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Abstract: Mo-Mo2N nanocomposite coating was produced by reactive magnetron sputtering of a
molybdenum target, in the atmosphere, of Ar and N2 gases. Coating was deposited on Ti6Al4V
titanium alloy. Presented are the results of analysis of the XRD crystal structure, microscopic
SEM, TEM and AFM analysis, measurements of hardness, Young’s modulus, and adhesion. Coating
consisted of α-Mo phase, constituting the matrix, and γ-Mo2N reinforcing phase, which had columnar
structure. The size of crystallite phases averaged 20.4 nm for the Mo phase and 14.1 nm for the
Mo2N phase. Increasing nitrogen flow rate leads to the fragmentation of the columnar grains and
increased hardness from 22.3 GPa to 27.5 GPa. The resulting coating has a low Young’s modulus of
230 GPa to 240 GPa. Measurements of hardness and Young’s modulus were carried out using the
nanoindentation method. Friction coefficient and tribological wear of the coatings were determined
with a tribometer, using the multi-cycle oscillation method. Among tested coatings, the lowest
friction coefficient was 0.3 and wear coefficient was 10 × 10−16 m3/N·m. In addition, this coating
has an average surface roughness of RMS < 2.4 nm, determined using AFM tests, as well as a good
adhesion to the substrate. The dominant wear mechanism of the Mo-Mo2N coatings was abrasive
wear and wear by oxidation. The Mo-Mo2N coating produced in this work is a prospective material
for the elements of machines and devices operating in dry friction conditions.

Keywords: Mo-Mo2N; coatings; nano-structure; mechanical properties; tribological wear; magnetron
sputter

1. Introduction

Titanium and its alloys are widely used in the aerospace, automotive, chemical,
energy, and biomedical engineering industries. The decisive factors for the use of titanium
alloys are: high specific strength, good fatigue properties, high corrosion resistance, and
biocompatibility. The Ti6Al4V alloy (ASTM Grade 5) is the most commonly used two-phase
(α + β) alloy, in which the addition of Al (6.5 wt.%) strengthens the α phase, while the β
phase is stabilized by introduction of isomorphic V (Vanadium) (3.5 wt.%) into the alloy.

However, the relatively low hardness of titanium, low modulus of longitudinal elas-
ticity, high chemical activity at elevated temperatures, and a tendency to build up and stick
to mating surfaces [1,2] mean that titanium and its alloys have only limited uses under
tribological wear conditions. For the above reasons, the surface modification of titanium
alloys is still an active research subject for industrial applications. Technologies for the
surface treatment of titanium alloys, which include nitriding, nitrogen ion implantation [3],
and physical vapor deposition (PVD) enable the production of metal nitride coatings that
exhibit increased tribological resistance [4,5].

Among the PVD techniques, cathodic and magnetron sputtering are often used to coat
metal surfaces. Among the coatings deposited on the metallic substrates, the ones consisting
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of titanium, chromium, zirconium, molybdenum, and tantalum nitrides (characterized
by high hardness, high tribological wear resistance, and good adhesion to the substrate)
are widely used [6–9]. The addition of aluminum preserves the hardness at elevated
temperatures [10]. Monolithic single and multi-component molybdenum nitrides are
characterized by high hardness, good chemical stability, and a high melting point. Thin
Mo2N layers retain their properties up to 500 ◦C [11].

Moreover, the molybdenum contained in these coatings has the ability to form oxides
that act as a lubricant to effectively reduce tribological wear. It is assumed that the low
friction coefficient of approximately 0.3 [12,13] for coatings containing Mo is associated
with the formation of the Magneli MoO3 phase during the friction process, which is
characterized by favorable sliding properties [14,15].

The crystallization of the coating, its structure, and phase stoichiometry, as well as the
orientation of the crystallites, is strongly correlated with the parameters of the deposition
process. Many publications describe the influence of the deposition parameters on the
physical and mechanical properties of coatings. Regardless of the investigated property,
in comparison to other process parameters, the dominant effect of nitrogen concentration
in the PVD chamber can be observed. Depending on the production parameters, the
dominant phase of the Mo-N coating may be the: α-Mo supersaturated with nitrogen (with
a spatially-centered regular structure), γ-Mo2N (with a wall-centered regular structure), β-
Mo2N, non-equilibrium β′-Mo2N, β”-Mo2N phases (with wall-centered tetragonal lattice),
and δ-MoN hexagonal phase [16–18]. By controlling the parameters of the deposition
process (nitrogen pressure, polarization voltage, and substrate temperature) it is possible to
optimize the share of each of the δ–MoN, γ–Mo2N phases, in order to achieve high hardness
of the coatings [19,20]. The bias voltage can be used to control the growth direction of
the molybdenum nitrides, which grow as columnar crystals. It is also possible to obtain
an amorphous structure of molybdenum nitride coatings, with a small proportion of
nanocrystallites, through an increase in nitrogen concentration in the reaction chamber [11].
According to Bouaouin et al. [21], the phase composition of the thin layer influences the
morphology, stress state, and mechanical properties. The molybdenum nitride coating
exhibits a polycrystalline structure, with preferred orientation along the plane (111). An
increase in the nitrogen content in the coating causes a decrease in the size of crystallites.

