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Abstract: Deposition of (Ti-Al)N/MoN multilayered coatings was carried out through a cathodic
ion-plating system in an argon and then nitrogen atmosphere. Bilayer thickness (A) of all the samples
were achieved, from 22 to 104 nm, by organizing substrate holder rotational speed (SRS). To obtain
the optimum properties of the (Ti-Al)N/MoN coatings, the Ti and Al ratio was maintained at a
level of 1:1. X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM),
X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy were utilized to analyze the crystal
structure and morphology of the coatings. Mechanical and tribological properties were examined by
nanohardness and atomic force microscopy (AFM). The preferred orientation of the (Ti-AI)N/MoN
nanoscale multilayer films was TiAIN (200) and MoN (200), which had face centered cubic (fcc) and
hexagonal structures, respectively. The hardness increased with the decrease in A (104 nm to 26 nm),
and then it increased. The highest hardness of 37 GPa was revealed at A = 26 nm, whereas the least
wear rate of 8.09 x 107 mm?3/N.m was attained at A = 22 nm. Wear rate, roughness, and coefficient
of friction were decreased with decreasing bilayer period. EDS results showed that Al and Ti contents
were almost the same in all samples, as per design of the experiment.

Keywords: (Ti-Al)N/MoN; multilayer nanocomposite; cathodic arc ion-plating; mechanical and
tribological properties

1. Introduction

Cathodic arc ion plating technology was developed to supply ions that can assist in
film formation, as well as become incorporated in the growing film. This technique is
significantly different from others. Some of its characteristic features are as follows: (I) a
significant proportion of the evaporated material is ionized; (II) the material plasma is
produced by one or more arc spots; (II) the ions occur in multiple charge states; and (IV) the
ions hold very high kinetic energies, i.e., 10-100 eV. These characteristics of this technique
result in deposits that are of superior quality in comparison with those from other physical
vapor deposition processes. Some of these advantages are as follows: (I) high deposition
rates for metals, alloys and compounds with excellent coating uniformity; (II) good quality
films over a broad range of deposition environments, e.g., stoichiometric reacted films with
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enhanced adhesion and film density can be obtained over a wide range of reactive gas
pressures and evaporation rates; (III) facilitation of reaction of compound films; (IV) low
substrate temperature; and (V) confinement of alloy composition from source to deposit.

TiAIN coatings have been extensively used for engineering applications, e.g., cutting
gears, dyes, and wear. Compared to TiN coatings, they are better than TiN coatings in
terms of hardness, wear resistance, oxidation control, and thermal stability [1-4] due to the
proliferation of hardness and the alteration in micro stress brought on by lattice mismatch at
the c-TiN and c-AlIN contact [5,6]. However, it is imperative to further increase the hardness
and wear properties of TIAIN films, given the advancement of engineering technologies,
especially in numerical control cutting and high-speed cutting technology.

The crystalline nature and the biological, mechanical, and thermal properties of
Ti;_AlN coatings are greatly contingent on their alignments. The structure changes
from a single-phase cubic composition to a mixed cubic-NaCl and wurtzite-ZnS (w) com-
position, and, finally, to a single-phase wurtzite structure when the Al concentration for
TilxAIxN coatings increases [7,8] up to 70 at. % Al assimilation into the fcc. A TiN
matrix is theoretically possible at the hexagonally close-packed (hcp) AIN phase, with
merged Ti and a dual-phase structure with the fcc Tij_xAIXN phase all formed during
the deposition process [9,10]. Such microstructure changes have a substantial influence
on the coating properties that follow. Thus, aluminum content can significantly affect the
coatings’ tribological, mechanical, and structural characteristics. Therefore, an optimized
Al concentration can be used to achieve the best Ti-Al-N coating properties. This is the
fundamental idea driving all our group to work on Ti( _,) AlxN/MoN multilayer coatings.
Due to the superior mechanical properties of the TilxAIxN coating at this ratio, the ratio
of Ti to Al in the current study of nanoscale multilayered coatings has been kept close
to 1:1 [11,12]. The Ti:Al ratio has an impact on Ti;_4AlN-based nanoscale multilayered
coatings, changing the lattice parameter and elastic modulus [13,14]. The field of strain due
to elastic moduli and change in lattice parameters between two layers is connected to the
mechanical properties of the nanoscale multilayered coatings [15,16]. In contrast, because
of the high cutting force, the temperature of the tool will rise undesirably and induces
the wear process [17,18]. Friction force also can be abridged by adapting the chemical
composition of the following elements by means of incorporating oxides emollients, such
as in Ti, V, W, and Mo, known as oxides, which belong to the set called Magnéli phases.
These elements’ oxides exhibit obvious shear planes because of the precise positioning
of their oxygen atoms, and, especially at higher temperatures, its lamellar structure also
exhibits lubricating properties. In the literature, we can find three different ways to blend
Mo with Ti-Al

