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The continuous development of thin coatings for different applications and using various coating
methods require the characterization of these newly formed surfaces to evaluate their utility properties.
Binary thin coatings of titanium (TiN) and zirconium (ZtN) nitrides were prepared using the Arc-PVD
(Cathodic Arc Deposition) method. Differences were observed in the structure and morphology of the
thin coatings and the change in tribological properties at room and elevated temperatures (150 °C and
300 °C).

The research is focused on evaluating the frictional properties of the coating using the Ball-on-Disc
method in the dry friction mode. The emphasis is placed on the resistance of the thin coating to weat.
The nanohardness was measured to be 26.2 GPa for TiN and 24.8 GPa for ZrN. Index of resistivity against
plastic deformation H?/E? (plastic deformation resistance) for ZrN coating — 0.087 and TiN coating —
0.095, H/E (plasticity index) for ZrN — 0.059 and TiN - 0.060. Better friction properties and wear
resistance (at 150 °C) were found for the TiN coating compared to the ZrN coating.

Keywords: Thin coatings (TiN, ZrN); Cathodic arc deposition; Tribological properties; Mechanical properties;
Wear resistance

1 Introduction The main advantage of the cathodic arc is the produc-
tion of highly ionized plasma allowing the formation
of a thin coating with high density and very good ad-
hesion to the base material. The main disadvantage of
this technology is the creation of so-called droplets.
That is, macroparticles adhere to the structure of a
thin coating, where residual stresses are likely to arise.
Stresses then lead to the chipping of the coating and
the formation of craters on the sutface [1, 3-5]. Thin
films have important applications in mechanical engi-
neering, especially for machining applications [4].

In the tribological process during machining, the
material of the friction pairs is degraded by mechanical
(abrasion) and chemical-physical (corrosion) influ-
ences. In addition to material properties (hardness, mi-
crostructure, wettability, etc.), it depends on the envi-
ronment and machining conditions. Requirements for
lower wear rates and lower friction are still pushing the
development of coatings with the required properties
[6]. In the machining process, for environmental and

Nanostructured solids or solid colloids are often
prepared in the form of thin coatings. They represent
systems formed of nanoparticles with a defined size of
1-100 nm. This range is important because these are
substances of a minimal size that can still be consid-
ered real surface substances. At the same time, the par-
ticle size is not larger than 100 nm, so the development
of micro and macrostructures is inhibited. Quantum
effects and changes in the behavior of materials are
significant within a defined range of size [1, 2]. By de-
veloping nanostructured thin films by gradual deposi-
tion of atoms/particles, unique physical-mechanical
properties of surfaces can be achieved, which are ad-
vantageously used in a wide range of industries.

Methods based on the principle of Chemical Vapor
Deposition (CVD) and Physical Vapor Deposition
(PVD) have been developed for the formation of thin
films [3]. One of the most frequently used methods is

PVD thermal evaporation and cathodic arc evapora- .
economic reasons, research has focused on processes

ton (ArC_PVD.)’ with almost a cent}lry—old hl.StOry of without the use of coolants and lubricants [7].
technical solutions for the production of thin films. . : . .
Metal in air, especially in the absence of
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lubricants, forms an oxide coating. Its removal by the
adhesive-abrasive mechanism and probably by its
reformation often play an important role in the pro-
cess of wear and friction. Ceramic coatings are effec-
tive mainly due to low friction and wear, even for op-
erations at elevated temperatures [8]. Oxidation re-
sistance is also a key factor in improving mechanical
properties and increasing cutting performance [9].
Due to the high demands on the required properties
in the machining process, many types of thin films are
constantly being developed.

The first generations of single-coating hard coat-
ings, such as TiN, CtN, ZrN, WC, WC — Co, WC —
Ni, ZrCN, and TiCN, have been known since the
1980s. These coatings play an important role due to
their high hardness and toughness as well as low co-
efficients of friction [9, 10]. TiN coatings are com-
mercially used for machine tool surfaces due to their
high surface hardness, thermochemical stability, and
wear resistance [3-5, 10]. At an elevated temperature
of around 250-450 °C, an oxide coating is formed on
the TiN surface, and at temperatures higher than ~
450 °C there is a plastic deformation and coating fail-
ure [11] due to oxygen substitution for nitrogen,
causing TiO; formation leading to phase separation
between nitrogen and oxygen [12]. Exposure to
higher temperatures can lead to serious damage to
machine parts [13].

The research in this work is focused on the evalu-
ation of mechanical and tribological properties of thin
films of TiN and ZrN. The methods of nanoindenta-
tion, calotest, scratch test, SEM (Scanning Electron
Microscopy), confocal microscope, and tribology -
Ball-on-Disc (at room and elevated temperatures)
were used to evaluate the properties of thin films. The
aim is to assess the suitability of the use of newly cre-
ated coatings for tools for machining purposes. The
properties of thin coatings are also assessed on the ba-
sis of the relationship between nanohardness (H) and
modulus of elasticity (E *).

The H/E (plasticity index) and H3/E? (plastic de-
formation resistance) relationships are widely used in
the valuable calculation for predicting the develop-
ment of wear. New coatings with a given hardness H
can have significantly different values of elasticity E.
Thanks to this, coatings with high elasticity (higher
value of H?/E? ratio) resistant to plastic deformation
ot hard coatings (lower value of H?/E? ratio) with
high plastic deformation can be formed. [14]

2 Experimental Procedure

Thin coatings were prepared by Arc-PVD coating
on EN ISO HS 6-5-2 tool steel substrate. After cut-
ting, the surface of the substrate samples was ground
and polished to (Ra = 0.01 um), and the achieved
hardness of the prepared samples was 64—65 HRc [15-

18]. Two variants of thin coatings (binary TiN, ZrN)
were prepared for the research.

