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Abstract—A complex study has been performed of the effect of the technological parameters, which are
responsible for the energy states of deposited particles, on the elemental, phase and structure composi-
tions, hardness, and tribological characteristics of formed vacuum—arc multilayer Mo,N/CrN systems
with a nanometric thickness. The formation of two phase and structure types has been defined in combined
nitride layers: Y-Mo,N/CrN with the isostructural cubic crystalline lattices and y-Mo,N/CrN with non-
isostructural cubic and hexagonal lattices.
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1. INTRODUCTION

Nitrides of transition metals are characterized by the high melting temperature (2300—3400°C), high
hardness, and high electrical conductivity characteristic of metals. The main disadvantage is a high brittleness,
whose value may be essentially decreased by the formation of the nanostructural status of the material [ 1—5].

One of the most promising lines of improving operational characteristics of nitride coatings is a develop-
ment of multilayer structures with a nanometric thickness of layers. By alternating two or more material layers
having different physico-mechanical characteristics it is possible to largely change the system properties
including the stress-strained state and prerequisites to crack propagation, as a result of which the fracture
toughness of such a composite increases.

Structural state and properties of the MoN and CrN layers of multilayer coatings may vary over a wide
range depending on the voltage supplied onto a substrate and a pressure of nitrogen atmosphere during the
deposition [6—9]. In this connection one may expect a considerable sensitivity to the physicotechnical param-
eters of the deposition of structural states and properties of coatings based on MoN and CrN as layers of a mul-
tilayer system. The highest effects may be expected in the case that the layers are of nanometric thicknesses,
which stems from the fact that nitrides exhibit the highest mechanical properties in this dimensional range
[10—12].
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2. EXPERIMENTAL

Samples were prepared by the vacuum—arc method on a modernized Bulat-6 plant [13]. Pressure of nitro-
gen in the course of the deposition was py = (7—30) X 1074 Torr, the deposition rate was about 3 nm/s.

Coatings were deposited using two targets (Mo and Cr) at the continuous rotation of samples fixed on sub-
strates. The rotation rate was 8 rev/min, which made it possible to deposit a coating about 9 mm thick (with
separate layers 10 nm in thickness) for 1h. A total amount of layers was 960 or 480 bilayer periods. During the
deposition a constant negative bias voltage was supplied onto substrates at the values of U, = 20, 70, 150, and

300 V.

Phase and structure were analyzed by X-ray diffraction in the CuKao radiation. The profiles were divided
into components using the NewProfile software package.

The hardness was measured by microindentation on a 402MVD device of the Instron Wolpert Wilson
Instruments company using a Vickers diamond pyramid at loadings of 25, 50, and 100 g.

The adhesion and cohesion strengths, resistance against scratching, and detection of the coating fracture
mechanism were defined using a Revetest (“CSM Instruments”) scratch—tester. The scratches were made on
the coating surface by a diamond spherical indenter of the Rockwell C type with the tip radius of 200 wm dur-
ing the continuously increasing loading from 0 to 200 N at the resolution not worse than 3 mN. At the same
time we registered the power of acoustic emission signal, friction coefficient, depth of the indenter penetra-
tion, and the normal indentation load. To obtain reliable results, we made three scratches on the surface of
each sample. The tests were conducted at the following conditions: the indentation load varied from 0.9 to
70 N, rate of the indenter displacement was 1 mm/min, scratch length was 10 mm, rate of load application
was 6.91 N/min, frequency of the signal discreteness was 60 Hz, AE signal power was 9 dB. In the course of
testing we defined the minimum (critical) loads: L, that corresponds to the beginning of the indenter pene-
tration into the coating, L., that corresponds to appearance of cracks accumulation, and L3 corresponds to
the spalling of the coating or to its plastic abrasion to the substrate.

Tribological tests were carried out in air by the ball-on-disk scheme on a Tribometer friction machine
(CSM Instruments). The samples were discs of steel 45 (55 HRC), onto polished surface of which coatings
with the surface roughness Ra 0.08 um were deposited. As counterbodies we used balls 6.0 mm in diameter
manufactured of sintered certified aluminum oxide Al,Os.

In accordance with the ASTM G99-959, DIN 50324, and ISO 20808 international standards, the testing
load was 3.0 N and sliding velocity 10 cm/s.