1. A multilayer structure encompassing TiAIN with Mo as a sublayer [19].

2. A multilayer structure tranquil of TIAIN and MoN/Mo,N [20,21].

3. Coatings made of multiple (TiAl); _xMoxN components and different molybdenum
concentrations [22].

As the number of published research works related to Ti(; _x)AlxN/MoN coatings and
their relative (mechanical and thermal) properties are still rare, there seems to be no clear
analysis or discussion related to this subject, especially with the 50:50 ratio of Ti and Al. With
this Ti and Al concentration, a multilayer coating is expected to demonstrate high hardness
and improved tribological presentation in the applications, especially in cutting discrete
materials like Inconel 718 and TiAl6V4 alloys, which has a higher wear rate. By using
Mo and Ti cathodes while altering the substrate’s speed, multilayer Tip50Alg 50N/ MoN
coatings are created in the current work, which is followed by a thorough analysis of their
mechanical and tribological characteristics.

2. Materials and Methods

By using cathodic arc ion plating, Tig 50Alg 50N /MoN coatings were applied to polished
Si (100) and cemented carbides. Tigs0Alys0 and Mo were selected as targets. Figure 1
displays the schematic diagram of the cathodic arc ion plating chamber. The chamber had
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a volume of 54 x 29.5 x 39.5 cm3, and there were 22.5 cm between the sample and the
source. The chamber was evacuated to a base pressure of 3.4 x 10° Pa before the deposition.
The substrates were cleaned with acetone and ultrasonically disinfected in a hot alkaline
bath for 15 min and washed with deionized water. For 30 min, they were subjected to
bombardment with Ar* and N, (at equal flow rates of 150 sccm) at a bias voltage of around
600 V with an 80% duty cycle. Complete deposition specifications are described in Table 1.
An AFM (Shimadzu SPM-9500]3, Kyoto, Japan) was used on measuring area of 5 X 5 pm?
with a tapping mode to examine the surface topography. Sirion FEG scanning electron
microscopy (SEM) with an EDAX Genesis 7000 EDS was used to examine the topographical
morphology and elemental composition. The crystal structure of the Tip 50Alp50N/MoN
coatings was examined using X-ray diffraction (XRD, D8 advanced) and Cu K radiation.
The findings of the selected area electron diffraction (SAED) and bilayer period thickness
measurements were evaluated using SEM, TEM (JEOL JEM 2010-HT, Tokyo, Japan), and
HRTEM methods. An Escalab 250 Xi spectrometer from Thermo Scientific (Waltham, MA,
USA) was used to calibrate X-ray photoelectron spectra (XPS). Utilizing a Renishaw RM-
1000 confocal micro-Raman spectrometer driven by an Ar-ion laser at 488 nm, a point
investigation of the film’s phonon scattering was completed. Hardness and elastic modulus
were measured using nano-indentation in constant stiffness measurement (CSM) mode
with G200-Agilent Technologies, Santa Clara, CA, USA. The resolution of the displacement
system and loading system were 0.04 nm and 50 nN, respectively. Indentation with a
three-sided Berkovich shape and a tip radius of 60 nm was used, and the indentation depth
was set at 500 nm. Six indentations were recorded for each sample. At 30 °C and 70%
relative humidity in ambient air, the MS-T3000 ball-on-disk tester was used to measure
the friction coefficient and wear rate. The counterpart was a Si3gNy ball with a diameter
of 3 mm, a surface roughness Ra of 0.02 mm, and a hardness of 1600 HV50 g. A 5 N
force was applied. The friction coefficients were recorded throughout the test, which was
conducted sliding at 0.02 m/s for 60 min. At normal and higher temperatures, this material
can observe coating tribo-chemical reactions without obviously plasticizing while avoiding
additional chemical reactions. On an HH-3000 scratch tester, scratch tests were measured
using a gradual rise of the standard load between 0 and 100 N, with a loading rate of 100 N
per minute and a speed of 5 mm per minute. To study wear tacks, a Talysurf profilometer
was used.
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Figure 1. Experimental setup of the deposition system.
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Table 1. Experimental description.

