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Abstract

The main regularities of the formation of microstructure and properties of multilayer
nanostructured CrN/MoN films with periodically changing architecture of layers were
considered. The transition metal nitride coatings with high hardness and wear resistance were
obtained by vacuum-arc evaporation of the cathodes (Arc-PVD) in nitrogen atmosphere at
several sets of predetermined deposition parameters. CrN/MoN multilayers were fabricated using
constant nitrogen pressure of 0.4, 0.09 and 0.03 Pa. All samples were divided into three main
series depending on the values of bias voltage applied to the substrates (-20, -150 and -300 V).
Each serial of samples contain multilayer films varying in the individual layer deposition time
and, hence, thickness, which is in range from 1.7 pm to 20 nm.

The morphology of surface and microstructure of cross-sections were studied by scanning
electron microscopy (SEM). Elemental composition and elemental depth profiles were
characterised by energy-dispersive X-ray spectroscopy (EDS), secondary-ion mass spectrometry
(SIMS), Rutherford backscattering spectrometry (RBS) and high-resolution transmission
electron microscopy (HRTEM) EDS. Micro- and nanostructural analysis of the films was
performed by X-ray diffractometry (XRD), grazing incidence XRD (GIXRD), in-plane XRD,
electron backscatter diffraction (EBSD) and HRTEM selected area electron diffraction (SAED).

The main phases formed in films were two CrN and y-Mo,N nitride phases with cubic lattice of
NacCl type and not significant volume of additional metastable MoN cubic phase depending on
nitrogen pressure and bias voltage. The preferential orientation of planes changes from [311] to
[111] and [200] with the increase of absolute value of bias voltage from -20 V to -150 V and
-300 V respectively. The size of nanograins in coatings with a nanometre bilayers thickness was
about 12 nm, while micro-deformation of nanocrystallites was about 0.5-0.6%. Coatings with
thin nanoscale bilayers have shown high hardness (38-42 GPa) and strong wear resistance, which
makes them appropriate and promising for industrial applications as protective ones. The
relations between deposition conditions and obtained composition, structure and features were
studied. The best parameters and deposition conditions were discussed as recommended to
achieve superior mechanical and physical properties of coatings with long lifetime and
applicable for harsh environment.

Keywords: nitrides, multilayers, structure, hard coatings, plasticity index, wear
1. Introduction

The fabrication of protective coatings by various deposition methods (chemical processes,

physical vapor deposition, ion-assisted deposition) allows to solve plenty of problems in industry
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regarding approaches to improve wear and corrosion resistance, reduce friction, increase fatigue
strength of cutting tools and mechanical details [1-9]. Among this variety of strengthening
technologies, a special place is occupied by vacuum-arc deposition often named also as cathodic
arc physical vapour deposition (Arc-PVD), which makes it possible to obtain coatings suitable
for work under high temperatures and pressures, aggressive environment, high corrosion and
intensive wear [9—-17].

It is well known that nitride films based on transition and refractory metals are characterized by
high hardness, high melting temperatures, good chemical and physical stability, which allow to
use such coatings as protective ones. At the same time, the decrease of the grain size to the
nanoscale range results in the increase of hardness from 25 to 40 GPa. One of the reasonable
methods of modern material design is the creation of nanocomposite coatings consisting of small
nanograins of one phase inside an amorphous or nanostructured phase of different composition.
It allows to improve significantly the protective properties of deposited coatings. On the other
hand, the design of multilayer coatings with different composition of bilayers (soft and solid
phases) allows to reduce internal stresses and brittleness while high values of hardness from 30
to 45 GPa are maintained [18-28]. One of the promising multilayer systems is the combination
of chromium and molybdenum nitrides[29-34].

Atoms in crystal lattices of different thin layers in multi-layered films can be replaced at
interfaces. This process results in the generation of strain energy proportional to the shear
modulus of the material. The layers with different shear modulus prevent the movement of
dislocations. Additionally, deviations or redistribution of dislocations and cracks at the grain
boundaries help to increase the resistance of coatings. The multilayer structure reduces the
influence of sublayer cracking and allows its employing under large dynamic loads. The
alternation of nanometre-scale layers with different physical-mechanical characteristics allows to
change significantly the properties of multilayer coatings, such as concentration of internal
stresses, crack propagation and, hence, to increase the fracture toughness of such material.
Chromium nitride exhibits high temperature stability and has lower friction coefficient than
titanium nitride, the most widely used transition metal nitride since the late 1960s [35-38].
Initially high mechanical properties of MoN, such as low friction and wear coefficients, in
combination with high hardness and good adhesion, will complement the properties of
monolayer CrN coatings, in particular the oxidation resistance [14,39—41].

