ti—Cr—
Si (Cr — 17.08 at.%, Zr — 30.19 at.%, Nb — 9.67 at.%, Ti — 39.96 at.%, Si — 3.1 at.%)
were prepared by electron-beam melting. Nitride coatings were obtained by vacuum arc de-
position in a molecular nitrogen atmosphere on polished substrates (material — A 570 Grade
36 steel and silicon) using a Bulat-6 vacuum-arc device. The substrates were heated to 450°C
before deposition. The distance between the substrates and the cathode was 250 mm. The pa-
rameters of deposition of the coatings are presented in Table 1.

The chemical compositions and morphology of the coatings were examined using a PEGA-
SUS X-ray energy-dispersive spectrometer system, scanning electron microscopy/energy-dis-

TABLE 1: The deposition parameters of the (Zr—Ti-Nb)N, (Zr-Ti—Cr—Nb)N, and
(Zr-Ti—Cr—Nb-Si)N coatings

No. Deposited Material I, A Py, Pa UV
1 95 0.05 - 100
Zr-Ti—Nb
2 95 0.5 — 100
1 0.3 — 100
2 0.7 - 100
Zr-Ti—Cr—-Nb 110
3 0.3 - 200
4 0.7 - 200
1 110 0.3 - 100
Zr—Ti—Cr-Nb-Si
2 110 0.3 - 200
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persive X-ray spectroscopy (SEM/EDX) JEOL JSM-6610 LV, and JEOL 7001TTLS with a
voltage of 15-20 kV.

The chemical bonding state of the films was analyzed by X-ray photoelectron spectroscopy
(XPS, EC 2401, USSR) using MgK,, radiation (£ = 1253.6 eV). Prior to XPS measurements,
the samples were sputter-etched in an argon plasma for 5 min.

The structure and phase composition were analyzed by X-ray diffraction (XRD) using D8
ADVANCE and DRON-4 diffractometers, under Cuk,, irradiation. XRD patterns were taken in
the point-by-point scanning mode with a step of 26 = 0.02-0.2° in the range of angles 25-90°.

The nanohardness and elasticity modulus of the (Zr—-Ti—Cr—Nb-Si)N coatings were mea-
sured using nanoindentation (Hysitron TI 950 Tribolndenter) with a Berkovich diamond in-
denter and a maximal load of 10,000 uN. We evaluated the hardness and elasticity modulus
from load—no-load curves using the Oliver—Pharr method.

A REVETEST (CSM Instruments) scratch tester equipped with a 200-mm-tip radi-
us Rockwell C diamond indenter was used to measure the adhesion of the (Zr-Ti-Nb)N,
(Zr-Ti—Cr—Nb)N, and (Zr-Ti—Cr—Nb-Si)N coatings. To obtain reliable results, two scratches
on the surface of a coating were made. The substrates for the deposition of coatings were steel
18Cr10NiTi cylinders with a diameter of 30.0 mm and a height of 5.0 mm.

The critical load responsible for the moment of the appearance of the first chevron cracks
at the bottom of the scratches was defined as L¢y; L, the time of the occurrence of chevron
cracks at the bottom of the scratches; L¢3, the destruction has a cohesive-adhesive character;
Ly, the local flaking of the areas of coating, and Lcs, the plastic abrasion of a coating to the
substrate, loss of adhesion strength.

First-principles band-structure calculations were carried out using the Quantum-ESPRES-
SO code (Giannozzi et al., 2009) for 8-atom cubic supercells of Tiy ,Nb, Ny, Tis ,Zr,Ny, and
Zrg Nb,Ny4, n =0, 1, 2, 3, 4, representing Ti;_Nb,N, Ti;_,Zr,N, and Zr;_Nb,N alloys, re-
spectively, with the B1 structure (space group Fm-3m, No. 225). The Vanderbilt ultra-soft
pseudo-potentials were used to describe the electron—ion interaction (Vanderbilt, 1990).