Deposition Parameters

Base pressure (Pa) 34 x 1073
Cathode targets Tip.50Alg 50 and Mo
Ar* bombard for dleaning —600 V bias V0lf’c(flrg,r?e):Ownil’cillll 80% duty cycle
Source to substrate distance (cm) 22.5
Substrate bias voltage (—V) 150
Substrate temperature (°C) 325
Cathodic arc current (A) 60 for TiAl and 80 for Mo targets

Reactive gas N,
Reactive gas pressure (Pa) 2.5

Substrate holder rotation speed (rpm) 1,2,3,4,5
Deposition time (minutes) 30

Mo (—200 V Time = 8 min, P = 3.1 X 102 Pa,

Interlayer(s) current = 80 A)

Rotational mode 1-Fold rotation

3. Results and Discussion

Individual X-ray diffraction patterns are shown in Figure 2. A multilayer film on
S5i (100) substrates composed of Tips50Alg50N/MoN was deposited with varying bilayer
periods. Only two phases are perceived: the 6-MoN phase and the TiAIN phase. The
TiAIN patterns show preferred orientation along (200). The TiAIN alloy peaks are at 43°
and at 62°, somewhat shifted towards higher angles corresponding to TiN (Fm-3 m space
group, PDF-65-0970). The drop in crystalline constraints proves the swapping of Ti** by
relatively smaller AI%* jons and stress between the border line of MoN and TiAIN [23,24].
The peaks demonstrated at 20 (200) and (220) show face-centered cubic (fcc) structure
of Al and Ti, which is also noticed in other studies [25-28]. The MoN peak displayed
at 36.0° corresponds to extended hexagonal MoN (PDF-89-5024) [29]. According to the
Debye-Scherrer formula, the widened sharp apex at 42.9° discloses a crystallite size of
~7.4 nm of TiAIN, and the peak of MoN at 48.3° divulges a crystallite size of ~7.0 nm in
the case of the sample with a bilayer period of 104 nm. The peak (200) TiAIN’s “d-planar”
distance is 2.12, while the peak (200) MoN's is 2.48. The XRD results show that the TIAIN
layers’ particle sizes may be the cause of the phase advancement rather than the bilayer
composition. It is noticeable that, as the bilayer period decreases, the reflection peak at
43° becomes sharper and higher in intensity, which shows that, because of the interface
blocking, the average grain size decreases with decreasing period thickness [30].

For the samples put on Si substrates, Table 2 shows the elemental concentration
assessed by the EDS method. Each sample’s data were gathered at several locations, and
the average was calculated over 5-7 measurements. Nearly all the samples have comparable
TiAIN constituent elements, with a Ti: Al ratio of Tig 515Alp.485N). The Ti:Al ratio is 1.03:0.97,
which is slightly different from a premeditated value of 1:1. The presence of N in the MoN
and TiAIN sublayers, as well as Mo in the interlayer, complicates the calculation of the
Mo:N ratio in the sublayers.

The deposits on Si (100) substrates with different bilayer concentrations are evaluated
by XPS spectra and as shown in Figure 3, the values of the binding energies are adjusted
in relation to the Cls level at 284.6 eV. For fitting spectra, Gaussian—Lorentzian function
was used. With the help of XPS spectra, we can obtain vast data related to the chemical
assembly and bonding situations. The samples had apparently been contaminated with
surface oxide because they had been exposed to air before the XPS measurement.
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Figure 2. XRD patterns of (Ti-Al)N/MoN multilayer coatings.

Table 2. Elemental composition, grain size, thickness, of (Ti-Al)N/MoN nanomultilayers.