Coating hardness and Young’s modulus in Mo-N coatings varies from 22 GPa to
33 GPa [16,20,22,23] and from 260 GPa to 400 GPa [10,22–24], respectively, depending on
the process method and parameters. High values of the H/E > 0.1 ratio ensure favorable
tribological properties [25]. Hard monolithic coatings have low fracture resistance, leading
to premature failure. The most successful strategies to improve the fracture resistance
of ceramics are based on the production of multilayer [9,26,27] and nanocomposite coat-
ings [28,29]. The H3/E2 ratio is an important parameter that allows the classification of
coatings, in terms of resistance to plastic deformation. In the case of multilayer CrN/MoN
coatings [30], a dependence of the internal structure, and thus the mechanical properties,
on the thickness of individual layers of the coating, were found. A significant increase in
the hardness and impact toughness was observed, along with a decrease in the thickness
of individual layers to 20 nm: H = 38–42 GPa, H/E = 0.11.

A novelty of this work is the production of Mo-Mo2N nanocomposite coating, de-
posited on Ti6Al4V alloy and characterized by low tribological wear. To the authors’
knowledge, there is no research work in the available literature on Mo-Mo2N composite
deposited on Ti6Al4V alloy. Earlier works were related to a single-phase Mo2N, MoN, or
multi-phase Mo2N/MoN coatings deposited on metallic substrates.

The main goal of this work was to obtain a nanocomposite with low friction coeffi-
cient and tribological wear, which was formed by nanocrystallites of the Mo matrix and
nanocrystallites of the reinforcing phase of the Mo2N nitride. The coating was produced
on Ti6Al4V alloy by a reactive magnetron sputtering process at various nitrogen flow rates.
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2. Materials and Methods

The research materials were the above-mentioned Mo-Mo2N nanocomposite coat-
ings. The coatings were deposited on a Ti6Al4V alloy substrate with dimensions of
25 mm × 25 mm × 0.5 mm and roughness Ra = 5 nm. Prior to coating formation, the
substrates were cleaned with ethyl alcohol in ultrasonic bath. Coatings were produced
using PREVAC (Company Ltd., Rogow, Poland) equipment by physical vapor deposition
using a DC reactive magnetron sputtering process.

A molybdenum target of 25.4 mm in diameter with a purity of 99.99 wt.% made by
Kurt J. Lesker (Company Ltd, St Leonards On Sea, East Sasex, United Kingdom) was used
during sputtering process. Distance of the target from the substrate was 70 mm. Argon 6.0
was used as the working gas and nitrogen 5.0 was the reactive gas. The Ti6Al4V substrates
were placed centrally to the target to ensure sufficient uniformity of the deposited film
without the need to rotate the substrate. Sputtering was performed under conditions of
nominally unheated substrate. However, during the deposition, the substrate and holder
heated up to about 80 ◦C by self-heating as a result of bombardment of the surface with
argon ions. In order to improve adhesion of the Mo-Mo2N nanocomposite coating to the
substrate, in the first step, a transition layer was created by gradually increasing nitrogen
flow rate from 0 to a preset value over a period of 360 s. Then, the preset nitrogen flow was
maintained for the duration of coating formation. Magnetron power was kept constant at
70 W. Parameters of the Mo-Mo2N coating production process are presented in Table 1.

Table 1. Deposition parameters of Mo-Mo2N coatings.

Coating
Designation

Type of
Coating

Vacuum Flow Rate Ar Flow Eate N2 Duration
[Pa] [Sccm] [Sccm] [s]

Mo Single-phase 0.53 2.5 - 1440
Mo-(0.2N) Single-phase 0.53 2.5 0.2 1080
Mo-(0.4N) Nanocomposite 0.53 2.5 0.4 1080
Mo-(0.6N) Nanocomposite 0.56 2.5 0.6 1080