To estimate the formation energies of the nitrides under consideration, the total energies of
the Ti, Zr, Nb, Cr, and Si crystal as well as the N, molecule were calculated. The structures
based on Cr were considered in the paramagnetic state. The structural parameters and forma-
tion energies of different calculated phases are listed in Table 2. The maximum deviations
between theoretical and experimental values are observed for the structures based on Cr (since

TABLE 2: Symmetry, calculated structural parameters (a, c¢/a), and formation energies (Ef )
of TiN, ZrN, NbN, CrN, Cr,N, and Si3Ny4 in comparison with the available experimental
data (in parentheses)

Structure Symmetry a, A cla F, evifa.
TiN Fm-3m 4232 B —3.490
No. 225 (4.241) (- 3.500)°
7N Fm-3m 4.591 - -3.512
No. 225 (4.600)° (- 3.786)"
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TABLE 2: Continued

Structure Symmetry a, A cla Ef, eV/f.u.
Fm-3m 4.420 —1.938
NbN No. 225 (4.442)¢ _ (— 2.432)°
CIN Fm-3m 4.006 . o —-0.511 .
No. 225 (4.140) (- 1.215)
CroN P-31m 4.705lc 0.924f - 1.219
No. 162 (4.811) (0.932) (- 1.337)
SisN, P65/m 5.659g 0.382g - 7.580b
No. 176 (7.637) (0.383) (- 7.690)
Ti P63/mmc 2.919h 1.584h B
No. 194 (2.944) (1.589)
- P63/mmc 3232 1.601 B
No. 194 (2.232)! (1.593)!
Im—3m 3.312
Nb No. 229 (3.311) o o
Cr Im-3m 2.796k - -
No. 229 (2.884)
Si Fd-3m 5.467l o o
No. 227 (5.430)

we considered only paramagnetic states) and the B1-NbN structure (due to the substoichiom-
etry of niobium nitrides).

3. RESULTS

The concentrations of all elements in the coatings are summarized in Table 3. The composi-
tions of all nitride films are close to their original targets.

The chemical binding state and elemental composition of the (Zr—Ti—Cr-Nb)N coating
were investigated by XPS (see Fig. 1) with peaks which associated with Ti 2p, Cr 2p, Zr 3d,
Nb 3d, N 1s. Also the oxygen (O 1s) peak was observed. According to the existing data (Wag-
ner, 1995), the Ti 2p peaks at 455.8 and 458.7 ¢V correspond to the Ti—O and Ti—N bonds,
respectively; the Cr 2p peak at 576.1 eV corresponds to the Cr—N bond; the Zr 3d peaks at
180.1 eV and 182.2 eV, to the Zr—N and Zr—O bonds, respectively; the Nb 3d at 203.8 eV
and 207.5 eV, to the Nb-N and Nb-O bonds, respectively; the N 1s peak at 397.4 eV, to
the Cr—N bond, and the O 1s peak at 531.3 eV corresponds to the Nb—O bond. These re-
sults suggest that the (Zr—Ti—~Cr—Nb)N coating consists of the Ti-N, Ti-O, Cr—N, Zr-N, Zr-O,
Nb—N, and NB—O bonds which could be attributed to TiN, TiO,, Cr,N, ZrN, ZrO,, NbN, and
Nb,Os, respectively. Thus, it can be assumed that the coatings formed a multiphase material,
(Ti, Zr, Nb)N—Cr.
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TABLE 3: Elemental analysis of the (Zr-Ti—-Nb)N, (Zr-Ti—-Cr—Nb)N, and
(Zr—Ti—Cr—Nb-Si)N coatings

X Concentration, at.%
Series No.
Ti | zr | cr [ Nb | N | si [ Impurity
(Zr-Ti-Nb)N
20.91 20.38 19.99 | 38.72 | — —
2 20.52 19.36 19.26 | 40.86 | — —
(Zr-Ti-Cr-Nb)N
1 10.21 6.63 1522 | 4.96 | 62.41 — 0.57
2 12.30 8.48 1692 | 6.17 | 56.13 | — —
3 11.27 8.03 1823 | 7.48 | 5499 | — —
4 10.40 7.81 11.00 | 6.73 | 63.66 | — 0.39
(Zr-Ti—-Cr-Nb-Si)N
1 34.50 11.58 11.00 | 3.30 | 36.49 | 2.12 —
2 32.30 13.28 7.95 3.62 39.5 | 3.45 —