Element Composition [at%] Thickness Grain Size Grain Size

A (nm) TiK AlK Mo L NK (Ti-ADN/MoN (pm) TiAIN (nm) MoN (nm)
104 17.49 15.54 43.25 23.72 1.33 £ 0.04 742 +0.2 7.08 +0.3
76 13.59 12.91 40.45 33.05 1.69 £+ 0.02 691 £0.1 10+ 04

39 16.82 15.91 43.21 24.06 1.91 +0.02 6.45 + 0.2 8.60 + 0.3

26 14.97 15.70 33.46 35.87 1.95 +0.04 6.77 £ 0.1 5.80 + 0.3

22 12.67 11.38 37.82 38.12 2.91 4+ 0.03 6.06 0.1 417 +0.2

(Ti-Al)N 25.89 25.15 - 48.97 1.26 +0.03 548 £+ 0.1 -
MoN - - 59.02 40.98 1.61 = 0.04 - 14.59 + 0.2

The films were also exposed to Ar* during XPS measurements for a few minutes in
order to remove contaminants like carbon [31]. For the Ti 2p spectra exhibit at binding
energies, there are two distinctive peaks of 455 (TiN peak) and 457.2 eV (TiNO peak, sug-
gesting moderate surface oxidation) originally located at 454.95 and 456.5 eV, respectively.
Chemical variations in the TiN film's core levels relative to the Ti element throughout the
nitridation process are evidence of the charge transfer from titanium to nitrogen [32,33].
The 2p spectra of Al can be deconvolved into two peaks, AIN and Al,Os, which are located
at73.3 and 74.8 eV, respectively. The broader peak at 74.7 eV of a sample having A = 26 nm
clearly shows that there exists AIN and Al,O3. The spectra show that AIN is composed
stoichiometrically and suggest that the Al atoms appear to be bound. The Ti 2p and Al 2p
spectra closely match those from an earlier study [34]. The N1s spectra can be deconvolved
into three peaks, Mo (3p3,2)N, TiAIN, and MoN, at 394.1, 396.2, and 397.1 eV, respec-
tively. No chemical shift is observed, but FWHM variation could be discerned because
XPS is a very sensitive technique, and the penetration depth is about 5 nm. Mo 3d can be
deconvolved into two peaks, MoN and MoQO2, at 227.9 and 228.6 eV [35].

Figure 4 shows composite Raman spectra of the multilayer Tig 50Alp 50IN/MoN struc-
ture on a stainless-steel substrate. The spectrum shows three bands centered at 200, 380,
and 590 cm~!. These bands are created by acoustic transitions in the 150-400 cm ! range
and optical modes in the 450-650 cm™! range (LA and TA) (LO and TO) [36]. Each ion is
located at an inversion symmetry location in an ideal fcc crystal structure (O, symmetry),
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which prevents the first order permitted Raman active phonon vibration [37]. In a cathodic
arc ion plating system, many microscopic defects can arise, for example, nitrogen ion site
vacancies that are lighter can exist and the presence of heavy metal ions.
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Figure 3. XPS spectra of Tig50Alp50N/MoN coatings.

The shifts of some atomic neighbors have non-zero first-order polarizability derivative,
and these flaws reduce effective symmetry. Thus, the existence of impurities or flaws in the
crystal is indicated by the Raman spectra of a perturbed crystal. The scattering phenomena
in the acoustic range is due to titanium and molybdenum vibrations, and N ion vibrations
caused scattering the in optic range [38,39]. In Figure 4, higher frequencies are used as the
broadband associated with the optical band changes, and, by incorporating Al into the TiN
matrix, the spectral density between the acoustic and optical modes increases. Between the
acoustic and optical modes, the spectral density rises. This phenomenon is possibly due
to the incorporation of defects because of the nonstoichiometric state of the coatings [11].
The first order Raman spectrum of TiN changes to higher frequencies, according to prior
research, as the nitrogen deficiency increases [37,40].

In the acoustic transition band, we observed three peaks at 180, 215, and 370 cm™ 1,
referred to as the MoN, TiN, and AIN phases [11-41]. In the optical region of modes, we
observed one main peak at 580 cm ™!, referred to as the TiN phase, as compared with
previous studies [11,41].

Figure 5a,b show continuous columnar structures with an average coating thickness
of 1.26 pm of as-deposited Tig 50Alg 50N monolayer and 1.61 pm thickness of as-deposited
MoN monolayer. Figure 5¢ shows a surface morphology of a multilayer Tig 50Alp 50N/MoN
coating with A =22 nm. All films contained spherical micro-droplets, which is a shortcom-
ing of the cathodic arc. Droplets arise when low melting point materials, such as aluminum,
evaporate in an arc (Ti, Al, and Mo). It is believed that, due to fast evaporation, too many
atoms which are not ionized yet reach the surface of substrate. These additional neutral
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atoms might interact during battle and form macro-particles. Previous studies confirmed
the form of the micro-droplet is spherical for Al content < 0.60. Beyond this, it becomes
flat [27], which is also proven in this study.