Crystal structure of the coatings was determined using Bruker D8 Advance X-ray
diffractometer (Bruker Corporation, Billerica, MA, USA. The source of the X-ray radia-
tion was the Cu-Kα lamp. In order to limit the intensity of the peaks coming from the
substrate, the GID (Grazing Incidence Diffraction) method was used for the angleω = 3◦.
Measurements were made in the angular range of 2θ = 20–70◦ with scanning speed of
0.01◦/s and resolution of 2θ = 0.015◦. Phases present in the structure were identified
on the basis of patterns from the ICDD PDF database: 00-001-1208 (Mo), 00-025-1366
(γ-Mo2N), using Bruker EVA program (ver. 5.2, PDF 2.1, Bruker Corporation, Billerica,
MA, USA. Metallographic tests were carried out using electron microscopy. Using an
SEM/FIB electron microscope Quanta 3D 200i (FEI Company, Eindhoven, Netherlands),
microstructures of the surface of the coatings and sections perpendicular to the coating
were observed. During the analysis, SE and BSE detectors were used. The analysis of the
chemical composition EDS was performed using Octane Elect system. Structure of the
coatings was analyzed using a Tecnai Osiris (200 kV) transmission electron microscope
(FEI Company, Eindhoven, Netherlands) with the use of HAADF and BF detectors and
electron diffraction from selected areas (SAED). Fourier transformation was used in the
analysis of the high-resolution images.

Microanalysis of chemical composition and mapping of the distribution of elements
were performed with an energy dispersion spectrometer (TEM with EDS, FEI Company,
Eindhoven, Netherlands) in nano-regions. Measurements of coating roughness were
performed using an AFM-CSM atomic force microscope in contact mode.

Measurements of hardness and Young’s modulus were carried out using nanoindenta-
tion method on a CSM stand, according to the ISO 14577 1:2015 09 standard [31]. Young’s
modulus of the tested coating was calculated based on the method of Oliver and Pharr [32].
Force acting on the indenter was 5 mN, operating time was 15 s, and the rate of force
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increase was 1.66 mN/s. The maximum value of the loading force was selected so that the
maximum impression depth was less than 10% of the coating thickness. Hardness was
calculated as the arithmetic mean of 7 measurements.

Adhesion of the coating to the substrate was determined by the scratch test using a
Micro Combi Module MCT-CSM. A Rockwell indenter with radius of 100 µm was used,
the maximum force was 30 N, the rate of the force increase was 10 N/min and the length
of the scratch was 3 mm. The critical loads Lc1, Lc2, Lc3 were determined on the basis
of recorded friction force, acoustic emission signal and scratch observation with the SEM
electron microscope. Three scratches were made in each coating and the results were
averaged.

Tribological properties of the coatings were determined with a tribometer ((TRN,
CSM Instruments, Peseux, Switzerland) using the multi-cycle oscillation method. Tests
were carried out using linear reciprocating motion, in which the sample moved against a
stationary ball with travel speed of 0.02 m/s. Length of path for one friction cycle was 6 mm.
Wear of the coating material was determined after 10,000 cycles, which corresponded to a
total friction distance of 60 m. As a counter-sample, a ceramic Al2O3 ball with diameter of
6 mm was used. The ball was loaded with normal force of 1 N, 2 N and 5 N. Measurements
were carried out at room temperature and 55% relative air humidity.

3. Result and Discussion
3.1. Chemical Composition of Coatings

In order to determine influence of nitrogen flow rate on its content in the coating,
chemical composition tests were carried out with the use of an EDS microanalyzer. As the
nitrogen flow in the reaction chamber increased, nitrogen content in the coating increased.
Nitrogen concentration in the coating varied from 5.9 at.% for the nitrogen flow rate of
0.20 sccm to 18.6 at.% for the nitrogen flow rate of 0.60 sccm. Increasing nitrogen flow rate
by 0.2 sccm increases its concentration in the coating by an average of 6 at.%. Increasing
quantity of nitrogen in the reaction chamber also reduces the deposition rate of the coating.
Thickness of the coatings ranged from 0.98 µm to 1.33 µm (Table 2).

Table 2. Thickness, chemical composition, phase composition and crystallite size of coatings.

Coating
Designation

Average Coating
Thickness [µm]

Average Mo
Concentration in
the Coating [at.%]

Average N
Concentration in
the Coating [at.%]

Phase
Composition

Average Crystallite Size

α-Mo [nm] γ-Mo2N
[nm]