This paper is aimed to create new nanocomposite multi-layered MoN/CrN films and study their
structure and properties. The focus is on the effect of bilayer thickness change from micro- to
nanoscale range, and on the influence of different negative substrate bias voltage applied during
deposition process. The research provides necessary information in order to select optimal
parameters for the enhancement of physical-mechanical properties of considered protective
coatings.

2. Deposition and Characterisation Methods

Polished stainless steel substrates with surface roughness up to 0.01 pum were used for the
deposition. The multilayer coatings were fabricated by vacuum-arc evaporation of molybdenum
and titanium cathodes in nitrogen atmosphere using Bulat-6 unit [3],[18]. A principal scheme of
the deposition system is shown in Fig. 1. The constant nitrogen pressure py of 0.4, 0.09 and 0.03
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Pa was used in the chamber. Three series of samples were deposited with different bias voltages
of -20, -150 and -300 V applied to the substrate. The samples of each serial vary on deposition
time of the individual layer, which is constant but twice reduced for each of the next sample of
the coating, keeping the total deposition time constant (1 hour). The thickness of the coatings
was from 8 to 14 pm. Detailed information about deposition conditions is presented in Table 1.
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Figure 1. Principal scheme of vacuum-arc deposition system for multilayer films: 1 - vacuum chamber, 2 - nitrogen
supply, 3 - chromium cathode, 4 - arc power supplies, 5 - substrate holder, 6 - substrates, 7 - molybdenum cathode,
8 - vacuum pump, 9 — substrate power supply, 10 - automatic rotation system for substrate holder.

Table 1. Deposition parameters of the MoN/CrN coatings. Arc current [arc(Mo) = 120 A, Tarc(Cr) = 100 A, total
deposition time t,,; = 1 h, t; — one layer deposition time, N; — number of layers, A - bilayer thickness. Samples marked
with asterisk (*) were deposited in a continuous rotation mode of the substrate holder.

Series iizgz pns Pa t, S N, A, pm U, V
1.1 300 12 2.26
12 150 25 1.18
1.3 80 45 0.60
! 1.4 04 40 88 0.25 20
1.5 20 180 0.12
1.6 10 354 0.044
2.1 300 12 2.85
22 150 25 1.39
23 0.4 80 45 0.69
2 24 40 88 0.32 130
2.5 20 180 0.14
2.7% 0.09 150 22 0.25
3.1 300 11 35
32 150 22 1.55
33 04 80 44 0.74
3 3.4 ' 40 88 0.36 -300
35 20 180 0.15
3.6 10 354 0.075
3.7% 0.03 22 150 0.19




The morphology of the surface and the cross-section structure were studied by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) using Quanta 200 3D
microscope and FEI Quanta 400 FEG Environmental SEM (ESEM). Most of the EDS analyses
of multilayer films were performed on cross-section samples acquiring integral spectra from
large area of all layers contained in the coating keeping equal number of MoN and CrN layers.
Electron beam energy used in elemental composition analysis by EDS was 10 keV. The electron
backscatter diffraction (EBSD) analysis was carried out using the unit of EDAX EBSD forward
scatter detector system and high resolution DigiView III camera attached to the above mentioned
ESEM. The method of secondary-ion mass spectrometry (SIMS) analysis was performed using
SAJW-05 spectrometer equipped with Physical Electronics argon ion gun and QMA-410 Balzers
quadrupole mass analyser. The structural-phase analysis was performed by X-ray diffractometry
(XRD), including several low-angle XRD methods, such as grazing incidence XRD and in-plane
XRD. The samples were exposed to Cu-Ka radiation using Panalytical X’Pert Pro Multipurpose
Diffractometer and high-resolution X-ray diffractometer Rigaku SmartLab. Rutherford
backscattering spectrometry (RBS) was used to analyse the elemental depth profile of the
coatings. A 1.4 MeV He+ ion beam and normal incidence was used in the experiments. Spectra
were collected with a detector with an energy resolution of 16 keV installed at 170° to the beam
direction. Element concentration through the depth profiles and layers thickness were determined
by computer simulation in SIMNRA assuming bulk density of 5.8 g/cm® and 9.2 g/cm’ for CrN
and MoN respectively.

