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Abstract: The paper presents an evaluation of the surface quality and properties of multilayer
coatings, obtained using cathodic arc evaporation, of the same structure, in which the top layer is
a CrN chromium nitride layer. The second components of a double-layer module with a thickness
of 400 nm and a thickness of each layer about 200 nm are two component TiN, Mo, N systems and
three component TiAIN and CrCN systems. In studies using scanning electron microscopy and
optical microscopy, the surface density of the macroparticles of the coating and their dimensions
were estimated. The largest amount of macroparticles was recorded on the surface of the TIAIN/CrN
coatings and the lowest on CrCN/CrN and Mo,N/CrN coatings. Their adhesion to steel substrates
using a scratch test and Rockwell test and wear were also investigated. The results indicated that the
melting point of the cathode material directly affected the number and size of the macroparticles on
the surface of the growing coating. The number of macroparticles increased with the lowering of the
melting point of the cathode material. All the coatings showed good adhesion with the critical load
Lcy, greater than 60 N with a hardness above 20 GPa. The Mo, N/CrN coating, despite its relatively
low critical load compared to the other tested coatings, had the best wear-resistant properties, which
was probably due to the Mo,N — MoOj3 transformation.

Keywords: PVD; multilayer coatings; roughness; friction; wear

1. Introduction

Some of the transition metals (Ti, V, Cr, Zr, Nb, Mo, Ta, and W) are widely used for
forming composite coatings of nitrides and carbides. They are characterized by good
mechanical properties, mainly a high hardness, good adhesion, toughness, wear by friction,
and temperature resistance, but also a high reactivity with mating material.

The world’s growing population has caused a significant increase in the demand for
wood and wood composites for various applications. This has caused an increase in the
interest in high-performance wood-processing techniques, and mainly, the tools used in
them. Among the most effective are tools those with thin, hard coatings that allow for
working in dry conditions. Thus, in the case of wood, a hygroscopic material, its treatment
can be carried out without cooling lubricants. Currently, many works are being carried
out aimed at developing new coatings enabling the more effective processing of wood raw
material [1,2].

The coatings of transition metal nitrides synthesized using PVD (Physical Vapor De-
position) exhibit properties that enable multiple applications. They allow for increasing
tool life and improving their resistance to corrosion. Their use can reduce the consumption
of coolants or eliminates them from the treatment of certain types of materials. Titanium ni-
tride TiN coatings are characterized by a high hardness, but start to oxidize at a temperature
of 550 °C [3]. Chromium nitride coatings are more resistant to oxidation compared to other
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metal nitride coatings, and show a good wear resistance. Both coatings are characterized
by a very good adhesion to substrates. A slightly worse adhesion is presented by CrCN [4]
and Mo;N [5] coatings.

The coatings formed using cathodic arc evaporation are characterized by a high
hardness, good adhesion, high density, and homogeneity, and they show better properties
than coatings prepared using magnetron sputtering. The disadvantage of this deposition
method is the relatively high roughness of the coatings’ surfaces, resulting from a large
number of macroparticles on these surfaces. The number of macroparticles per unit area
and their linear dimensions are dependent on the melting point of the cathode [6,7]. The
studies of Creasy et al. [6] and Munz et al. [7] indicated that, as the melting point of a
cathode increases the number of macroparticles, the maximum macroparticle size and
fraction of sample area covered by macroparticles decrease. Harris et al. [8] investigated
the effect of nitrogen pressure increase during the formation of TiN coatings on HSS (M2)
jobber drills on the surface quality and efficiency of the drilling process. They showed that
the coatings formed at a higher nitrogen pressure were characterized by a lower roughness
and the number of macroparticles per unit area and maximum macroparticle diameter
were significantly reduced, probably increasing the tool life.

Equally important as the selection of the method of formation of protective coatings
(magnetron sputtering or cathodic arc evaporation) is the selection of the coating itself,
including its type. Multilayer coatings generally have better properties than single-layer
coatings. They have a greater hardness and adhesion to substrates, which often leads to a
greater resistance to wear and corrosion. A modification of the structure of the coating [9,10]
enables it to improve its functional properties. Multilayer coatings are characterized by
an increased stability compared to monolayer coatings. This is due to their different
mechanism of destruction [10,11], caused also by the interruption of the columnar growth
of the coating. This may cause crack deflection, leading to a toughening of the coating in
the interlayer zone, and may reduce stress concentration and crack propagation [11].

The properties of two-component coatings can be improved by changing their chemical
composition—by doping metallic or non-metallic elements or modifying the structure of
the coating—for example, reducing the grain size or forming a multilayer coating. The
design of the multilayer coating can include the thickness of each layer, the chemical and
phase composition, and its mechanical properties (hardness and Young’s modulus) [8].
The coating used on tools should be characterized by a chemical inertness of the outer
surface of the coating with processed material, a high hardness at the middle part of
the coating, and a good adhesion to the substrate. A single-layer coating rarely meets
all of these requirements. For example, an increase in hardness results in a reduction in
coating ductility. A modification of the structure of a coating [9,10] enables it to improve its
functional properties.