Mo 1.33 100 0 α-Mo 18.5 -
Mo-(0.2N) 1.22 94.1 ± 1.6 5.9 ± 0.5 α-Mo 2.4 -

Mo-(0.4N) 1.13 87.9 ± 1.8 12.1 ± 0.8
α-Mo,

28.1 7.1
γ-Mo2N

Mo-(0.6N) 0.98 81.4 ± 2.9 18.6 ± 1.3
α-Mo,

29.4 10.4
γ-Mo2N

3.2. Phase Composition of Coatings

In order to identify phase composition of the produced coatings, XRD tests were
carried out. Peaks measured from the Mo sample agree very well with the data for the
body-centered cubic α-M included in PDF-4 for the planes (110) and (200) respectively.
Broadening of the peaks, especially (200), is related to the significant fragmentation of the
structure formed in the magnetron sputtering process. Despite adopted angle of incidence
of the beam ω = 3◦, diffraction pattern also showed peaks from the Ti6Al4V substrate,
very well aligned with data for α-Ti. After introduction of nitrogen (7% in the Ar + N2 gas
mixture), the diffraction patterns of the Mo-(0.2N) sample showed extended and displaced
peaks, based on Mo. Intensity of the α-Mo (100) peak remained at a comparable level, while
the α-Mo (220) peak disappeared (Figure 1). According to the equilibrium system [11],
nitrogen does not dissolve in molybdenum at low temperatures.
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Figure 1. XRD diffractogram of Mo-Mo2N nanocomposite coatings.

Only at 1800 ◦C does nitrogen dissolve in molybdenum to the maximum amount of
1.08 at%. In the Mo-(0.2N) coating, average nitrogen concentration was 5.9 at.%. Under
non-equilibrium conditions of the PVD process, as the result of incorporating nitrogen in
interstitial states, a supersaturated α-Mo solid solution is formed, highly refined, almost
amorphous. The average size of crystallites in the Mo coating was 18.5 nm and in the
Mo(0.2N) coating it was 2.4 nm (Table 2). According to Bragg’s equation, the shift of
the α-Mo (110) peak towards lower angular values observed in the Mo-(0.2N) coating
corresponds to increased parameters of the crystal lattice. Broadening and shift of the α-Mo
(110) peak, resulting from nitrogen incorporation, was also demonstrated in [17], with a
higher 10% share of N2 in the Ar + N2 mixture.

Increasing nitrogen flow to 0.4 sccm leads to the formation of a cubic molybdenum
nitride phase γ-Mo2N. Diffraction pattern of the Mo-(0.4N) coating shows three broad
peaks, the maxima of which correspond to the planes (200), (111), and (220) of the γ-Mo2N
phase. After decomposing a peak into its components, a broadened peak corresponding to
α-Mo (110) is also identified.

An increase in the nitrogen flow rate in the reaction chamber from 0.4 sccm to 0.6
sccm led to an increase in the intensity of the reflections, corresponding to the γ-Mo2N
phase. This proves the increase in the volume share of the γ-Mo2N phase in the coating.
Additionally, the Mo- (0.6N) coating diffractogram shows a shift of the peaks, correspond-
ing to planes (111), (200), and (220) of the γ-Mo2N phase, towards lower angular values.
This is due to the occurrence of the compressive stresses in the coating. The presence of
compressive stresses in metal nitride coatings produced in the PVD process is confirmed by
the authors of [10,19,26,33,34]. The increase of stresses in the molybdenum nitride coatings
because of increased nitrogen flow is confirmed by the authors of the work [11,17]. It was
found that in the Mo-(0.6N) coating, the average crystallite size of the α-Mo phase was
approximately two times larger than that of the γ-Mo2N phase (Table 2).

3.3. The Structure of the Coatings

Microscopic examinations allowed to determine morphology of the coatings, phase
composition and the size of the phase crystallites. Mo-Mo2N coatings had a columnar
structure (Figure 2). The columns were perpendicular to the substrate. In the single-phase
Mo and Mo-(0.2N) coatings, the diameter of the columnar crystals was in the range of
100 nm to 150 nm. With the higher proportions of nitrogen in the deposition process, the
columns in the Mo-(0.4N) and Mo-(0.6N) two-phase coatings had a smaller diameter, in
the range of 50 nm to 80 nm.

Figure 3 shows STEM image of Mo-0.6N coating’s cross-section in the bright field
with visible columnar crystals. EDS chemical composition maps confirmed the composite
structure of the coating. Molybdenum nitride particles (visible in green, Figure 3) with sizes
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from 3 nm to 10 nm are evenly distributed in the molybdenum matrix, Figure 3. The SAED
diffraction pattern reveals the preferred orientation of the molybdenum crystals (110).
Additionally, the γ-Mo2N nitride grains show texture, they are oriented in the preferred
direction (111) and (200) as evidenced by the partial rings in the electron diffraction pattern.
In the Mo-(0.4N) coatings, crystallites of the α-Mo(110) and the γ-Mo2N (111) phases were
identified, while in the Mo and Mo-(0.2N) coatings only the crystallites of the α-Mo (110)
phase were present. A high-resolution transmission electron micrograph (HRTEM) and
the corresponding FFT transformation images from the columnar crystal regions in the
Mo-(0.6N) coating are shown in Figure 4. The FFT images were used to determine the
interplanar distances in the marked crystallites. In the single crystallites, the planes (110)
of the α-Mo matrix and (111) of the γ-Mo2N reinforcing phase were indexed.