The hardness and Young’s modulus (elastic modulus) were measured by micro-indentation
method with a Vickers diamond pyramid at load range from 200 to 980 uN. Tribological tests
and measurements were performed with the ball-on-disc test by spherical Al,O3 counterbody.
The alumina ball (static element) has diameter of 10 mm and R, = 0.03 pm. The load was 20 N
and sliding speed was about 0.2 m/s. The wear rate was evaluated using the results of the ball-
on-disc experiment performed at dry friction conditions on a distance up to 1000 m. It was
calculated as wear volume divided by sliding distance and normal load [59, 60].

3. Results and Discussion
3.1. Multilayer Design and Chemical Composition

The cross-sections SEM analysis was used for the samples to study the cross-sectional
morphology in the films and their multilayer structure. In results, the calculated values of bilayer
and total thickness of the deposited films are given in Table 1 and they are in accordance to the
expected ones. The selected SEM images of the multilayer CrN/MoN coatings with bilayer
thickness of 1.18 um and 44 nm are presented in Fig. 2. The samples demonstrate well defined
multilayer structure with distinct interfaces and good planarity of the individual layers. It should
be noted that the MoN layers (bright in the SEM images) are slightly thinner than the CrN layers
(dark areas) due to the different cathodes evaporation and nitride films deposition rates.
Especially it is more evident on the samples with thicker bilayers (see Fig. 2 (b)) rather than on
thinner ones (with shorter deposition time per layer).
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Figure 2 - SEM-images of polished cross-sections of multilayer CrN/MoN coatings: (a) and (b) — sample 1.2; (c) —
sample 1.6.

Figure 3 represents the typical EDS-spectrum of CrN/MoN multilayer films deposited at Uy =
-150 V (Series 2, sample 2.1). It shows almost equiatomic elemental composition of the metal
components: Mo/Cr atomic ratio varies from 0.90 to 0.93. Similar results were obtained for other
series of samples deposited at different bias voltage (U, = -20, -150 and -300 V). The slight
prevalence of chromium atoms may be explained by little difference in sputtering yields of Mo
and Cr cathodes, as well as in CrN and MoN deposition rates. But despite this, the thicknesses of
the alternating layers should be practically equal, which is confirmed by the presented SEM-
images (Fig. 2). Unfortunately, while EDS technique is appropriate for fast and precise
evaluation of metals concentration, it is not sensitive enough for light elements, such as
Nitrogen, and its ratio may be underestimated. In this way, for evaluation of light elements
composition it is preferably to use RBS, SIMS, WDS or other experiments. Nevertheless, the
different bias potential U, doesn’t affect significantly the atomic concentration of nitrogen,
which ratio in the layers varies from 0.4 to 0.6 (for py = 0.4 Pa), due to the transformation of
vacancies as a result of secondary sputtering and re-deposition effects during ion bombardment
[18,42]. The dependence of nitrogen ratio on nitrogen pressure in the chamber during deposition
is clearer end more evident. With the px decrease to 0.09 or 0.03 Pa the N ratio drops to 0.1-0.2.

38.85'
CrN/MoN ETA

Figure 3 — EDS spectrum and elemental analysis of CrN/MoN multilayer film, sample 2.1.

To complement the above-mentioned results, the RBS analysis was used, which is a high-
precision non-destructive method and may serve as a reference. Since the beam has a diameter of
about 1 mm, the averaging of layers thickness occurs on a large area. The obtained depth profiles
of Cr, Mo and N elements demonstrate a sufficient uniformity of the CrN and MoN layers in
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analysed area [23,43]. The RBS depth profiling has been proved as a powerful tool to evaluate
the multilayer structure and chemical composition of considered films.

The results of RBS analysis for CrN/MoN films of Series 3 (U = -300 V) with different bilayer
thickness are presented in Fig. 4. For the first sample (Fig. 4 (a)) with the thicker layers it was
possible to obtain the spectrum of only the first MoN top layer (analysed depth is 1.73 um): Mo
~ 50 at.% and N = 50 at.%. For rest of the samples of Series 3 with thinner layer thickness the
several periods were clearly observed. Fig. 4 (b) shows the spectrum of sample 3.4. The edge of
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Figure 4 - RBS spectra (left) and depth profiles (right) of elements for samples 3.1 (a, b), 3.4 (c, d) and 3.6 (e, )