Intensity (a.u)

A=104 nm

I I | | | |
400 500 600 700 800 900
Raman Shift (cm™)

Figure 4. Raman spectra of nanomultilayer samples.
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O G S R

) J — Y AccV SpotMagn Det W 500 ner AccV SpotMagn Det WD j———y 500nm
81 d 200040 b 200040 50000« SE 85

Figure 5. SEM surface morphology micrograph: (a) (Ti-Al)N monolayer (b) MoN monolayer
(c) A =22 nm sample and SEM cross-sectional image (d) A = 104 nm sample (e) A =76 nm sample
(f) A =39 nm sample.



Coatings 2023, 13, 1654

8 of 15

SEM images of cross sectional (Ti-Al)N/MoN multilayer, thin films on Si (100) sub-
strate are shown in Figure 5d—f, and one can see different multilayer structures very well.
The morphology, thickness of layers, and multilayered formation calculated through SEM
images are further verified from TEM and HR-TEM images, which are presented in Table 2.

In Figure 6, these images on Si (100) substrates show the surface morphology and
roughness of the coating that were examined using AFM. A 5 x 5 m? measurement area
was chosen at random from the coating positions. The surface profile is used to establish
the morphology of column growth indications and to present trends on the mechanical
strength of the coatings. In general, plain view topography consists of hemispherical,
rounded hillock mounds. These mounds appear to be related to the columns’ growth,
reduction in size, and agglomeration as the bilayer period shortens. Higher roughness is
obtained on samples with a bilayer period of 104 nm, and the other shows a continuing
decrease with the bilayer period. Similar behavior was reported in a previous study [42].
Table 3 also shows that, as the bilayer period decreases, the roughness decreases from
15.6 to 8.5 nm.

a b

L
000

Figure 6. Three-dimensional AFM images of (Ti-Al)N/MoN coatings. (a) A = 104 nm; (b) A =22 nm.

Table 3. Tribological and mechanical properties of (Ti-A)N/MoN multilayer thin films.

A (um) Roughness Friction Hardness I\Eilis:;fls H/E* H3/E*? Wear Rate Critical Load
(RMS) nm Coef. (GPa) (GPa) (GPa) (mm3/N-m) N)
104 15.60 0.52 +0.03 33+15 575 £ 25 0.055 0.101 1.56 x 107° 78 £ 5 (Lc1)
76 13.73 0.50 & 0.04 32+05 500 £ 30 0.061 0.122 2.10 x 107 87 £3 (Lc1)
39 23.01 0.42 4 0.02 34405 510 £ 30 0.064 0.141 1.29 x 107 71 £4 (Lcy)
26 17.9 0.39 &+ 0.02 37+0.5 540 £ 20 0.066 0.162 145 x 1076 75+ 5 (Lc1)
22 8.52 0.38 +0.07 3242 600 £ 20 0.051 0.085 8.09 x 1077 91 + 3 (Lcy)
(Ti-A)N 27.78 0.53 & 0.04 30+2 470 £ 20 0.061 0.114 1.56 x 107> 75+ 3 (Lcy)
MoN 7.50 0.38 4 0.02 31+1 550 £ 15 0.054 0.092 5.36 x 107 >100 (Lcy)

Whereas E* is effective Young’s modulus. One of the principal factors that governs
film durability, and one of the vital properties of thin films, is the adhesion of the substrate,
i.e., the film substrate interfacial bonding strength. To determine the critical load, the
coatings on the cemented carbide substrates underwent a scratch test. The results are
shown in Table 3. An optical microscope was also used to confirm these findings. Lc; is
used as a load for first critical cracking and scratching. Due to spallation at the groove
side, the coatings become crashed, and Lc, was used as a load. The high plasticity at
higher A [43,44] and before the deposition is related to the increase in Lc with the bilayer
period. Mo bombardment for several minutes at high voltage also enhances the coating’s
adhesion quality [45]. Because of the high energy metal ions, bombardment etches the
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substrate material and modifies the surface. Additionally, this process creates nucleation
sites and facilitates the subsequent coating growth. Because of its hardness and the thermal
expansion coefficient between the TIAIN/MoN multilayer and substrate, molybdenum is
anticipated to increase film adherence [46].