Figure 2. SEM image on the cross-section of the Mo-(0.4N) coating.

Figure 3. STEM image of Mo-N (0.6) coating in the center, chemical composition maps of N (green)
and Mo (red) on the left, SAED diffraction on the right.

Figure 4. HRTEM image of Mo-N(0.6) coating with FFT transformations from areas marked by
yellow frames. Visible crystallites of α-Mo (110) and γ-Mo2N (111).
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3.4. Analysis of the Geometric Structure of the AFM Surface

The geometrical structure of the produced coatings was examined using an atomic
force microscope (AFM). During measurement, area of 1.25 µm × 1.25 µm was scanned
(Figure 5). The Mo-Mo2N nanocomposite coatings had a homogeneous surface with low
roughness Ra in the range of 1.1 nm to 1.8 nm. In the adopted range of nitrogen flow in
the chamber (0–0.6) sccm, the trend of nitrogen influence on the roughness of the coating
cannot be clearly established. The roughness parameters are presented in Table 3.

Figure 5. AFM images 2D, cross-section curve according to line A, images 3D of (a) Mo coating,
(b) Mo-(0.4N) coating.

Table 3. Roughness parameters of Mo-Mo2N coatings.

Sample
Average Values of Roughness Parameters

Ra, nm RMS, nm

Mo 1.4 ± 0.3 1.7 ± 0.3
Mo-(0.2N) 1.1 ± 0.3 1.5 ± 0.4
Mo-(0.4N) 1.8 ± 0.4 2.4 ± 0.4
Mo-(0.6N) 1.3 ± 0.2 1.7 ± 0.3

Geometrical structure of the surface determined by the AFM confirms columnar
structure of the coating. Changes in topography correspond to the size of the columnar
grains. Columnar grains visible on the surface with the growth direction perpendicular
to the substrate have a diameter ranging from 100 nm to 200 nm in Mo (Figure 5a) and
Mo-(0.2N) coatings. In the Mo-(0.4N) (Figure 5b) and Mo-(0.6N) coatings, with nitrogen
concentrations of 12.1 at.% and 18.6 at.%, the diameter of the column grains was from
50 nm to 80 nm. It should be emphasized that the obtained coatings were homogeneous
in terms of the diameter of the columns. Values obtained during the observation with the
AFM microscope were consistent with the results obtained during the observation with the
SEM microscope (Figure 2) and TEM (Figure 3). In the case of hard coatings, low surface
roughness reduces the friction coefficient and the wear of the coating [35,36].

3.5. Analysis of Hardness, Young’s Modulus, and Adhesion to the Substrate

It was found that the increase in nitrogen concentration in the coating from 0 to
18.6 at.% causes an increase in its microhardness from 22.3 GPa to 27.5 GPa (Figure 6). The
proportional increase in the hardness in the Mo-Mo2N coatings is caused by the increasing
share of the hard Mo2N phase, with average crystallite sizes ranging from 7.1 nm to 10.4 nm
and strengthening, due to the fragmentation of the matrix structure α-Mo. The increase in
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hardness is also due to the creation of favorable compressive stresses, which is indicated
by the shift of the peaks on the XRD diffractograms.

Figure 6. Influence of nitrogen concentration in the coating on the hardness and Young’s modulus of
Mo-Mo2N coatings.

Regardless of the nitrogen concentration in Mo-Mo2N coatings, Young’s modulus was
in the range of 230 GPa to 240 GPa. Standard deviation in the measurements of hardness
did not exceed 10% of the average value of the measurement and, in the measurements of
Young’s modulus, 5% of the average value. It can be concluded that the coating growth
process was stable and provided coatings with homogeneous mechanical properties.

According to [37,38], increase of the hardness of coatings containing molybdenum
nitrides is caused by the formation of covalent bonds in the Mo-N phases and grain
refinement. In turn, the authors of [39] explain the increase in the hardness of the coating
by the formation of columnar crystals. According to Musil [40], there are three mechanisms
responsible for the increase in hardness: plastic deformation caused by dislocation slip,
microstructure of materials, and the forces of cohesion between atoms. Plastic deformation
caused by dislocation slip dominates in materials with crystallite sizes d > 10 nm. On the
other hand, the microstructure is dominant in materials with crystallites below d ≤ 10 nm.
Hardness of γ Mo2N nitride coatings, reported in the literature, ranges from 18 GPa for
coatings deposited by DC magnetron sputtering [41] to 38 GPa for coatings produced by
means of cathodic arc evaporation [42]. Hardness of the produced coatings was within the
range of the values reported in most of the literature references [10,13,23,24,41,42]. In some
literature, for example [14], you can find hardness values that differ significantly from
those obtained in this work. It should be noted, however, that those measurements were for
much thicker coatings and were obtained with other indenters and at much higher loads.