the first peak corresponds to Cr, thus CrN is the top surface layer of the coating. Then the front
of Mo follows, imposed on Cr front, i.e. the front of Mo is shifted by the width of Cr. The peaks
on the RBS spectrum (Fig. 4 (c)) correspond to the CrN/MoN period of the multilayer film. The
beam of He" ions used in the experimant has passed the depth of 5 CrN/MoN bilayers, where
calculated thickness of CrN layer was 189 nm and 170 nm for MoN, which results in the bilayer
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thickness of 359 nm. Fig. 4 (e) and (f) present the results of RBS analysis for coatings with the
thinnest layers (sample 3.6). The spectrum clearly displays the elemental composition of the first
three bilayers. The first three peaks correspond to Mo and the fourth is Cr shifted towards the
lower channel numbers by the thickness of Mo. The next Cr and Mo peaks are overlapped due to
the small thickness of the individual layers. The thickness of MoN layers is 37 nm and the
thickness of CrN layers is 38 nm. Thus, the bilayer thickness (L) is 75 nm. Results of bilayer
thickness evaluation for all measured CrN/MoN films of Series 3 by RBS are presented in
Table 1.

The results of SIMS analysis of elemental composition and multilayer structure of CrN/MoN
films for sample 3.6 with the thinnest layers are shown in Fig. 5. Two acquisitions were
performed with ion beam energy of 5 and 1.72 keV (Fig. 5 (a) and (b) respectively). SIMS is a
destructive method of quantitative elemental analysis through the depth of coating. With 5 keV
ion beam the crater has reached the size of 2x2 mm and almost 1 micron of depth. Due to the
reduced ion mixing effect the lower energy of ion beam of 1.72 keV gives better resolution but
significantly lower sputtering rate: 0.65 nm/min against 6.3 nm/min of the previous acquisition.
From the elemental profiles it is clearly seen that the layers of chromium nitride have higher
nitrogen content than molybdenum nitride layers: the high intensity of the nitrogen peaks
coincides with the positions of the chromium peaks. These results are in good correlation with
the results of X-ray diffraction analysis of phase composition presented below.

Also, the SIMS analysis demonstrates a clear modulation in the composition of the multilayer
coatings. Fig. 5 (c¢) shows the multilayer structure of coatings as a plot of normalized Cr and Mo
ion current divided by their sum. This relation can describe a concentration of MoN and CrN.
The thickness of consecutive bilayers remains constant and is equal to 71 nm, where the
thickness of CrN and MoN layers is 36 and 35 nm respectively. The first 5 periods from the
surface of the CrN/MoN films are well defined, while deeper layers are not resolved due to the
ion mixing, surface defects and roughness of the coatings. The increase and decrease in the
nitrogen content in the gas stream indicates a partial conversion of the Cr metallic signal to the
Cr-N compound caused by the nitrogen flow, thus forming multilayer coatings with high
mechanical properties [44—46].
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Figure 5 - Results of SIMS analysis of CrN/MoN coatings (sample 3.6).



3.2. Micro- and Nanostructure

Fig. 6 (a)-(c) show the XRD patterns for the CrN/MoN multilayer coatings deposited with
negative Uy of -20, -150 and -300 V. The patterns demonstrate how significant is the influence of
bias voltage on the deposited material structure. The identical cubic lattice structure of CrN and
Mo,N with Fm3m space group and similar lattice parameter of 0.4163 nm (Mo,N) and
0.4140 nm (CrN) allow to form multilayer CrN/MoN coatings with small internal stresses at
interfaces. On the other hand, it leads to the difficulties with distinguishing of CrN and MoN
diffraction peaks on XRD spectra. The diffraction patterns of chromium nitride and molybdenum
nitride phases are well known. Nevertheless, different deposition conditions may cause the
formation of several hexagonal and cubic phases of both nitrides. The comparison of Fig. 6 (a)
and (b) shows that for bias potential U, = -20 V the same type of crystal lattice of structural type
B1 (fcc of NaCl type) is formed in the coatings, which is typical for CrN and y-Mo;N. The
predominant [311] orientation of crystallite growth perpendicular to the formed planes was
observed from the relative intensification of the corresponding diffraction peaks [47,48].
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Figure 6 — X-ray diffraction patterns (theta/2theta) of CrN/MoN multi-layered coatings: spectra for samples
deposited at negative bias voltage of -20 V (a), -150 V (b), -300 V (c) and comparison of samples deposited at
different nitrogen pressure (d).