Santana et al. [12], examining the properties of TIAIN/CrN coatings, indicated the
advantages of the use of a bilayer with a thickness of 400 nm and broad transition zones be-
tween the layers of the coating. These include increases in hardness and adhesion resulting
from the interdiffusion of the layer components, due to a high energy ion bombardment,
which is characteristic for arc coating processes. This reduces the mismatch of the lattice
parameters of the crystal structures of the layers. Simultaneously, the temperature-activated
diffusion process, with a larger thickness of modules, does not degrade the multilayer
structure. In turn, Kot et al. [13], analyzing Cr/CrN multilayer coatings with thicknesses
of (Cr + CrN) their bilayer from 62 to 1000 nm, found that, for the thickness of the bilayer
from 250 to 500 nm, both the hardness, Young’s modulus, and adhesion of the coating were
the highest.

Due to their properties [14-16], chromium nitride coatings are widely used in many
industrial applications [17-19]. The incorporation of Al into chromium nitride coatings
improves their oxidation resistance at elevated temperatures (above 900 °C [20]) and their
hardness, significantly increasing their durability. Such coatings are applied, for example,
to woodworking tools [21-24].
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TiAIN is characterized by a higher temperature resistance than TiN. TiAIN coatings
oxidize at a temperature above 700 °C. The high wear of TiAIN coatings (higher than TiN
coatings) operated at a low temperature results from their brittleness and high coefficient
of friction. The main advantage of such a coating is its high-temperature stability. In
TiAIN coatings “working” in an oxidizing environment at a temperature above 700 °C, a
two-layer structure is formed. In the upper art of the aluminum-rich coating, a dense Al,O3
layer is formed, and in the inner part, a layer with a predominant titanium concentration.
The top Al,O3 layer reduces diffusion wear during high-temperature machining and is
renewed when the outer part of the coating is worn off. At a high temperature, chromium
and aluminum oxides have lubricating properties. In addition, aluminum oxide acts as a
diffusion barrier, blocking the diffusion of oxygen into the coating. The hardness of TIAIN
coatings at a high temperature strongly depends on their chemical composition and is
higher than that of TiN coatings [25,26].

It was found that the addition of chromium to TiAIN coatings improves their resistance
to oxidation [27].

Molybdenum nitride coatings have excellent properties: a low wear rate and low
coefficient of friction, combined with a high hardness and good adhesion, makes them a
good candidate for tribological applications [28-30]. In an oxidizing environment and at
an elevated temperature, molybdenum nitride oxidizes and MoOj is formed. This allows it
to be used as a self-lubricating tribological coating operating at a high temperature [31].

There have been many studies on the properties of multi-layer coatings Me(X)N/CrN,
where Me is a transition metal and X is an additional element, but few studies have included
two-layer coatings with CrN as a topcoat. This is especially true for Mo,N/CrN coatings, in
which molybdenum has the ability to form oxides, known as solid lubricants, significantly
reducing their wear. The small coefficient of friction of about 0.3-0.4, small compared to
CrN (0.6) and TiAIN (0.8) coatings, and may be associated with the formation of MoO3 in
the friction process, characterized by favorable sliding properties. A similar effect, lowering
the coefficient of friction, can be achieved by doping the coating with carbon. Hence, we
attempt to compare the properties of Mo,N/CrN and CrCN/CrN coatings.

The aim of the work was to check how the roughness of the multilayer coating changed:

(a) with the same CrN surface layer and a second layer formed from cathodes with
different melting points: TiAl (approx. 1450 °C) and Mo (approx. 2650 °C),

(b) when both layers in the multilayer coating were formed from the same cathode (Cr)
but one of the layers was doped with a non-metallic element, carbon.

It was also important to study the mechanical properties of these coatings and carry
out industrial tests on tools covered with these coatings by planing dry pine in order to
determine their suitability for this type of processing.

2. Materials and Methods
2.1. Coating Deposition

TiN, TiAIN, CrCN, MoyN, and CrN monolayer coatings, and related TiN/CrN and
Mo,N/CrN and TiAIN/CrN and CrCN/CrN multilayer coatings, were formed via cathodic
arc evaporation using the TINA 900M device on silicon wafers (for stress measurements),
HS6-5-2 steel substrates with a diameter of 32 mm (for mechanical tests), and planer
knives made of the same steel, with dimensions of 160 x 30 x 3 mm, manufactured by
Leitz GmbH & Co. KG, Oberkochen, Germany (for industrial testing). In this project,
Ti (99.999%) TizpAlyy (99.9%) Mo (99.98%), and Cr (99.999%) cathodes with a diameter
of 100 mm and thickness of 12 mm were used. The substrates (hardness above 62 HRC)
were ground and polished to a roughness parameter Ra of 0.02 pm, and then they were
chemically degreased and ultrasonically cleaned in a hot alkaline bath for 10 min. After
washing in distilled water and hot-air drying, the substrates were mounted on the rotating
holder (2 rev/min) in a vacuum chamber at a distance of 18 cm from the arc sources. The
chamber was evacuated to a pressure of 1 x 1073 Pa. Prior to the deposition, the substrates
were sputter cleaned at a nitrogen pressure of 0.5 Pa using argon and chromium ions
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under a substrate bias voltage of —600 V for 10 min. Cr ion bombardment was used to
remove contamination and the oxide layer from the surfaces of the substrates, enabling
the good adhesion of the deposited coatings. A thin (about 0.1 pm) chromium layer was
also deposited onto the substrate to improve its adhesion [32]. A deposition process was
performed on substrates heated to a temperature of 300 °C, at a substrate bias voltage of
—70 V, with the arc current and nitrogen pressure corresponding to each of the targets
(Table 1). A CrCN coating was formed by introducing acetylene C;H, (flow rate 10 sccm)
to the vacuum chamber.