The H/E quotient carries information about resistance to damage during elastic
deformations and the H3/E2 coefficient about resistance to plastic deformation. High
values of the H/E and H3/E2 ratios ensure favorable tribological properties. Therefore, in
the production of coatings, high hardness and low Young’s modulus should be sought. The
H/E and H3/E2 ratios in the tested coatings were favorable. With an increase in nitrogen
concentration in the coating from 0 to 18.6 at%, the H/E ratio changed from 0.090 to 0.118,
while the H3/E2 ratio changed from 0.178 to 0.383 (Figure 7). Favorable values of the H/E
and H3/E2 coefficients result from the relatively low Young’s modulus (230–240) GPa of
the coating. Values of Young’s modulus for Mo2N nitride reported in the literature range
from 380 GPa to 400 GPa [10,23].
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Figure 7. Influence of nitrogen concentration in Mo-Mo2N on the H/E and H3/E2 coefficients.

Adhesion of the coating to the substrate was determined by the scratch test method.
Based on the analysis of changes in the value of friction force, acoustic emission signal and
microscopic observations, the critical loads Lc1, Lc2, and Lc3 were determined, at which
cohesive cracking, adhesive cracking, and coating delamination from the substrate occurred,
respectively. Figure 8 shows a SEM image of the Mo-(0.6N) coating after the scratch
test. Initially, cohesive angular and longitudinal cracks appeared in the coatings, which
gradually turned into transverse cracks along the entire width of the scratch (Figure 8b).
The first adhesive cracks, in the form of loosening and lifting of the coating from the
substrate, were observed along the edge of the scratch (Figure 8c). In the last stage of
coating destruction, the coating was delaminated from the substrate over the entire width
of the scratch (Figure 8d). The highest loads of the Lc1 and Lc2 were recorded for the Mo-
(0.6N) coating with the highest nitrogen content of 18.6 at.%. This proves high adhesion of
the coating to the substrate. In coatings with nitrogen concentration of 12.1 at.%, the lowest
values of all critical loads were recorded (Figure 9). Single-phase Mo, Mo-(0.2) coatings,
are characterized by comparable adhesion. In the case of two-phase coatings Mo-(0.4N),
Mo-(0.6), coating with the higher nitrogen content shows better adhesion. Mechanism of
coating destruction during the scratch test for all Mo-Mo2N coatings was similar.

Figure 8. SEM image of a scratch on the Mo-(0.6N) coating: (a) view of the scratch, (b) cohesive
longitudinal and angular cracks, (c) angular cracks and coating delamination at the bottom edge of
the scratch, and (d) coating delamination along the entire width of the scratch.
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Figure 9. The values of the critical loads Lc1, Lc2, and Lc3, in relation to the nitrogen concentration in
the Mo-Mo2N coating.

3.6. Tribological Properties of Coatings

Tribological properties were determined for the Mo-Mo2N nanocomposite coatings
and the Ti6Al4V substrate with a counter-sample—Al2O3 ball. In the area of the contact
between the ball and the coating, stress σs, determined according to Hertz’s formula [43],
was 147 kPa for F = 1 N, 185 kPa for F = 2 N, and 251 kPa for F = 5 N. Due to insignificant
differences in Young’s modulus of the tested coatings, the stress value (σs) depended
mainly on the load.

After the first phase of the friction test, in which the ball performed 200–400 cycles
(Figure 10), friction conditions stabilized. After this period, value of the friction coefficient
was in the range from 0.3 to 0.4, depending on the load and the tested coating.

Figure 10. Friction coefficient: (a) Mo-Mo2N coatings produced at various nitrogen flow rates, load
1 N, (b) Mo- (0.6N) coatings at various loads.

In the two-phase coatings Mo-(0.4N) and Mo-(0.6N), higher values of friction coeffi-
cient were observed than in the coatings with a single-phase structure Mo and Mo-(0.2N).
The maximum and the average values of the friction coefficient for the various variants of
the applied loads and coatings are given in Table 4. In Mo-Mo2N coatings, with increasing
load, the average and maximum values of the friction coefficient slightly decrease. Reduc-
tion of the friction coefficient, with increasing load in the friction node, is confirmed in the
works [44–46].
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Table 4. Average and maximum value of the friction coefficient of the system: Mo-Mo2N coating—
Al2O3 ball.