The supply of higher negative bias potential U, = -150 V to the substrate forms a different type
of texture with [111] direction, which intensity grows with the increase of bilayer thickness.
However, it doesn’t lead to an explicit separation of the diffraction peaks from the corresponding
phases of two nitride layers at high angles, which indicates the formation of a solid solution on
interlayer zones and thin layers. With a subsequent increase of the absolute value of the applied
bias potential to U, = - 300 V (Fig. 6 (¢)) the texture changes significantly to [200] direction of
crystallite planes in CrN/MoN multilayer films. Such types of textures appear due to the relative
decrease of the nitrogen content in the coatings when the absolute values of negative bias voltage
applied to the substrate increase. The presence of structures with coincident values of interplanar
distance in zones of interlayer interfaces certifies their interdependent growth [39,49], [39], [40].
The reduction of nitrogen pressure py from 0.4 to 0.09 Pa leads to the formation of B-Cr,N
hexagonal phase and y-Mo,N FCC-type phase with interplanar spacings for
(110)B-CraN/(111)y-MoaN (coincident diffraction peak) and (002)B-CroN/(200)y-Mo,N planes
(two clearly separate peaks). This evolution of the texture in CrN/MoN films with decreasing of
nitrogen pressure is shown in Fig. 6 (d). Also, at px= 0.09 Pa and increase of absolute value of
bias potential Uy to -150 V it is observed the preferential growth of crystallites in [002] and [200]
directions for B-Cr,N and y-Mo,;N phases respectively, which leads to the increase of interlayer
mismatch.

The analysed XRD spectra demonstrate the shift of the diffraction peaks to the side of lower
angles which indicates the increase of interplanar distances and, hence, lattice constants in
direction normal to the surface. This is a sign of residual stresses presented in the deposited
coatings.

To identify the diffraction patterns of individual layers and check more precisely their structure
and phase composition the methods of low-angle X-ray diffraction were used: in-plane XRD and
asymmetrical scans included GIXRD. Application of such approach where the angle between X-
ray incident beam and sample (omega, ®) remains fixed at some value while only the detector
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moves during the acquisition allows to perform the depth sensitive analysis and, thus, evaluate
the defined layers of the multilayer structure. In this way, the deconvolution of overlapped broad
peaks in Fig. 6 may be performed. Fig. 7 (a) shows the comparison of GIXRD and in-plane
spectra with conventional 6/20 scan of sample 1.1 and reference position of the peaks from the
database.

In addition to the feature of GIXRD analysis which allows to control X-ray penetration depth by
incident angle, another advantage of in-plane XRD method is the acquisition of diffraction data
from the lattice planes located along the normal to the surface, since the scattering vector S
inclined parallel to the surface, in contrast to the out-of-plane type of scan. In asymmetric 6/26
scan, included GIXRD, S moves continuously with the detector. Therefore, different lattice
planes normal to the S current position at each point of time will contribute to the resulting
diffraction pattern. Fig. 7 (b) shows the comparison of in-plane XRD patterns for samples with
CrN top layer (sample 1.1) and MoN top layer (sample 1.2). Fig. 7 (b) clearly shows similarity of
CrN and MoN diffraction patterns, but successfully distinguishes the positions of diffraction
peaks separately for CrN and MoN layers of the deposited multilayer films, which was not
possible to achieve from integral spectra shown in Fig. 6 (a)-(c). The GIXRD and in-plane XRD
data confirms the presence of cubic high-temperature y-Mo,N phase and stoichiometric phase of
CrN, which corresponds to the performed elemental analysis. Diffraction reflexes inherent to [3-
Mo,N or B-Cr,N phases were not detected.

The residual stress in PVD coatings appears mainly due to thermal and internal stresses. The
thermal stress is caused by the difference in the temperature between coating and substrate
during the cooling process after the deposition and by different thermal expansion coefficients of
materials. Its contribution can increase for a system of several layers. The internal stress in PVD
coatings occurs during deposition and its value depends on the deposition conditions, such as
bias potential, chamber pressure and distance to the substrate, as well as on the stoichiometry and
layers thickness in the coating [41], [42]-[44]. On the other hand, in multilayer systems the
reduce of individual layer thickness leads to the increase of the interlayer interface volume which
releases residual stress. Such effect was recently observed in the coatings with (111) preferential
crystallographic orientation. At substructure level the grain size calculated from the XRD data
decreases to 12 nm when the bilayer thickness reaches values of nanometre scale, and the
microdeformation of the crystallites is (0.4 + 0.5)%. These values are slightly higher in the
coatings of Series 1 (U = -20 V). It may be explained by lower mobility of the deposited atoms,
which leads to the lower probability of diffusion healing of growth defects [18], [44].