HRTEM of a cross sectional Tig50Alg50N/MoN nanocomposite multilayer coating
having A = 22 nm is shown in Figure 7c. The figure depicts a nanomultilayer architecture
with bright and dark layers that alternate. Observable diffraction spies showing MoN (200),
TiAIN (200), and TiAIN (220) are visible in Figure 7d, the selected area electron diffraction
(SAED) image with =22 nm from TEM, which is in excellent accord with the XRD findings.
HRTEM-EDS microanalysis (Figure 7b) of dark MoN layers clearly shows the presence of
Mo in the majority, and Figure 7a shows that Ti and Al are the major elements in the bright
layers.

-
a ' d
Al
TIAIN(220)
Mo !
%.__TiAIN(200)
'
N 5 +  'MoN(200)
Cu Cu
bt 1..
200 400 6.00 8.00 10.00 12.00
b w

200 4.00 6.00 8.00 10.00 12.00

Figure 7. TEM EDS analysis: (a) bright layers; (b) dark layers; (c) TEM cross-sectional image of a
sample having A =22 nm; (d) SAED of a sample having A =22 nm.

Figure 8a,b, with a bilayer period of 26 nm, show a bright TiAIN sublayer with an
inter planer distance of 0.211 nm and the dark MoN inter planer space of 0.246 nm. It can
be concluded that both MoN and TiAIN phases in the coating are of nanocrystalline sizes,
and black MoN layers alternative with bright TIAIN layers. MoN and TiAIN have grains
that are less than 10 nm in the current study, and J. Musil [47] lists four different types of
nanostructures that can affect how hard the nanocomposite coatings are: (1) Nanoscale
period bilayers (a mixture of nano-grains with various crystallographic orientations and/or
phases), (2) columnar nanostructure, (3) nano-grains surrounded by thin (1 to 2 ML) tissue
phase, and (4) nano-grains. This means that the bilayer period also affects the hardness.
The CSM mode was employed to examine the coating’s elastic modulus and nanohardness
on tungsten carbide substrates. The as-measured elastic modulus and hardness against
500 nm indentation depth are listed in Table 3 and in Figure 9, with a Poisson’s ratio of
0.18. In the 30-80 nm depth scale, hardness primarily increases with indentation depth; at
greater depths, the hardness fluctuates with depth. When indenting at relatively shallow
depths (<20 nm), the measured hardness values are low due to the film’s roughness
or the Berkovich indenter tip’s bluntness. Samples with a thickness of 26 nm show a
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maximum hardness of 37 GPa. According to Table 3, all multilayered thin films are
harder than monolayers. We are familiar with that phenomenon. In many multilayered
nanoscale coating systems, the hardness rises to apparent saturation before falling as the A
decreases. In this study, the hardness ascended to 26 nm before falling. This phenomenon
causes the inhibition of a displacement sign activated by an image force that is depicted
at the displacement near the Tig50Aly 50N and MoN interlink, because of the difference
in the elastic moduli in the Tip50Alp 50N and MoN layers [48]. However, for small A, an
increased interface width portion of individual layer thickness reduces the critical shear
stress required to move a dislocation, decreasing the hardness of the nanoscale multilayered
coating. The increase in hardness in the present coating can also be explained with the help
of bonding characteristics. In AB compounds, the bulk modulus increases as the distance
to the nearest neighbor decreases. Assuming that the increase in hardness is correlated
with the increase in bulk modulus, the compound’s increased hardness can be explained
by a decrease in interatomic distance caused by an increase in the concentration of Al [25].

A=26nm RN L A=26 nm

Figure 8. (a,b) HRTEM cross-sectional image of sample having bilayer period of 26 nm. The right
inset shows interplanar distance of dark MoN layers, and the left inset shows interplanar distance of
bight (Ti-Al)N layers.