The morphology of wear grooves on the coating and wear spots on balls were studied with the use of an
Olympus GX 51 optical inverted microscope and a FEI Nova NanoSEM 450 scanning electron microscope.
The wear resistances of the samples and counterbodies were assessed from the wear factor, W, the calculation
procedure of which is given in [14].

3. RESULTS AND DISCUSSION

The energy dispersive analysis of coatings showed that bias voltage exerted a decisive effect on the variation
of the nitrogen contents of coatings produced at lower pressure (py = 7 X 1074 Torr) (Fig. 1, curve [). Evi-

dently, the reason for this is a secondary selective sputtering of light atoms of nitrogen from a formed surface
of the coating. In this case, a relatively high energy of film-forming hard metal atoms of Mo and Cr exerts a
decisive effect (energy losses by collision at low pressure during the deposition are minimized).

At a higher pressure (py = 10-3 Torr) with increasing the negative bias voltage up to 150 Va small increase

of the nitrogen content of coatings is observed, which defines an improvement of the efficiency of the nitride
formation [4] and only at Uy, = 300 V the nitrogen concentration decreases, which is caused by a selective sec-

ondary sputtering.
A phase and structure analysis of the coatings states based on the X-ray diffraction spectra (Fig. 2) shows
that as the bias voltage increases at a small pressure of (py = 3 X 10-3 Torr), a coordinated transition from the

preferred orientation with the [111] axis to the preferred orientation with the [100] axis takes place, which
shows up in a relative change of the intensities of (111) and (200) reflexes, respectively,.

In this case we observe the agreement of the structures of nitrogen nanolayers (111)y-Mo,N/(111)CrN and
(200)y-Mo,N/(200)CrN with cubic (structural type NaCl, cards JCPDS 11-0065 and JCPDS 25-1366,
respectively) crystal lattices. However, at the bias voltage, highest by the modulus (Uj,= 300 V), in chromium
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nitride (CrN) layers the B-Cr,N phase with the hexagonal crystal lattice (card JCPDS 35-0803) appears
because of a decrease of the nitrogen concentration. The appearance of the lower by nitrogen -Cr,N phase
at a lower (pn =7 X 10~ Torr) pressure is even more clearly expressed (see Fig. 2, spectrum 3), and a texture
with the [001] axis forms in chromium nitride layers.
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Fig. 1. Variations of the nitrogen, N, concentration in a coating depending on bias voltage, U, at pressures of py = 7 X 10~
(1) and 3 x 1073 (2) Torr.
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Fig. 2. Sections of diffraction spectra of coatings produced at py = 3 X 1073 (1, 2,4,5 and 7 % 104 (3) Torr; negative bias
voltage U, = 20 (1), 70 (2, 3), 150 (4), 300 (5) V.

A wide spectrum of coatings structural states defines considerable changes in its mechanical characteris-
tics. Thus, from the dependence of the hardness, H, on the bias voltage, Uj,, given in Fig. 3 it is seen that the
highest hardness is attained at the lowest (by modulus) bias voltage, Uy, and high nitrogen pressure, py;, which

provides the highest nitrogen concentration. A decrease in hardness at the lower pressure may be attributed to
the formation of vacancies in the sublattice of nitrogen, due to its much lower content of coating as compared
with the stoichiometric composition of CrN chromium and Mo,N molybdenum nitrides.

The reason for a decrease in hardness as the modulus of the bias voltage increases is the intensification of
the mixing in a near-boundary region, which in relatively thin (about 10 nm) layers of a coating leads to a large
share of the mixed region with a state of a solid solution and decreased hardness because of it.

The values of the friction coefficient, L, wear intensity, v, and the parameter of the surface roughness, Ra,
obtained by tribological testing of the Mo,N/CrN coatings at various working pressures of nitrogen are given
in Table 1.

Our studies of the friction characteristics in dry friction of coatings with the counterbody of Al,O5 (see
Table 1) show considerable differences of the wear intensities of coatings formed at different nitrogen pres-

sures. Coatings produced at the high (py = 3 X 1073 Torr) pressure are characterized by single-phase layer
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having the same type of the cubic crystalline lattice (see Fig. 3). Coatings deposited at low (pn =7 X 10~ Torr)

pressure are formed by layers of chromium nitride, CrN, with a phase having a hexagonal crystal lattice (see
Fig. 3). This phase is the lowest by nitrogen. In this case there form different types of crystal lattices with a high
discrepancy of interphase boundaries of contact in layers.