The additional EBSD analysis and corresponding software allowed to study the structure and
evaluate the grain size, as well as to find correlations between these features and layer thickness.
To show the results of EBSD analysis and to determine the position and shape of grains in the
coatings a unique grains colour map was used (see Fig. 8). Colour separation is used to
distinguish neighbour grains. The boundaries between the grains were reconstructed and are
shown as polygons. It is clearly seen that the grains have oblong shape and are oriented in the
direction to the films growth. The columnar structure and high degree of structuring are present
in the deposited films which is typical for Arc-PVD method.
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Pole figures based on the data of EBSD analysis have shown the prevailing formation of fibre
texture in [311] orientation for the samples of Series 1 deposited at U, = -20 V, which is in
agreement with the XRD results.

Used method also allows to perform the evaluation of grain size. The calculations clearly shown
the persistent decrease of average grain size from 0.16 pm (sample 1.1, A =2.26 um) to 0.11 um
(sample 1.4, A= 0.25 um). Th further study of the samples with thinner layers using EBSD was
not possible due to the resolution limits of the discussed technique.

Figure 8 - EBSD results for CrN layer of sample 1.1: unique grains colour map with reconstructed boundaries.

The results of TEM and SAED analysis for Series 3 (U, = -300 V) showed a clear distribution of
the layers (Fig. 9), with the thickness of the MoN layer about 36 nm, which correlates with the
result of RBS analysis (MoN layer thickness is about 37 nm). The SAED method offers a high
resolution and has much shorter wavelengths compared to conventional X-rays. On the other
hand, the structural factors of electron diffraction are up to 10,000 times higher than for
diffraction of X-rays and, thus, provides much higher diffraction beam intensity. Due to the
shorter wavelength, the diffraction angles for SAED are only a few degrees, which results in a
greatly reduced angular resolution. Because of this, the accuracy of determining the interplanar
distances is lower than for XRD (about 1-3%). The higher spatial resolution of SAED makes it
possible to probe an area of no more than 2-5 microns in diameter and does not give a complete
picture.

The SAED results presented in Fig. 9 (b, right) show the formation of two main characteristic
cubic phases CrN and y-Mo;N,, which coincides with the conclusions of of the preliminary XRD
analysis. The SAED pattern demonstrates the presence of several crystallite orientations for both
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cubic structures in polynanocrystalline sample: [111], [200], [220], [222], [311] and others. The
relatively high discreteness and thin width of the lines of the diffraction patterns indicate the
presence of sufficiently large crystallites and the probable superposition of their crystallographic
directions [45]. The very similar cubic structure of CrN and y-Mo,;N phases in a couple with
limited angle resolution by TEM-SAED may not allow to define separately diffractions from
CrN and MoN layers of studied sample, but could help to estimate average interplanar distances
and, thus, lattice parameters as for “solid solution” (Cr,Mo)N. The calculated interplanar
distances were 2.24, 1.88, 1.37, 1.18 and 0.87 A for (111), (200), (220), (222) and (311) planes
respectively, which results in lattice parameter in direction parallel to the films surface a; =
(3.75-4.08) A. Decreased value of aj, in comparison to stress-free values from database for CrN
(4.14 A) and y-Mo,N (4.163 A), clearly demonstrates the presence of compressive stress in
deposited films, which vector lies parallel to the coatings surface. The limited implementation of
thin section for further determination of nanograins size related to the presence of internal
stresses should be noted [46], [47].

Figure 10 represents the results of TEM-EDS analysis performed on sample 3.6. Figure 10(a)
demonstrates almost equal concentration of Cr and Mo elements (41.1 and 42.0 at.%
respectively) which confirms results of previous SEM-EDS and RBS analysis. Concentration of
Nitrogen was shown on the level up to 16.9 at.%, but it was already mentioned the low reliability
of light elements concentration measurement by EDS technique. Figure 10(b) shows depth
profile concentration of the considered multilayer sample and layers exhibit good uniformity and
stability. In the figure the depth profile is also combined with the part of real TEM cross-section
image of the same area. Sharp interface between the layers and good contrast are confirmed by
TEM technique for the thinnest samples, which was difficult using SEM.
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Figure 10 — Results of TEM-EDS analysis for sample 3.6: (a) TEM-EDS spectrum, elemental composition; (b) Cr
and Mo elemental depth profile with corresponded part of TEM cross-section image.