Moreover, there may be another explanation for the increase in hardness associated
with the covalent energy in these coatings. In the formula E}, = kd~2%?, (d) is the interatomic
distance and (Ey,) is the covalent band gap. Another factor that is equally as important as
hardness is Young’s modulus. It is appropriate to have a low modulus because it permits
the given load to be dispersed over a large area. Table 3 displays the values of H/E* and
H3/E*2. Tt is challenging to find a straightforward correlation between the film’s effective
Young’s modulus (E*) and hardness (H). The combinations of a hard film’s H and E have
a significant impact on its mechanical behavior. However, by choosing both its chemical
make-up and the deposition conditions that led to its creation, the correlation between H
and E* in the hard film can be managed [49,50]. These findings are quite consistent with
earlier research [20,21].
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Figure 9. Nanohardness and Young’s modulus as functions of displacement.

Friction coefficients of Tips50Alp50N/MoN coatings are in the range of 0.38-0.52
(Table 3). Molybdenum oxides, which are a byproduct of tribo-chemical oxidation, are
responsible for these low friction coefficients. Other groups have also verified the self-
lubrication of these oxides [51,52]. The production of these oxides is due to tribo-contact,
which is mechanically and thermally caused by flash-type temperature pulses produced
by deformation and shearing of micro-asperities during dry wear sliding. Other groups
have observed similar low friction coefficient results because of the self-lubricating action
when utilizing vanadium-containing TiAlN-based coatings [53-55]. These outcomes also
outperform our previous studies, i.e., lower Al content and high Al content [20,21]. The
better wear resistance with this Ti and Al concentration also matches very well with an-
other previous study [46]. The dropping of friction forces and, thus, the dissipation of this
reduced energy throughout the surface with the sliding contact, consequently, also reduces
the wear rate of the studied coatings. As demonstrated in Figure 10, none of the coatings
that were put to the test were entirely worn off throughout the test; in samples with bilayer
periods of 22 nm Tig 50Alg 50N/MoN, the most reliable wear mode is exhibited by the mul-
tilayer coating. According to all sample descriptions, there is no chipping or delamination
of the coatings in Figure 10. Instead, defects can be seen as “droplets” that follow the path
left by the sliding counter body and develop left-sunk fractures. For another possible ex-
planation, the coating itself may also have exhibited brittle fractures. Tig50Aly50N/MoN’s
wear mechanism combines microgrooves, oxidation, and wear resistance. The calculations
in this paper link with the recent investigations related to these materials [17,56]. Table 3
provides an overview of wear rate, friction coefficient, and surface roughness.
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Figure 10. SEM morphology of the wear track of (Ti-Al)N/MoN coatings. (a) A = 76 nm sample,
(b) A =39 nm sample, (c) A =26 nm sample, (d) A = 22 nm sample.

4. Conclusions

Cathodic arc ion plating was used to successfully lodge Tip 50Alp 50N/MoN nanomul-
tilayer coatings. Rotation speed adjustments were used to organize the bilayer period
A. A plays an important role in microstructure, mechanical, and tribological character-
istics, as well as wear behavior in all the multilayer thin films. The TiAIN composition
was essentially identical, with a Ti:Al ratio of Tig50Alp50N. XRD patterns show that, as
the bilayer period decreases, the reflection peaks at 43° become sharper and have higher
intensities. From this result, we can imagine that the average size of the grain decreases
with the reducing period thickness. Perhaps the producing interfaces are preventing the
grain from progressing. The HRTEM, XRD, and SEM all agree on layer count, A, grain
size, inter-planar spacing, and nanomultilayer structure. With increasing A up to 26 nm,
the hardness and elastic modulus of the Tig 50Alg 50N/MoN multilayer structure improved
and, thereafter, declined. Because the elastic moduli of the Tig 50Aly 50N and MoN layers
vary, this phenomenon results in the inhibition of the displacement sign induced by an
image force that appears at the displacement near the interlink between the two materials.
Tip 50Alp 50N /MoN multilayer structures have better hardness and Young’s moduli than
their monolayer counterparts. In samples with a bilayer period of 22 nm, the most stable
wear mode was confirmed, and wear rates were decreased by cutting the bilayer period.
Comparing the Tip50Alg50N/MoN coating to other coatings with greater and lower Al
content, the Tig 50Aly50N/MoN coating has good tribological performances. In summary,
the densified microstructure of Tig 50Alp50N/MoN films, with the growth of fine grains and
decreased surface roughness, were linked to their better mechanical characteristics with
the decreasing the bilayer period, as demonstrated by measurements of nanoindentation
in conjunction with AFM and cross-sectional SEM. Tij 50Alp50N/MoN showed perfect
tribological performances in comparison to coatings with greater and lower aluminum
concentrations.
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