Table 1. The deposition parameters of the coatings.

TiN Mo, N CrN TiAIN CrCN
Nitrogen pressure [Pa] 0.5 1.8 1.8 1.0 1.8
Arc current [A] 80 140 80 60 80

Multilayer coatings were synthesized by alternating the deposition of monolayers
from two sources placed on the opposite sides of the vacuum chamber. The thickness of
the layer depended on the exposure time of the substrate in front of a given source, i.e., the
rotational speed holder on which the substrate was placed. The multilayer coatings were
composed of repeated bilayers with a constant thickness. One of the layers in each of the
investigated multilayer coatings was a CrN layer. The coating thickness was controlled
by the time of deposition. The basic parameters of the multilayer coatings’ structures are
summarized in Table 2.

Table 2. The structure of multilayer coatings.

TiN/CrN Mo, N/CrN TiAIN/CrN CrCN/CrN

Coating thickness, (um) 2.8 31 4.0 3.0
Number of bilayer 6 6 8 7
Bilayer thickness, (nm) 450 500 500 400

Thickness ratio of the layers

in bilayer 1:1 1:1 1:1 1:1

2.2. Characterization

The microstructure and morphology of the coating surfaces were determined using
a scanning electron microscope (JEOL JSM-5500LV). An analysis of the composition was
completed using energy dispersive X-ray spectroscopy, EDS (Oxford Link ISIS 300).

The surface roughness of the coatings was evaluated with a Hommel Werke T8000
profilometer. The test was performed five times for each sample.

To define the size of the macroparticles and number of macroparticles on the unit
of area on the surface of the coatings, the metallographic microscope Nikon Eclipse
MA200 equipped with NIS-Elements software was used. The measurement area was
about 133 x 171 um?. The surfaces of the coatings were recorded at the same magnification
(400x), contrast, and sharpness. For each sample, five measurements in one line at equal
distances from each other were carried out.

The coating thickness was determined using the ball-cratering method (Calotest),
according to the EN 1071-2: 2002 European Standard.

The adhesion of the coatings was evaluated using a scratch test (Revetest Scratch
Tester, CSEM) with a diamond indenter Rockwell C type with a 0.2 mm tip radius. The
pre-defined parameters were: a scratch length of 10 mm, scratch speed of 10 mm/min,
and normal load (100 N) progressively increasing at the speed of 100 N/min. The Lc¢;
critical load was determined as the load at which the first cracks in the coating appeared,
and the Lc; critical load as the load at which the total detachment of the coating from
the substrate was observed. These loads were evaluated by observation using an optical
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microscope as the average of at least three measurements. These results were verified using
the Daimler-Benz test [33], which qualitatively evaluates the adhesion of coatings as a size
and types of failure modes of the coating formed as a result of a Rockwell indentation force
of about 1500 N.

For the hardness measurements, the nanohardness tester FISCHERSCOPE HM2000
equipped with a Berkovivh indenter was used. The hardness measurement of the coatings
deposited using cathodic arc evaporation was difficult because of the large number of
macroparticles on the surface, resulting in a high roughness. Thus, meeting the require-
ments for a correct measurement of hardness, so that the depth of the indentation did not
exceed 1/10 of the total coating thickness (in order to eliminate the effect of the substrate)
and the depth of the indentation was not less than 20 x Ra (arithmetic mean roughness),
was difficult. Therefore, the method described by Romero et al. [34] was used. For this rea-
son, the coatings were polished with fine diamond powder (1 pm) in order to remove these
surface defects. After this operation, significantly reducing the surface roughness of the
coatings, the statistic of the measurements was highly improved. In total, 20 measurements
were made for each sample. At a fixed indenter penetration depth of 0.2 um, using the
device software (WIN-HCU software), the average value of the coating hardness and its
Young’s modulus, as well as measurement uncertainties, were obtained.

The stress of the coating was determined using the Stoney formula [35]:

E £1
o= — —
1—ve6tsR

@

Silicon wafers with a thickness of 0.3 mm, a length of 30 mm, and a width of 4 mm
were used.

Studies carried out in the pin-on-disc system enable an estimation of the tribological
properties of coatings, i.e., their coefficient of friction and wear rate. The parameters of
the test were: a normal load of 20 N, sliding speed of about 0.2 m/s, distance of 1000 m,
environment—dry friction in air at a temperature of 20 °C, and humidity of about 50%.
Alumina balls with a diameter of 10 mm and roughness R, of <0.03 um were used as
a counterpart. The wear rate was estimated as the wear volume (based on wear track
profile—Hommel Werke T8000) divided by the normal load and the sliding distance [36].

Industrial tests were carried out using a Weinig H23 four-side planer machine equipped
in 6 heads. The working parameters were: cutting speed—50 m/s, spindle speed—
6000 min~!, feed rate—73 m/min, and cutting depth—1 mm. The machined material
was overdried pine wood. Under these conditions, industrial tests were carried out for 8 h.
Their purpose was not to determine the actual increase in durability, but to evaluate the
rake face of knives modified with the investigated coatings in the same time and under the
same working conditions of the tools.

3. Results
3.1. Chemical Composition of the Coatings

The chemical composition of the investigated coatings is presented in Table 3. This
composition applies to the entire coatings, not the individual layers.