3.3. Physical and Mechanical Properties

The results of mechanical properties evaluation are shown in Fig. 11. The highest values of
measured hardness were demonstrated by the films deposited at the lowest absolute value of the
negative bias voltage U, = -20V (Series 1). This regime also provides higher nitrogen
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concentration in the films. For the multilayer samples of Serie 1 the hardness growth is observed
while the individual layer thickness decreases. This phenomenon may happen due to the Hall-
Petch strengthening mechanism [52], where the dislocations appear at the interfaces repel the
cracks propagation and, in this way, the hardness enhancement occurs. The results presented in
this work are in a good agreement with the similar results for nanoscale multilayer coatings,
where the mechanical properties improve when the bilayer period decreases [51-53].

As seen from Fig. 11 (a) the hardness values for the samples of Series 1 are in a range of 25-
39 GPa, where the hardness is significantly increased where the individual layer thickness of
films is 60 nm or thinner. Furthermore, it should be noted that in some coatings (samples 1.4-
1.6) the hardness had values above 40 GPa, up to 42.3 GPa, which means they belong to
superhard class.

For the higher absolute value of bias voltage U, = -150 V such kind of tendency of hardness
increase is observed only for the individual layer thickness up to 40-50 nm and then, for thinner
layers, the hardness decreases. In correspondence to the XRD structural analysis data one may
assume that the reason of the hardness drop is the loss of barrier properties due to the
intensification of the high-energy particles mixing process in a near-interface interlayer zone. In
relatively thin layers of coatings (tens of nanometres) it leads to the formation of large volume of
mixed regions with (Cr,Mo)N solid solution state [46, 45] and, thereby, to the decrease of
hardness values.

For Uy, = -300 V the mentioned-above relation of hardness drop remains even for thicker layers
of the films (see Fig. 11 (a)m blue line).

The highest hardness of coatings is achieved in the presence of CrN phases with a cubic lattice in
the layers and a relatively small region of homogeneity in composition.

For the further characterisation of mechanical and, thus, protective properties the ratio of
hardness and Young's modulus is introduced in the form of H/E parameter [11,20,42,52,59—-62].
In Fig. 11 (b) the area is divided into two zones along the line H/E = 0.1. As it shown three
samples are in the region H/E> 0.1 (plasticity zone), which characterizes them as coatings with
increased wear resistance. The growth of the considered mechanical parameters such as
hardness, Young's modulus and H/E ratio with decrease of bilayer thickness of the considered
multilayer CrN/MoN coatings of Series 1 is evident. Such tendency can be associated with a
corresponding decrease in the grain size, which leads to an increase of the interphase boundaries
and an enhancement of the Hall-Petch effect, preventing the movement of dislocations. In this
case, a stronger increase in hardness does not occur due to the likely occurrence of a coherent
voltage, described in the Ghana model [63].
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Figure 11 - Results of mechanical tests: (a) — Hardness measurements fir three series of samples; (b) —
Characterization of plasticity properties of Series 1 by H/E ratio.

3.4. Tribology and Wear

The results of tribological tests of the coatings deposited at different nitrogen pressures are given
in Table 2.

Table 2 - Tribological properties of CrN/ MoN coatings obtained at U, = -150 V and different nitrogen pressures.

Sample Nitrogen Friction coefficient, p Wear rate v, mm°xN"xm R,,

number pressure pn, Initial During experiment | Counterbody Coating pm
Pa (A1203)

2.4 0.4 0.535 0.579 0.86x10” 6.36x10” 0.28

2.7 0.09 0.381 0.586 0.25x10” 13.45x107 | 0.47

At low pressure py = 0.09 Pa when the formation of different crystal lattices and phases occurs in
the MoN and CrN layers the increase of brittleness and higher wear of the coatings are observed,
in a contrast to the counterbody. With the increase of nitrogen pressure py to 0.4 Pa and the
appearance of cubic lattices incorporation in (111)CrN/(111)y-Mo,N layers, the wear resistance
increases up to 2 times.

Fig. 12 shows the surface of the coating after the interaction with the counterbody, the wear track
and the resulting profilograms. The comparison of the tribological tests results clearly
demonstrates the adhesive wear mechanism at high pressure px = 0.4 Pa. It is characterised by
the transfer of material from one surface to another one and by homogeneous wear of coating
with symmetrical shape of wear track profile similar to the counterbody shape (Fig. 12 (¢). In
this case, according to the previous works [61], [62], [63,67], the amount of transferred material
depends on the adhesive bonds strength, which is directly connected with the electronic structure
of the Al,O3 counterbody and the MoN/CrN coating, and their compatibility to form solid
solutions or intermetallic compounds with each other [47,68].