Figure 2 shows the XRD patterns of (Zr—Ti—Nb)N nitride coatings. The X-ray diffractom-
eter spectrum analysis shows that the determining phase composition is the phase with a face-
centered cubic lattice. The low-intensity peak at 20 = 38° indicates the presence of small
inclusions in the BCC lattice, typical of the vacuum-arc method for a dropping phase. A char-
acteristic feature of increasing pressure of the reaction gas (from 0.05 Pa to 0.5 Pa) strengthens
the peaks of the family of planes {111}, which is determined by the increase in the perfection
of preferred orientation of growth of crystallites with the [111] axis perpendicular to the plane
of the surface. Specific method of approximating the size of the crystallites with increase in
pressure increases from 10 nm at the lowest pressure of 0.05 Pa to 63 nm at the maximum
working pressure of nitrogen atmosphere of 0.5 Pa.

The phase analysis of (Zr-Ti—Cr—Nb)N nitride coatings indicates the presence of the TiN
fce phase (a = 0.243 nm, ag,p, = 0.244 nm) and CrpN trigonal modification (P31m space group,
a = 0.4800 nm, ¢ = 0.4472 nm) (see Fig. 3). The formation of a two-phase structure is obvi-
ously related to the presence of high concentrations of Cr and Nb elements, which have a low
enthalpy of formation of nitrides.

The results of XRD diffraction analysis for (Zr-Ti—~Cr—Nb—Si)N coatings are shown in
Fig. 4. As we can see, for a nitride coating deposited at a pressure of 0.3 Pa and substrate
bias of — 100 V all XRD lines belonging to 111, 200, 220, 311, and 222 reflections from the
fce lattice are seen. Taking into account the elemental composition, we can state that this fcc
phase belongs to the NaCl structure type, where the Zr, Cr, Ti, Si, and Nb atoms are located
in the lattice sites.

The maximal value of hardness (44.5 GPa) for the (Zr—Ti—-Nb)N nitride coating is reached
at the pressure of reaction gas Py = 0.5 Pa. The hardness of the (Zr—Ti—Cr-Nb)N coatings
deposited at Py = 0.3 Pa and U = — 100 V are 30.9 GPa which change to 38.8 GPa as the
substrate inclination increases to — 200 V.
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FIG. 1: XPS peaks of (Zr—Ti—Cr-Nb)N coating deposited at Py = 0.3 Pa and U = 200 V
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FIG. 2: Areas of diffraction spectra of (Zr-Ti—-Nb)N coatings obtained at different partial pressures of
nitrogen: 1) Py = 0.05 Pa; 2) Py = 0.5 Pa
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FIG. 3: XRD patterns of the (Zr-Ti—Cr—Nb)N nitride films deposited at different Py and U values
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FIG. 4: XRD patterns of the (Zr—Ti—Cr—Nb—Si)N nitride films deposited at Py, = 0.3 Pa and different
U values (— 100, — 200 V)

From the load—no-load curves of nanoindentation tests of (Zr—Ti—Cr—Nb—Si)N coatings, the
nanohardness and modulus of the films deposited at different substrate inclinations were deter-
mined and shown in Fig. 5. For the (Zr-Ti—Cr-Nb—Si)N nitride coatings, which are deposited
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FIG. 5: Dependences of the hardness (a, ¢) and elastic modulus (b, d) on contact depth for (Zr—Ti—Cr—
Nb-Si)N coatings deposited at Py = 0.3 Pa and different U values: a, b) — 100 V, ¢, d) — 200 V

at Py = 0.3 Pa and U = — 100 V, the hardness and elastic modulus are 21 and 250 GPa, re-
spectively. With increase in the potential bias to — 200 V, the hardness and modulus increased
to 27 and 273 GPa, respectively.