3.2. Surface Morphology

The images of the PVD (Figure 1) coatings’ surfaces revealed a large number of defects,
macroparticles, or pinholes formed when removed, or as a shadow effect when it was
applied. These defects resulted in an increase in the surface roughness of the coating and
worsening of its quality. This is a negative phenomenon that is the subject of relatively few
works [6,7,37,38].
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Table 3. The chemical composition of the coatings (at.%).

TiAIN/CrN Mo, N/CrN CrCN/CrN
Ti 13.8 - -
Al 25.7 - -
Mo - 29 -
Cr 6.8 23.5 50.2
C - - 49
N 53.7 47.5 449

1k

Figure 1. Cont.
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1rm

Figure 1. Images of cross-sections (a,c,e,g) and surface (b,d,f,h) of TiAIN (a,b), CrCN (c,d), Mo,N
(e,f), and CrN (g,h) monolayer coatings.

The top layer of the all the multilayer coatings investigated was a chromium nitride
layer. Despite this, the amount of macroparticles on the coating surfaces varied. This was
shown in two multilayer coatings: TIAIN/CrN and CrCN/CrN—Figure 2. The multilayer
coating structure is clearly marked. The column growth was significantly limited, although
possible.

TIAIN/CN |

Figure 2. Images of cross-sections (a,c) and surface (b,d) of TIAIN/CrN (a,b) and CrCN/CrN (c,d)
multilayer coatings.

In the cathodic arc evaporation method, the plasma jet contains not only electrons,
ions, and atoms, but also droplets of the molten metal of the cathode. They are the biggest
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disadvantage of the arc method. Droplets of different sizes are deposited on the substrate.
One can observe only a small part of them on the surface. Some of them extend from the
substrate to the coating surface. Smaller droplets with spherical shapes and larger, more
irregular droplets are often “anchored” in the coating.

3.3. Macroparticle Statistics

The measurement of the size and quantity of the macroparticles on the surface of the
coating was performed at the same area of about 133 x 171 um? at five randomly selected
points. The number of registered particles and also the fraction of the sample area covered
by the macroparticles, as well as the surface roughness Ra of the coating, are presented in
Table 4.

Table 4. The number of macroparticles and fraction of sample area covered by macroparticles on
investigated multilayer coatings formed using cathodic arc evaporation.

Type of the Coating TiN/CrN Mo, N/CrN TiAIN/CrN CrCN/CrN
Area (um?) 227 x 10* 227 x 10* 227 x 10* 227 x 10*
Number of macroparticles 1281 +120 677 =40 3844 1+ 720 612 £ 210
FraCtiog;s;gg;zxif‘ezovered 1541 3+1 4147 26+ 09
Roughness Ra (um) 0.20 0.09 0.32 0.08

Although the top layer of each multilayer coating was a CrN layer, one could observe
very variable quantities of the macroparticles on their surfaces. The smallest amount (about
600-700 macroparticles) was observed on the CrCN/CrN and Mo,N/CrN coatings, while
much more was registered for the TIAIN/CrN coating. A large scatter of the fraction of the
sample area covered by macroparticles was also found. For the Mo,N/CrN and CrCN/CrN
coatings, it was about 3%, while for the TIAIN/CrN coatings, it was more than 40%. These
results correlated completely with the observations arising from Figures 1 and 2. Similar
results were obtained by Wan et al. [37] for CxrN coatings deposited using ion plating.

A dimension analysis of the macroparticles on the surfaces of the coatings tested
indicated that about 80% of the objects were sized to 1.5 um. The second-largest group of
objects, about 10%, had dimensions in the range from 1.5 to 3.0 pm. It was interesting that
part of each of the size fractions was similar for each of the coatings, regardless of their
chemical composition—Figure 3.

A detailed analysis of the size distribution of the macroparticles was performed for
two multilayer coatings: TiN/CrN and CrCN/CrN—Figure 4. The TiN/CrN multilayer
coating had almost a two times greater macroparticles surface density compared to the
more complex CrCN/CrN coating, while the dimensional distribution of the macroparticles
in both coatings was similar. This may have been associated with the lower melting point
of the titanium cathode (1660 °C) compared to the chromium cathode (1870 °C).

In multilayer coatings, their surface quality (e.g., expressed by the roughness parame-
ter Ra) depends on the process conditions for the coating deposition of various cathodes and
the kind of cathodes used. An analysis of the surfaces of the CrN and CrCN monolayer coat-
ings [38] revealed that they had a surface roughness Ra, respectively, of (0.06 = 0.01) um
and (0.10 & 0.02) um, and the CrCN/CrN multilayer coating had an intermediate value of
Ra (0.08 £ 0.01) um. Otherwise, it was with the Mo,N/CrN multilayer coating, character-
ized by a roughness (Ra about 0,09 um) higher than the coating component: Mo, N, with a
Ra about 0.04 um [5]) and CrN, with a Ra about 0.06 um [38].
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Figure 3. Part of macroparticles on the surface of multilayer coatings formed by cathodic arc evapo-
ration, depending on the size distribution of macroparticles.
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Figure 4. Size distribution of the macroparticles for TiN/CrN and CrCN/CrN multilayer coatings.