Coating Friction Coefficient

Load, F

1 N 2 N 5 N

Friction Coefficient, µ

Mo
average 0.31 ± 0.03 0.34 ± 0.03 0.31 ± 0.04

max. 0.40 0.52 0.38

Mo-(0.2N)
average 0.34 ± 0.03 0.28 ± 0.05 0.27 ± 0.05

max. 0.39 0.31 0.32

Mo-(0.4N)
average 0.39 ± 0.03 0.35 ± 0.03 0.29 ± 0.02

max. 0.43 0.39 0.33

Mo-(0.6N)
average 0.38 ± 0.02 0.34 ± 0.03 0.31 ± 0.02

max. 0.40 0.38 0.36

Mo-Mo2N nanocomposite coatings had a lower friction coefficient, compared to
titanium nitrides [24,34,42], niobium nitrides [47–49], chromium nitrides [34,44,50], and
zirconium nitrides [51,52]. Mo-Mo2N coatings produced by magnetron sputtering also had
a lower friction coefficient, by about 0.1-0.2, compared to Mo-N coatings produced by the
IBAD ion-beam-assisted deposition technology [15], as well as Mo-N coatings deposited
under glow discharge conditions [14].

The maximum value of the friction coefficient determined during the tribological
testing of the Ti6Al4V substrate was 0.6 and 0.5 with a load of 1 N and 5 N, respectively.

Tribological wear of the coating was characterized by the coefficient k, determined
according to the relationship: k = V/Fs, where: k—wear factor, V—volume of material
removed [m3], F—load in the friction node [N], s—friction path [m].

To calculate wear factor for a coating, measurements of the friction trace profile were
performed along the line perpendicular to the direction of friction. Sample profiles for
the Ti6Al4V substrate and Mo-(0.6 N) coating are shown in Figure 11. The substrate was
characterized by a low wear resistance. The depth of the friction trace varied from 9 µm
(F = 1 N) to 25 µm (F = 5 N). The depth of the friction trace in the tested Mo-Mo2N coatings
ranged from 0.07 µm (F = 1 N) to 0.14 µm (F = 5 N) and was 20–30 times smaller than in
the base material.

Figure 11. Profiles made along a line perpendicular to the friction trace: (a) for the Ti6Al4V substrate,
(b) for the Mo-(0.6N) coating.

The Mo-Mo2N nanocomposite coatings under the evaluation were characterized by
a low wear coefficient. With the increase in nitrogen concentration in the nanocomposite
coating, there was a clear improvement in its resistance to tribological wear (Figure 12).
The wear coefficient of the two-phase Mo-(0.4N) and Mo-(0.6N) coatings for the 5 N
load was, respectively, 10 × 10−16 m3/N·m and 4.0 × 10−16 m3/N·m. For the single-
phase Mo and Mo-(0.2N) coatings, the wear coefficient was 84.5 × 10−16 m3/N·m and
51.6 × 10−16 m3/N·m, respectively. The wear factor determined for the Ti6Al4V substrate
was three orders of magnitude higher, in relation to the Mo-(0.6) coating. In the case of the
Mo-(0.6) coating, the load force of the friction junction does not affect the wear factor.
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Figure 12. Coefficient of tribological wear of Mo-Mo2N coatings.

In the tested Mo-Mo2N coatings, two main wear mechanisms can be distinguished,
one as a result of abrasive wear and another as a result of oxidation. In the case of the
Mo coating, the abrasive wear mechanism dominated. The effects of this type of wear are
numerous scratches parallel to the direction of ball travel. The tribochemical oxidation
of Mo also took place in the friction zone, as a result of which, molybdenum oxides were
formed on the surface. Molybdenum oxides were being moved beyond the friction area.
Figure 13a shows oxides with a diameter ranging from 0.2 µm to 2 µm, located mainly on
the left and right side of the friction trace. Molybdenum has a rich chemistry because it
has oxidation states ranging from −II to + VI and coordination numbers from 0 to 8 [53].
Changes in the oxidation level and coordination number of the element determine the
reactions taking place on the surface of metallic molybdenum.

Figure 13. SEM image of the Mo coating after the tribological test, performed with the load F = 1 N:
(a) trace of friction, (b) molybdenum oxides displaced beyond the trace of friction.

The type and proportion of surface molybdenum oxides depends on the oxidation
conditions, such as the type of medium (air, water vapor), as well as temperature and
pressure. The main passivation oxide in the air environment is MoO2 [54]. Under the
conditions of the tribological test, oxides are inevitably formed on the molybdenum surface,
and moving the Al2O3 ball across the coating reveals the unoxidized molybdenum surface
and contributes to the intensification of the oxidation process. The EDS analysis performed
in the area of the oxide shows the presence of oxides chemically close to MoO2 oxide,
Figure 13b.

In the two-phase Mo-Mo2N coatings, an abrasive wear and oxidation processes took
place; additionally, there was a material transfer between the sample and the counter-
sample. No sharp-edged scratches were observed on the surface of the coatings. The
resulting molybdenum oxides were smeared in the area of friction. (Figure 14). An increase
in oxygen concentration, in the area of friction trace, is confirmed by the EDS analysis,
performed along a line perpendicular to the direction of ball movement, Figure 14b. Due to
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the presence of the α-Mo phase in Mo-Mo2N nanocomposite coatings, one should expect
oxides, which form as a result of oxidation of this phase. Nevertheless, the oxidization of
molybdenum nitrides is also possible.