Table 4 shows the results of adhesion tests of the (Zr-Ti—Nb)N, (Zr—Ti—Cr—Nb—-Si)N, and
(Zr-Ti—Cr—NDb)N coatings obtained at different technological deposition parameters. The re-
sults of the adhesion strength tests show that the coatings were worn during scratching, but did
not peel off, i.e., the destruction occurs by the cohesive mechanism, associated with the plastic
deformation and formation of fatigue cracks in the coating material.

As shown in Table 4, with increasing substrate inclination, the adhesion strength be-
tween the coating and substrate increases. The enhanced adhesion may be attributed to the

TABLE 4: Comparative results of adhesion testing for the (Zr—Ti—Nb)N, (Zr-Ti—-Cr—NDb)N,
and (Zr—Ti—Cr—Nb-Si)N coatings

. Serial Number
Critical Loads, N
No.1 | No.2 | No.3 | No.4
(Zr-Ti-Nb)N
Le 200 | 98 |  — | —
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TABLE 4: Continued

Serial Number
Critical Loads, N

No. 1 No. 2 No. 3 No. 4

Ly 29.04 20.62 — —

Lcs 43.18 36.43 — —

Lcg (Les) 59.26 66.77 — —

(Zr-Ti—Cr-Nb)N
L¢y 10.94 11.8 10.35 15.21
Lo 18.69 20.93 18.42 24.29
Ly 26.95 30.35 23.12 33.45
Ly 39.15 45.94 45.12 40.97
Lcs 49.09 56.17 61.08 62.06
(Zr-Ti—Cr-Nb-Si)N

Lcy 9.54 11.28 — —

Lco 12.48 14.04 — —

Lcs 18.36 24 — —

Ly 29.86 34.09 — —

Lcs 45.33 45.57 — —

enhanced resistance of crack formation and plastic deformation. The loads (Lcs) for the
(Zr-Ti—-Cr—Nb)N and (Zr-Ti—-Cr—Nb—-Si)N coatings increase with the substrate inclination
(from — 100 to — 200 V), their maxima are of 62.06 and 45.57 N, respectively. Also, it should
be noted, that coatings obtained at a high bias and possessing higher hardness are more re-
sistant. Nitride coatings (Zr—Ti—Nb), (Zr—Ti—-Cr—Nb)N, and (Zr—Ti—Cr—Nb-Si)N with a good
adhesion strength demonstrate high values of hardness, 45, 42, and 29 GPa, respectively.

4. DISCUSSION

According to the XRD patterns (see Fig. 1) of the (Zr-Ti—Nb)N nitride coatings, the fcc is the
determining phase with the (111) out-of-plane preffered orientation.

The Gibbs free energy of mixing of the (Zr—Ti—Nb)N alloys under investigation, calculated
at 7= 0 K (i.e., formation energy, see Table 2), is presented in Fig. 6 as a function of the com-
position x. The positive formation energy implies that the Ti;_,Zr,N alloys are not stable, and
will decompose into TiN and ZrN with the chemical driving force E,,jx. However, all alloys
can be stabilized in some range of composition, depending on temperature, since the configu-
rational entropy is always positive and promotes a decrease in the Gibbs free energy. Since the
values of Eyix for Ti;_Nb,N and Zr;_Nb,N are very small and some of them are negative,
these alloys can be stabilized as solid solutions at moderate temperatures. These findings con-
firm the possibility of the formation of fcc solid solutions based on TiN, ZrN, and NbN in thin
films. Since in our films we observed only solid solutions based on these nitrides, one can sup-
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FIG. 6: Computed mixing energy Eyix of Ti;_Nb,N, Ti;_Zr,N, and Zr;_Nb,N alloys as a function of
composition x

pose that the presence of NbN in the films precludes the separation of TiN and ZrN from the
Tiy_ZrN alloys. These findings confirm the possibility of the formation of fcc solid solutions
based on TiN, ZrN, and NbN in thin films (Pogrebnjak et al., 2009, 2012, 2014b; Hasegawa
et al., 2000; Sobol et al., 2011; Bagdasaryan et al., 2014). Since in our films we observed only
solid solutions based on these nitrides, one can suppose that the presence of NbN in the films
precludes the separation of TiN and ZrN from the Ti|_Zr, N alloys.