Surface roughness is defined as its irregularity associated with the occurrence of
height and valleys in relation to a specific mean line. In many tribological applications,
the maximum irregularity heights above the mean line are an important parameter, since
they may damage the contact surfaces of the friction bodies. However, in the case of
lubrication in the cavities, a lubricant reducing the friction between rubbing bodies may
accumulate. Rough surfaces usually wear more quickly and have higher friction coefficients
than smooth surfaces.

The surface roughness of coatings can be regulated by an arc current—Figure 5, but it
should be remembered that a reduction in the arc current decreases the deposition rate of
the coating, which increases the time of the deposition process.
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Roughness Ra [um]
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0.02 ) . . , .
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Figure 5. The relationship between surface roughness Ra of CrN monolayer coating obtained by
cathodic arc evaporated depending to the arc current.

3.4. Hardness

The hardness of the coatings and other properties are summarized in Table 5. It should
be noted that the hardness of TIAIN/CrN (21 £+ 1 GPa) was lower than described in the
literature [27,39-41], however, the thickness of the (TIAIN + CrN) bilayer was much smaller,
at less than 50 nm. The hardness of the CrCN/CrN coating (24 + 2 GPa) was higher than
the hardness of both the chromium nitride (18 GPa) and chromium carbonitride (22 GPa).
The Mo,N/CrN coatings” hardness was comparable with Ref. [42].

Table 5. The mechanical properties of TIAIN/CrN, CrCN/CrN, and Mo,N/CrN multilayer coatings.

Type of the Coating TiAIN/CrN CrCN/CrN Mo,;N/CrN
Hardness H (GPa) 21+1 24 £2 26 £2
Stress (GPa) —-1.0=£0.1 —-15£0.1 —-11+0.1
Young modulus E (GPa) 291 +£ 15 258 £9 310 £ 12
H/E 0.072 £ 0.007 0.093 £ 0.011 0.085 £ 0.010
H3/E? (GPa) 0.11 4+ 0.03 0.21 4+ 0.07 0.18 4+ 0.06
Critical load Lcp (N) 82+3 105+2 59 +4
Coefficient of friction 0.72 + 0.04 0.58 + 0.04 0.40 + 0.02

Wear rate of the coating

(mm®N-m1) (25+02)x1077 (1.3£06)x1077 (9.0+£0.6) x 10~8

3.5. Adhesion

The multilayer coatings discussed were characterized by a good adhesion to the
substrate, Figure 6. This amounted to 59 N for the Mo,N/CrN coating, 82 N for the
TiAIN/CrN coating, and about 105 N for the CrCN/CrN coating. These values are close to
those presented in the literature, although some single-layer coatings have a lower critical
load [18,28,43,44].
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Figure 6. The friction force versus normal force in scratch test for coatings investigated.

Optical micrographs of the scratch section for the coatings tested at three loads are
shown in Figure 7. The first is where the first coating failure was observed (Lc;), the
second shows the detachment of the coating from the substrate occurring (Lcy), and the
third is for an intermediate load. A relatively large critical force Lc; of the investigated
coatings and a large difference between the loads Lc; and Lcp should be noted. This
indicates a considerable resistance to the destruction of the coating. In the image of the
crack formed after applying a load greater than Lc;, there are numerous coating chips at the
scratch border. This cracking of the coating and its partial delamination were related to the
plastic deformation of the substrate and resulted from the different mechanical properties
(hardness and Young’s modulus) of the coating and the substrate.

In the scratch track, fine conformal hemispherical cracks perpendicular to the scratch
direction are visible, indicating the high hardness and high adhesion of the coating. Minor
chipping and cracking of the coating did not adversely affect its good properties. In the
pictures of the scratches loaded by Lcy, there are significant areas of coating losses.

The Daimler-Benz test is easy to apply, competent, and reliable, due to the large force
applied indentation in the coating evaluation method for its adhesion and mechanisms for
its destruction. The test allows for a visual assessment of the adhesion and durability of
hard coatings. As the adhesion depends on the film thickness, hardness, and roughness of
the substrate, a coating thickness of about 3—4 um was used.

The Mo,N/CrN coating adhesion test results are shown in Figure 8. Both distinct and
circumferential and radial cracks are visible. Due to the pill-up of the substrate material
around the indentation, there existed a high level of tensile stress. For brittle and hard
materials, these stresses cause the formation of large circular cracks on the circumference of
indentation [32].

In the TiAIN/CrN and CrCN/CrN coatings, probably due to their slightly lower
hardness, only radial cracks occurred, which are frequent in the case of brittle coatings
showing a good adhesion. In the TIAIN/CrN coatings, angular intersecting cracks also
appeared, which may have contributed to an easier detachment of the coating from the
substrate, as shown in Figure 8. The coatings tested were characterized by a good adhesion
and they belonged to the group of HF1.