H,GPa
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10 C \ X X . . .
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Fig. 3. Dependence of coatings hardness on the applied negative bias voltage U at pyy = 7 % 1074 (1),3x 1073 (2) Torr.

Table 1. Tribological characteristics of Mo,N/CrN coatings produced at the negative bias voltage U, = 70 V and various
pressures of nitrogen

Friction coefficient, U Wear intensity, v, mm>H ™ l.m™!
Pressure Ra, pm
initial during the tests counterbody (Al,03) coating
7 x 10~* Torr 0.381 0.586 0.25 % 10~7 13.45 x 10~ 0.47
3 x 1073 Torr 0.535 0.579 0.86 x 1077 6.36 x 1077 0.28

Thus, it follows from Table 1 that at low pressure, when in MoN and CrN layers the formation of phases
that differ in crystal lattice takes place, the coating has an increased brittleness and wears more intensively than
the counterbody. As the pressure increases and conjugation of cubic lattices appears in the coating layers (at

high pressure py = 3 % 10-3 Torr), its wear resistance increases.

Figures 4 and 5 show the initial surfaces of coating, contact regions of the counterbody, wear tracks on the
coating and their transverse profiles.

(b)

Fig. 4. Initial surface of the Mo,N/CrN coating, produced at py = 7 X 10~ Torr (a), contact region of the counterbody (b),
wear track on the coating (c) and its transverse profile (d).
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Fig. 4. (Contd.)
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Fig. 5. Initial surface of the Mo,N/CrN coating, deposited at py = 3 X 1073 Torr (a), contact region of the counterbody (b),
wear track on the coating (c) and its transverse profile (d).

Asis seen from these images and Table 1, in testing the Mo,N/CrN coatings deposited at pp = 3 % 1073 Torr

there is an adhesion wear caused by the material transfer from one contact surface on the other and manifest-
ing itself in the uniform wear of the coating with the profile wear track of a symmetric form and similar form
of the counterbody (Figs. 5b—5d). According to [15], in this case the amount of the transferred material
depends on the strength of the adhesion bond, which is defined by the electron structures of the Al,O3 coun-

terbody and Mo,N/CrN coating, their ability to form solid solutions or intermetallic compounds with one
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another. If the Mo,N/CrN coating was produced at the pressure py = 7 X 10~ Torr, the mechanism of the
abrasive wear takes place (see the profile of the wear track in Fig. 4d). This is caused by both the features of the
coatings formations (the presence of large drops inside and on the surface of coatings) and interfacial disagree-
ment of two different in type crystal lattices in nitride layers.

The destruction of coatings during the scratch-test in scratching with a diamond indenter may be divided
into several stages. At the beginning a monotonic penetration of the indenter into a coating occurs and the
coating exhibits an essential resistance to the indenter penetration, the friction coefficient, |, nonmonotoni-
cally increases, the AE signal remains unchanged. Then as the load increases, the AE amplitude changes less
intensively than the friction coefficient.

Figure 6a represents the averaged values of the friction coefficient and AE amplitude for a Mo,N/CrN

coating produced at py =7 X 10~* Torr and bias voltage Ui, = 70 V. It is seen that on the medium region of the

wear track at the friction coefficient close to 0.42 the AE caused by the structure imperfection and, particularly
by a brittle fracture, maintains an intermittent form. A correlation with the parameters of the wear tracks in
the region of loads, corresponding to the critical points L; and L, (see Figs. 6b and 6¢) shows that the inter-

mittent form of the dependence stems from the brittle fracture of the coating and its spalling.
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0.42 ‘ 70
0.36 ‘ | ‘ 60
0.30 t ‘\ M ”l ’ N
0.24 1‘ 40
0.18 ‘ 30
0.12 20
0.06 [ 10

0 1 1 1 1 1 1 1 1 O
0.90 19.81 38.72 57.63 76.54 95.45 114.36 133.27 152.18 171.09 Load, N

0 12 24 36 48 60 72 84 96 108 /mm
(@)

(b)
Fig. 6. Variation of averaged values of a friction coefficient (spectrum 2) and AE amplitude (spectrum /) (a) depending on the
load along the length of wear track; picture of the wear track in the region of loads, corresponding to the critical points L, (b)
and L, (c), for Mo,N/CrN coating produced at the pressure py = 7 X 10~ Torr and negative bias voltage U, =70 V.