Figure 14. SEM image of the Mo-(0.4N) coating after the tribological test, performed with the
load F = 2 N: (a) trace of friction, (b) molybdenum oxides smeared in the friction area, change of
concentration of O, N, Mo along the line A.

Frictional oxidation of hard coatings consisting of nitrides of transitional metals
containing molybdenum were reported by Yang et al. [8], Xu et al. [29], Polcar et al. [55],
and Woydt et al. [56]. According to Solak and others [57], the process of oxidation of Mo-N
coatings begins at the temperature of 350–400◦C and proceeds, according to the following
reactions: Mo2N + 2O2 → 2MoO2 + 1/2N2; MoO2 + 1/2O2 → MoO3. The value of the
temperature in the friction zone can be estimated from the equation [4]: ∆T = 0.25 µFv/[(k1
+ k2) a], where µ is the friction coefficient, F is the normal load, v is the sliding speed,
k1 and k2 are the thermal conductivities of the coating and the Al2O3 ball, and a is the
contact radius of the real contact area (a = (F/πH)0.5, where H—hardness of the coating).
Assuming the averaged coefficient k1 = 130 W/m·K, k2 = 35 W/m·K of the Mo-Mo2N
coating, and the maximum load on the friction node, the estimated temperature in the
friction junction is ∆T = 75 ◦C. Because ∆T < 350 ◦C, the formation of molybdenum oxide at
a lower temperature is more likely a result of the reaction [57]: 2Mo2N + 12H2O→ 4MoO3
+ 2NH3 + 9H2.

Molybdenum oxides present in the friction area effectively reduce the friction coeffi-
cient.

Chemical composition analysis (EDS) showed that, during the tribological test, some
of the coating material was transferred to the surface of the Al2O3 ball, Figure 15. In the
areas of contact between the ball and the coating, the presence of smeared oxides, arranged
in the direction of travel, was found (Figure 15a), while outside of the contact area, there
were mainly spheroidal oxides. Based on the EDS analysis, it was determined that they
were mainly molybdenum oxides, Figure 15c,d. No scratches were observed on the surface
of the ball in the place of friction, Figure 15b.
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Figure 15. Surface of the Al2O3 ball after the friction test with the Mo-(0.4N) coating under a load of
1 N, (a) LM image, (b) SEM image, (c,d) EDS spectrograms.

During the examination of the Ti6Al4V substrate, oxidation of the alloy and material
transfer to the ball were observed. In the first stage of the test, the oxide layer was removed
from the surface of the alloy. A similar wear mechanism of a titanium alloy was observed
by Tang et al. [14]. In the triboxidation process, hard TiOx oxides were formed and ball
roughness increased, which led to a much greater wear of the alloy, compared to the
samples with Mo-Mo2N protective coatings.

4. Conclusions

A homogeneous, nanocomposite coating, consisting of the α-Mo matrix and γ-Mo2N
reinforcing phases, was developed and produced in the magnetron sputtering process. The
coating has a columnar structure, consisting of the α-Mo phase crystallites with the (110)
orientation and γ-Mo2N with the (111) and (200) orientations. The mean size of the α-Mo
phase crystallites was 29.4 nm and of the γ-Mo2N phase was 10.4 nm.

The influence of the nitrogen flow rate in the magnetron sputtering process on its
content in the coating and on the formation of the γ-Mo2N phase was determined. The
γ-Mo2N phase was formed at a nitrogen flow rate ranging from 0.4 sccm to 0.6 sccm.

Increasing the nitrogen flow rate increases the nitrogen concentration in the coating
and leads up to the refinement of the columnar crystals.

The two-phase α-Mo + γ-Mo2N coating, containing 18.6 at.% nitrogen, produced at a
nitrogen flow rate of 0.6 sccm, has the most favorable tribological properties. The coating
has a hardness of 27.5 GPa and a low Young’s modulus of 223 GPa, ensuring the ratios of
H/E = 0.12 and H3/E2 = 0.38. It is characterized by a low friction coefficient µ = 0.31 and
coefficient of wear k = 4.0 × 10−16 m3/N·m, has a low surface roughness below 1.7 nm,
and the best adhesion to the substrate.

The dominant wear mechanism of the Mo-Mo2N coatings was abrasive wear and
oxidation wear. In conclusion, it should be stated that the nanocomposite Mo-Mo2N
coating is a prospective material for machine and device elements made of Ti6Al4V alloy
operating in dry friction conditions.
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