The results of the Daimler-Benz test and scratch test were comparable and showed
that, among the tested coatings, Mo,N/CrN showed a poorer adhesion.
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MozN/CrN TIAIN/CrN CrCN/CrN

Lca

32-34 N h 40-42 N 60-62 N

Lci < Lc < Lez

39-41N 72—-74 N 85-87 N

Lci < Le < Lee

5860 N ’ 80-82 N 104—106 N

Figure 7. The scratch test and optical micrographs of failures at the critical load Lc;, Ly < Le < Ley,
and Lc, for coatings investigated.
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3.6. Wear

The chromium addition to the TIAIN coating significantly reduced the wear rate, and
for the TIAIN/CrN multilayer coating, it was about 30 times smaller (2.5 x 10~ mm?/Nm)
compared to that of the TIAIN coating (7.8 x 10~® mm3/Nm). It is interesting that CrCN/CrN
coating was characterized by an almost two times lower wear rate (1.3 x 1077 mm3/Nm),
and that of the Mo,N/CrN coating was even lower—9 x 1078 mm?/Nm. It should be
noted that the test of friction for all the coatings was carried out under identical conditions.
The results of the coefficient of friction are presented in Table 4. They corresponded to the
coating wear rates. The highest was for the TIAIN/CrN coating (0.72) and the lowest for
Moy N/CrN (0.4), which is similar to that presented in Refs. [39,41,45].

The real test of the wear of coatings dedicated to woodworking tools is an industrial
test. Due to the anisotropy of the physical properties and anomalies in wood structures,
as well as the use of high cutting speeds (to 100 m/s) and feed rate (20 + 40 m/min), this
test is more reliable than the laboratory test with a low sliding speed and normal load. The
above values are much higher than those for metal machining, respectively—to 2 m/s and
to 1 m/min. The cooling of the tool and workpiece used in metal processing is not possible
with woodworking, therefore, the temperature of the tool is higher, which contributes to
more severe test conditions and increased tool wear. The photographs of the cutting edge
and rake face of the steel (HS6-5-2) knives with the coatings tested are shown in Figure 9.

Zpm]

—

4 | Z Length = 0,42 pm

] e
Length =9.8 um

Figure 9. The images of the cutting edge and rake face of the planer knife made from HS6-5-2 steel
with TIAIN/CrN, CrCN/CrN, and Mo, N/CrN multilayer coatings.
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On the edge of a planer knife coated with TiAIN/CrN, the chipping of the coating
with a thickness of about 420 nm was observed. It corresponded to the thickness of the
coating bilayer. The yellow arrow in Figure 9 indicates the direction of the profiling of
the tool surface, perpendicular to the edge of the blade. For other coatings, there were
only a few small chippings. The surface profile of the Mo,N/CrN coating in the direction
perpendicular to the surface of the blade edge, marked with a white arrow, is shown in the
upper right part of the figure. It shows no significant abrasive wear.

The presented coatings were characterized by a good adhesion and they significantly
improved the tool life. They exhibited an abrasive nature of wear, which meant that the
temperature during machining did not exceed the tempering temperature of the blade
material.

The wear of coatings is a complex process, in which one should take into account
a number of possible changes in the chemical, physical, and mechanical properties both
in the coating and interface of the coating—substrate. For this reason, the wear should be
considered as a random process.

4. Discussion

The arc process of coating deposition is characterized by a high average kinetic energy
of particles and a high degree of ionization of plasma. Almost all the particles (ions and
atoms) and drops leaving around the cathode space reach the substrate. Hence, it follows a
high deposition rate. The substrate bias voltage increases the energy of the particles and the
substrate bombardment of high-energy particles results in the removal of macroparticles
weakly bound to the substrate. A similar dimensional distribution for CrN monolayer
coatings formed via cathodic arc evaporation was previously presented [38].

The disadvantage of TiAIN (Figure 1) coatings is their relatively high surface rough-
ness, resulting from the low melting point of the TiAl cathode. The studies conducted by
Munz et al. [6,7] suggested that, as the melting point of the cathode material increases,
the amount of macroparticles of the cathode material deposited on a steel substrate de-
creases. Another negative feature is the decrease in the deposition rate as a result of the
“target poisoning”. In the case of TiAl cathodes with a relatively low melting point (about
1400-1500 °C, depending on the concentration of aluminum), it is particularly important
because of the high melting points of TiN and TiAIN (about 3000 °C). The melting points
of chromium and molybdenum amount to about 1900 °C and 2620 °C, respectively. The
images of the surfaces of the TiAIN, CrCN, Mo,;N, and CrN coatings, deposited using
cathodic arc evaporation, indicated a large amount of macroparticles on the TiAIN coating
surface, less on the surfaces of the CrCN and CrN coatings, and an especially small amount
on the surface of the Mo, N coating, Figure 1.

The test results confirmed that the melting point of the cathode material had a large
impact on the number of defects on the surface of the formed coating. The top layer of
each tested multilayer coating was CrN. In spite of this fact, a significant difference was
observed in the number of surface defects (Figure 2) or the roughness of the tested coatings,
Table 4. The type of the second layer of the multilayer coating played an important role
here. This was particularly evident in the case of the TiN/CrN and TiAIN/CrN coatings.
In the former, the melting point of the cathode (1660 °C) was higher than that for the TiAl
cathode, which directly translated into their roughness parameters Ra of 0.20 um and
0.32 pm, respectively.

The chemical composition of the TIAIN/CrN coating was somewhat surprising, in fact,
the Ti/(Ti + Al) ratio was about 0.35, which is more than that of the titanium concentration
in the TispAlyg cathode. This was probably related to the resputtering effect of the deposited
coatings and lower atomic weight of Al. This lower mass caused a greater scattering of the
Alions in collisions with nitrogen, which led to a lower vapor density and fewer of them
reaching the substrate.
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The hardness of the CrCN/CrN and Mo,N/CrN coatings was close to the literature
data, while the hardness of the TIAIN/CrN coating was slightly lower. This may have been
due to the high concentration of aluminum in the coating, which reduced its hardness.