Unlike coatings produced at low pressure of the working atmosphere, over the whole range of the bias volt-
age values under study in the course of the coatings formation at py = 3 X 10~3 Torr a smooth shape of the AE
curve is observed (Fig. 7).
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The analysis of the critical load of breaking coating under the indenter shows that at the high pressure of
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Fig. 7. Variation of averaged values of the friction coefficient (spectrum 2) and AE amplitude (spectrum /) (a); picture of the
wear track in the region of loads, corresponding to the critical points L., (b) and L, (c), for Mo,N/CrN coating produced at
pressure py = 7 X 10~* Torr and negative bias voltage Ui, = 70 V.
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the coating formation (see Fig. 7) the critical load attains 135 N.
Cracking of coatings with a high initial defectiveness produced at pyy =7 X 10~ Torr occurs actively even

at low loads, which is supported by the nature of the AE signals (see Fig. 6a) and micrographs that show grad-
ually growing transverse cracking of the coating. In this case the critical load is lower by almost a factor of 2.5

and is 59 N.

Generalized critical loads for L., L, and L 3 points of coating, produced at different negative bias volt-

ages and pressures are listed in Table 2.

9.6

10.8 /, mm

Table 2. Critical loads L for coatings produced at different conditions of deposition

Conditions of deposition

Critical loads, N

U,, V PN, Torr L., L., L
20 3 x 1073 11 40 71
70 3x 1073 12 50 145
70 7% 1074 10 33 59
150 3x 1073 8 53 159
150 7% 107 9 31 56
300 3% 1073 13 46 137
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With increasing modulus of the bias voltage, U, at which due to the atomic peening the material compac-
tion takes place [2], the increase of the critical loads is observed. The comparative analysis of condensates
obtained at high pressure indicates that in scratching coatings wear, but do not flake, i.e., they fracture by the
cohesion mechanism, caused by the plastic deformation and formation of fatigue cracks in the coating mate-
rial [16].

At low pressure (py = 7 % 10~ Torr) because of the lower concentration of nitrogen atoms in the coating,
in the chromium nitride layers the formation of a lower nitride, B-Cr,N, with a hexagonal crystal lattice takes

place. This decreases the cohesion interaction between layers in a multilayer coating. Correspondingly, the
critical stresses that such a coating can withstand decrease and the fracture is of a brittle cracking nature.

4. CONCLUSIONS

As the working pressure of the nitrogen atmosphere has been decreased from 3 X 103t07 x 1074 Torr, the
Mo, N/CrN coating depletes in nitrogen. At the phase and structure level this results in the transition of two
similar cubic structures y-Mo,N with a wide region of homogeneity in layers of molybdenum and chromium
nitrides to the formation of the lower in nitrogen 3-Cr,N phase with a hexagonal crystal lattice in the CrN
layer.

Coatings hardness attains 38 GPa and decreases with decreasing pressure at the deposition and supply of

negative bias voltage, which stimulates a selective secondary sputtering and depletion of the coating in light
nitrogen atoms.

Coatings that have been produced at pressure 3 X 1073 Torr, which are characterized by the formation of
nitrogen isostructural (with a cubic lattice) layers, the wear occurs by the adhesion type with the comparable
values of the coating and counterbody wear. The wear of coatings that are produced at pyy= 7 X 10~* Torr and
have nonisostructural types of crystal lattices (hexagonal and cubic) in nitrogen layers has signs of an abrasive
brittle type and the coating wear far exceeds that of the counterbody.

The investigation of the adhesion and strength characteristics by the scratch—test shows that at the decrease
of the nitrogen pressure the nature of coating fracture changes from the plastic abrasion to brittle fracture. A
variation of the modulus of the bias voltage in the range from 20 to 300 V does not principally affect the type
of the coating fracture.

The highest critical load of fracture (145—159 N) is characteristic of coatings that has been deposited at the

PN =3 % 10~3 Torr and negative bias voltage U, = 70—150) V.
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