The analysis of diffraction data allowed us to estimate the lattice constant: ¢ = 0.4365 nm
for (Zr-Ti—Cr—Nb)N and a = 0.4332 nm for (Zr—Ti—Cr—Nb-Si)N coatings (see Table 5). This
table reveals that the lattice constant of multicomponent coatings increases with the potential
bias. This is reasonable because the intense bombardment causes incorporation of atoms of
nitrogen into the spaces in the growing film that are smaller than the usual atomic volume
("atomic peening effect"). The grain sizes were calculated from the full width at half maximum
of the XRD peaks by using the Scherrer formula. One obtains a typical grain size of 5.2 nm
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TABLE 5: Lattice constants and grain sizes of the (Zr-Ti—Cr—Nb-Si)N and
(Zr-Ti—Cr-Nb)N nitride films estimated by the XRD analysis

No. Nitride Coating Lattice Constant, nm Grain Size, nm
1 0.4365 5.2
2 . 0.4359 4.5
(Zr-Ti—-Cr—Nb)N
3 0.4410 5.1
4 0.4381 6.9
1 . . 0.4332 11.5
(Zr—Ti—Cr—-Nb-Si)N
2 0.4337 9.7

for the (Zr—Ti—Cr—NDb)N coating without preferential orientation and average crystallite size
of 11.5 nm in the direction of growth of crystallites with [111] axis for (Zr—Ti—Cr—Nb-Si)N
coatings.

As discussed previously, the coatings exhibit high hardness: 44.5 GPa for the (Zr—-Ti—-Nb)N
nitride coating, 31-39 GPa for the (Zr-Ti—-Cr-Nb)N coatings, and 21-27 GPa for the
(Zr—Ti—Cr—Nb-Si)N coatings.

Several factors can explain the increasing hardness, namely, the residual stresses and film
densification. The damages caused by the strong ion bombardment were also expected to form
higher density films. When substrate inclination is applied, the intrinsic compressive stress in
the film is increased significantly. This increase effectively enhances the hardness of the sput-
tering deposited films.

It should be noted that coatings deposited at lower nitrogen content exhibit low hardness.
When the Py increased to 0.7 Pa, the rise in hardness of the (Zr-Ti—Cr—-Nb)N coating is ex-
plained by the formations of larger amounts of strong Me\N bonds present in the films. Also,
high hardness may be due to high content of Cr,N phase, because the hardness of the CryN
coating is higher than that of the CrN coating.

5. CONCLUSIONS

From the preparation of (Zr—Ti—Nb)N, (Zr-Ti—Cr—Nb)N, and (Zr—Ti—Cr—Nb-Si)N coatings by
vacuum arc deposition under different pressures of nitrogen and potential bias, it was found
that:

1. The (Zr-Ti-Nb)N and (Zr-Ti—-Cr—Nb-Si)N nitride coatings include only one phase of
solid solution with fcc lattice of NaCl structural type with preferred orientation (111). The
structure of the (Zr-Ti—Cr—Nb)N multicomponent coatings is mainly composed of a TiN
fcc phase and CryN trigonal modification, which is obviously related to the presence of
high concentrations of the elements with low enthalpy of formation of nitrides.

2. The (Zr—Ti-Nb)N, (Zr—Ti—Cr—Nb)N, and (Zr-Ti—Cr—-Nb-Si)N coatings have harnesses in
the range of 44.5 GPa, 31-39 GPa, and 21-27 GPa, respectively. The mechanical charac-
teristics were improved by applying the higher parameters of deposition (substrate incli-
nation and pressure of nitrogen).
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3. The local abrasion of the (Zr—Ti—Cr—Nb—Si)N coatings down to the substrate material oc-
curs when the load reaches a highest value of 46 N, 62 N for (Zr—Ti—Cr—Nb)N coatings,
and 66 N for (Zr—Ti—-Nb)N.
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