For the coatings deposited at lower nitrogen pressure px = 0.09 Pa the mechanism of abrasive
wear was considered. It may appear both due to the coatings deposition process and due to the
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different types of crystal lattices formed in nitride layers. The self-destruction process is quite
homogeneous, which is characterised by the absence of significant breaks and cracks at all stages
of wear. The enhancement of adhesion is possible due to microcracks, which appear mainly near
to the surface, and, in turn, interlayer interfaces may change significantly the direction of the
initial crack propagation when it penetrates deep into the coating. Consequently, multilayer and
multicomponent structures improve the mechanical properties of the surface, because interfaces
and boundaries block the propagation of dislocations and the deformations locate in near to the
surface zone.

e -

500 hm

(b)
©_o_ g g
o|w| —— (1) Friction coefficient
4 j —— (2) Friction force, N
7 B —— (3) Penetration depth, pm
e W 8_ - - - (4) Oven temperalure, °C L83
5] | O | N [— (4) Sample temperature, "C|
o | ]| 2
5 a1 &1 &
R=) o -
Q = e
T S A .
<+ o]l
= Gl ﬁ_ //_/4—"_“)
3| L =18 e
g Q @ T T T T g
-4 : T Time,s 0 268 536 804 1072 1340
T T T T ]
05 06 07 Distance, m 40 80 120 160 200
: T T T T T T T T T ]
Distance, mm Cycles, laps 1408 2816 4224 5632 7040
() (d)

Figure 12 - Images of ball crater in CrN/MoN multilayer coating (a), wear track (b), profilogram of dynamical test
(c) and records of tribological test with spherical Al,O3 counterbody for sample 2.4 (d).

The results of tribological tests of the coating deposited at high pressure px = 0.4 Pa and bias
voltage U, = -150 V are presented in Fig. 12 (d). It is possible to estimate the wear rate relatively
to the volume of the wear material. A higher rate of wear indicates that the coating more
effectively resists destruction caused by plastic deformation or microcracks during penetration.
The wear rate increases with decreasing of bilayer thickness [47,68—70].

As a result, the gradual increase in the friction coefficient (0.62-0.65) respectively to the growth
of the applied load (3.65-3.82 N) is observed. The maximum increase in the coefficient is
reached at the end of the path (200 m) with the penetration of the counterbody into the coating.
With the increase of the depth, the small transfer of material from the coating to the counterbody
is observed, therefore, the adhesion mechanism of wear occurs.
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5. Conclusions

Multilayer nanostructured MoN/CrN coatings deposited by vacuum-arc evaporation of the
cathodes in nitrogen atmosphere were studied in the paper. Elemental analysis performed by
nuclear physical methods (RBS, SIMS, EDS) showed good quality of the coatings, and the clear
separation of the CrN and MoN layers was observed. SEM, SIMS and HRTEM analyses confirm
well-defined multilayer structures and show the compositional and structural assembly of the
films. All deposited coatings demonstrate the columnar growth with high degree of structuring.
The increase of the absolute value of negative bias voltage from -20 V to -300 V leads to the
changes in the preferential crystallographic orientation of two main cubic phases CrN and
v-Mo,N presented in films from (311) when U, = -20 V to more stable (111) crystal orientation
when U, = -150 V and then (200) at U, = -300 V. When the nitrogen pressure in chamber
decreases the formation of B-Cr,N phase begins, which causes the deterioration of tribological
properties of multilayer system. The decrease of individual layer thickness of the coatings leads
to the decrease of crystallite size to 12 nm, which is clearly seen from the broadening of
diffraction peaks on XRD spectra. Additional GIXRD and in-plane analyses confirmed the
presence of two main phases y-Mo,N and CrN with cubic crystal lattice (NaCl type). The equal
interplanar distances in the contacting layers of chromium and molybdenum nitrides indicates an
interrelated growth of these two structures, which corresponds to the equiatomic Cr/Mo ratio.
The depth profiles from the RBS analysis confirm the homogeneity of the layers and the good
quality of the coatings. Tribological tests of coatings have shown a significant effect of chamber
pressure on wear resistance: coatings deposited at high nitrogen pressure demonstrates better
durability and, hence, longer lifetime. The highest values of hardness up to 42.3 GPa were
registered in the coatings of series deposited at the lowest absolute value of negative voltage
Up =-20 V in range of individual layer thickness 60-20 nm. The growth of the hardness with the
increase of the layer thickness to 20 nm occurs mainly due to the Hall-Petch strengthening
mechanism.

The approach to use multilayer architecture with control of individual layer thickness and control
of deposition parameters, such as bias voltage or working nitrogen pressure, was approved as an
effective method of transition metals nitride films fabrication.
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