The wear of coatings can be considered in many areas. Often, the hardness property
is considered to be decisive for their resistance to wear [46]. It is preferable, from the
viewpoint of stability, to use the H/E ratio as an indicator of the durability of the coating,
because this parameter generally is related to the ability of the elastic deformation of the
coating material. The better adaptation of the elastic properties of the coating and substrate
can improve its ability to adapt to the deformation of the substrate. The H/E ratio is a
more important factor for wear resistance than high hardness. When considering the wear
of the coating, the ability to deform both the substrate and the coated substrate and the
ability to absorb deformation energy should be taken into account. A higher value for the
H/E rate is a strong indication of the resistance to plastic deformation of the coating, but it
does not always improve the ability of elastic deformation and fracture toughness. Both a
high hardness of the coating and/or a low Young’s modulus should cause a decrease in the
effect of the deformation of the coating (and substrate) during scratch tests, reducing the
coefficient of friction. The initiation of cracks in brittle material occurs with a lower energy
than plastic material. When designing coatings, one should pay attention to the H/E ratio,
because above a certain characteristic material value, its wear rate increases. For a lower
wear, the ratio of the coating destruction mechanism changes from a brittle-to-ductile. A
decrease in the H/E ratio due to a hardness decrease or Young’s modulus increase results
in the lowering of the coating’s resistance to dynamic loads, and the coating becomes more
plastic. For coatings with a low H/E (plastic materials), even low loads cause their strain
and a rapid increase in stress, often exceeding the local strength. This results in the creation
and propagation of microcracks that connect and lead to local delamination.

The H/E ratio was the lowest for the TIAIN/CrN coating and the highest for CrCN/
CrN coating. The Mo,N/CrN coating was characterized by a slightly lower value for
the H/E ratio. It should be noted, however, that taking into account both the H/E value
and measurement uncertainty, the CrCN/CrN and Mo,N/CrN coatings had comparable
values of this parameter. The same applied to their resistance to plastic deformation, i.e., the
H3/E? ratio. It was the lowest for the TIAIN/CrN coating, and comparable (within the
limits of measurement uncertainty) for the other tested coatings. It should be noted that
the roughness of the TIAIN/CrN coating was significantly higher than that of the other
coatings, Table 4. The H/E and H3/E? rates indicated the TIAIN/CrN coating as a coating
with a lower wear resistance, and these were also the results of the wear measurement
under laboratory tests, Table 5.

Significant effects on the wear are played by the surface conditions, its roughness,
and the number of macroparticles on the surface of the coating. Macroparticles, in most
cases, are the droplets of cathode material. They are soft in relation to the hardness of the
coating and weakly bonded to it, and they can create a lubricating effect by grinding on the
surface of the machined metal. However, even the small efficiency of a chemical reaction
(e.g., nitridation) in the macroparticle sphere can cause their considerable hardening.
Such detached particles can serve as an effective abrasive material, resulting in the faster
processing of the material, but also accelerate the wear of the coating itself. Simultaneously,
probably due to its hardness, a significant change in the dimension or degradation of
the macroparticles does not occur. The fragmentation of the particles depends on their
resistance to fracture toughness, and the higher the hardness, the higher the fracture
toughness. Thus, the amount of macroparticles on the surface coating can be related to
the wear of the coating during a friction test. In the case of the TIAIN/CrN coating, the
number of macroparticles was the largest (also roughness parameter Ra); hence, the greater
the wear rate of this coating. In the case of the CrCN/CrN and Moy;N/CrN coatings, their
quantities of macroparticles were similar (the roughness parameter Ra also) and wear rates
were similar, although for the Mo,N/CrN coating, these were slightly smaller.
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The relatively low coefficient of friction of the CrN and Mo;N coatings, Table 5,
compared to TiN-based coatings, has also been the subject of many studies [47,48]. The
physical and chemical processes occurring on the rubbing material surface favor a change
in their chemical composition and phase. Metal oxides formed on the surface of the
coating usually reduce the coefficient of friction and temperature in the frictional contact,
and, consequently, reduce the wear of the coating [49]. Based on our previous research,
we can conclude that, in the friction track of the CrCN coatings tested in laboratory
conditions (normal force 20 N, sliding speed 0.2 m/s, and dry friction), an increased oxygen
concentration is present [44]. The same effect was found in AICrSiN coatings tested under
the same conditions [50] and others.

It is known that the kind of wear products forming during friction determines the
tribological behavior [51]. In particular, the chemical nature of the products formed during
friction tests, i.e., the type of compound: simple, complex, and stoichiometry, has a signifi-
cant effect on the phenomena taking place in the frictional contact. One of the theoretical
approximations explaining the relationship between the chemistry of the friction products
and lubrication is the approach proposed by Erdemir [49,52]. In this approach, the ionic
potential plays an important role. Oxides or mixtures of metal oxides with a higher ionic
potential ¢, defined as the ratio of cation charge to the cation ionic radius, can decrease the
coefficient of friction of the rubbing surfaces. A significant decrease in the coefficient of
friction is observed for mixtures of oxides, in which the ionic potential difference is large.

The presence in friction pairs of oxides with a low ionic potential results in higher
friction forces, which usually results in a higher wear. Metal oxides with a high ionic
potential easily deform or are subjected to shear during friction. They are often called
lubricious oxides. The test results of the products after the friction test carried out at room
temperature revealed the existence of oxides produced by tribochemical reactions [48].
The ionic potentials of Cr,O3, CrO,, TiO,, Al,O3, MoO3; were 4.0, 7.3, 5.8, 6.0, and 8.2,
respectively [49]. The potential difference in ionic TiO, and Al,Os is close to zero, which
can result in a high coefficient of friction and wear, which is consistent with the approach
proposed by Erdemir.

The Mo,N/CrN coating case is a good example for considerations of wear. It was
characterized by the smallest adhesion to the substrate, but also the highest wear resistance
of the coatings tested. Because of the possibility of the formation of an oxide lubricious
coating, for treatment without the use of coolants (elevated temperature), this coating
can constitute an alternative to coatings based on TiAIN. In the Mo,N/CrN coating at an
elevated temperature (about 400 °C [53] or 680 °C [54]), Mo;N transformed into MoOs3
molybdenum oxide via the reaction of [54]:

1
Mo;N + 202 = 2MoO; + 5Ny @)

1
MOO2 + EOZ = M003 (3)

Molybdenum oxide is characterized by a relatively low coefficient of friction [54]. The
formation of oxides on the surface of the Mo, N coating during friction is useful and can
lead to a reduction in the coating wear. An abraded oxide surface layer is reproduced
in the presence of oxygen in air. Even at room temperature, in wear products of Mo, N
coatings, the Raman spectroscopy reveals the presence of molybdenum oxide [48]. Such
a mechanism of surface oxidation and the abrasion of the surface oxide layer have been
described by Zhu [55].

CrN coatings are resistant to oxidation to about 800 °C, and MoN is likely to oxidize at
about 500 °C [45]. The nano-layered structure of Mo,N/CrN should be hard and lubricious
at an elevated temperature. Chromium nitride CrN is a barrier against oxygen diffusion
into the inner part of the coating and protects against the oxidation of the all the coating.
Therefore, the inner Mo, N layers of the multilayer coating do not oxidize, which, in view



Lubricants 2023, 11, 371

18 of 21

of a layered structure of molybdenum oxide MoOj3; with weak van der Waals bonds, could
lead to a rapid degradation of the coating under load.

Industrial tests showed that the greatest abrasive wear, as well as the local chipping of
the coating, occurred in the TIAIN/CrN coating. Despite the registered high adhesion, the
cohesion of the coatings was weaker, which was observed by the local layered chipping
of the coating, as shown in Figure 9. The other coatings showed only slight abrasive wear
with a slight chipping of the coating on the edge of the blade. A correlation of the wear
results in the laboratory and industrial tests was observed. These results confirmed the
applicability of the wear prediction H/E and H3/E? ratios.

5. Conclusions

TiAIN/CrN, CrCN/CrN and Mop,N/CrN multilayer coatings were synthesized using
cathodic arc evaporation. The research results can be gathered into three areas:

(1) An analysis of the surface defects. A surface analysis of the coatings formed was
carried out, including the determination of the number and size of the coating surface
defects and their roughness. It was found that the TiAIN/CrN coating was character-
ized by the highest roughness Ra, about 0.32 pm, and the Mo,N/CrN and CrCN/CrN
coatings had a similar roughness Ra, slightly below 0.1 um. The dimensions of the
macroparticles were different; most objects were small with dimensions of up to
0.5 pm—about 60%—and up to 1 um total of about 73%. A few macroparticles which
were larger than the thickness of the coating were also observed. The fraction of the
sample area covered by the macroparticles increased monotonically with the amount
of macroparticles. The melting point of the cathode material directly affected the
number and size of the macroparticles and growth-related defects in the coatings. The
amount of macroparticles and surface roughness of the coatings increased with the
lowering of the melting point of the cathode material. The TIAIN/CrN coating was
characterized by a high surface roughness, which was caused by the relatively low
melting point intermetallic phase of TiAl

(2) The mechanical properties of the coatings. The coatings were characterized by a high
hardness, with the TIAIN/CrN coating having the lowest, at 21 GPa. The lower hard-
ness of the Ti-based coating compared to the other tested coatings translated into the
lowest H/E and H?/E? ratios, suggesting a higher wear among other coatings. These
ratios for the Mo-based coating (H = 26 GPa) were similar to those for CrCN/CrN
coatings, but despite having the lowest adhesion (Lc = 56 N), they were characterized
by the lowest wear rate, 9.0 x 10~8 mm?/Nm. Coating roughness played an impor-
tant role here. The titanium coating had more than three times the roughness of the
others and this may have been the main reason for the lower wear resistance of these
coatings. A phase transformation of MooN — MoOj3 was also possible. Molybdenum
oxide is known as a solid lubricant and can reduce the coefficient of friction and
wear rate.

(38) The results of industrial tests. Industrial comparative tests of the coatings showed
greater damage to the TIAIN/CrN coating compared to other coatings. Here, as in the
case of the other coatings, there was abrasive wear, but also the chipping of the coating
layers on the edge of the blade. This chipping, with a thickness of about 200 nm,
corresponded to the thickness of a single layer in the coating, rather indicating their
weaker cohesion. The rake surface of the tools covered with other coatings showed
abrasive wear and there were also only small chippings of the coating on the edge of
the blade. This effect could have been associated with the high H/E and H3/E? ratios
and/or low surface roughness of the coatings.
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