2.1 Thin coating deposition

Deposition of the nitride coatings was performed
at elevated temperatures using cathodes of pure tita-
nium and zirconium (99.99% purity). The samples
were mounted in a substrate holder according to the
scheme (Fig. 1).

<P

Sample Gas Lines

Cathode I Cathode
Ti Ti

Chamber

Pumping System
Fig. 1 Scheme of the coating process

Prior to deposition, the following steps were nec-
essary to achieve better adhesion of the coatings to the
substrate:

e The substrate was cleaned in an alkaline
solution in an ultrasonic bath for 5 minutes,
then rinsed with deionized water and dried
with boiling ethanol and hot air;

* After the cleaning process, the sample was
placed in a vacuum chamber and fixed in a

substrate holder;

*  The substrate was cleaned in the chamber by
bombarding with ions at a voltage of 1000 V
and an Ar gas pressure of 0.2 Pa to remove
residual contamination traces and oxide
coatings;

* In order to increase the adhesion of the
coatings to the substrate, an adhesive coating
was formed between coating and the
substrate (contact interlayer).

For the deposition of TiN coatings, dual cathode
of pure Ti was used. The arc current was set to 80 and
70 A, at a voltage (bias) of 80 V. The total deposition
time was 100 minutes, N2 pressure in the vacuum
chamber was 0.35 Pa, and the deposition temperature
was 300 °C. Ion purification was performed with Ti
ions, and the contact interlayer was made of Ti.

For the ZrN coating, only one cathode from pure
Zr was used. The arc current was 120 A, negative bias
80V, deposition time 90 min., N pressure in the vac-
uum chamber was 0.34 Pa, and deposition tempera-
ture 280 °C. Ion purification was performed with Zr
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ions, and the contact interlayer was made of Zr.
2.2 Thin coating analysis

A Catl Zeiss Plus Scanning Electron Microscope
(SEM) equipped with an EDX (Energy Dispersive
Spectroscopy) Oxford instruments energy dispersive
spectrometer was used to analyze the chemical com-
position of the thin coating. To prevent excitation of
the signals from the substrate, the low accelerating
voltage of the primary electron beam was set to 10 kV.
Topographic contrast of secondary electrons (SE) was
used to create images of surface morphology; images
were taken at an accelerating voltage of 10 kV and a
magnification of 5000x. Chemical contrast (backscat-
tered electron, BSE) images were also obtained in
cross-sections of the samples to distinguish the distri-
bution of chemical elements.

The height parameters of the surface roughness
were obtained using a confocal microscope S Neox
3D according to the ISO 25178 standard. The surface
roughness was measured in five different areas on the
surface of the studied samples. The size of the scanned
area was 850.08%709.32 um?2.

Mechanical properties such as nanohardness and
modulus of elasticity were determined by a
nanoindentation method using CSM Instruments us-
ing a Berkovich type diamond tip. During loading and
unloading, the device records and analyzes dynamic
responses from the penetration of the tip into the ma-
terial depending on the time and depth of the inden-
tation. The wvalue of the indentation depth for
nanoindentation is chosen to be 10% of the thickness
of the individual coatings, so that the measured values
are not affected by the response from the substrate.
The thickness of the coating is measured on the Ca-
lotest device equipped with an optical microscope and
software; the thickness value needs to be known be-
fore the nanoindentation itself.

The adhesion of the coatings to the substrate was
evaluated by the scratch method on a Bruker CETR-
Universal Materials Tester (CETR-UMT) for Scratch
Testing according to EN1071-3: 2005. The device en-
graved coating with a diamond indenter (Rockwell
cone) by constantly increasing the load (2-100 N)
while linearly moving the sample perpendicular to the
indenter. The scratch test allows you to record
changes in normal and tangential forces acting on the

Tab. 1 SEM/EDX chemical composition analysis of coatings

indenter; a graphical record of the acoustic emission
(AE), the coefficient of friction (CoF), and the loading
force in the Z-axis is also generated during the test.
The first and third critical forces (Lc1 and Lcs) were
determined according to the record of the scratch path
from the optical microscope and the graphical record
of the z-axis force, the coefficient of friction, and the
acoustic emission. Lci represents the force at which
there was an initial indication of coating failure (cohe-
sive failure), and L is the force at which complete
coating failure occurred (adhesive failure). The equip-
ment used does not allow determining the critical load
Le> — spallation (where the coating flakes off, typically
at the edges). On each coated sample, four or more
measurements were made at different points on the
surface with a scratch length of 5 mm.

To test tribological properties, such as wear and
friction of contact pairs, the Ball-on-Disc test method,
without the use of lubricants, was used on equipment
from Anton Paar at room temperature (RT). The prin-
ciple of the test is to rotate the attached sample (disc),
into which the ball is pressed with a specific force for
a certain time. Thin-coated samples are used as a
"disc," the counterpart is an Al,O3 alumina ball with a
diameter of 6 mm; the radius of the track during the
tribological measurement was set to 8 mm at a con-
stant load of 10 N, 60 RPM over a total distance of
150 m (3000 s). During the tribological test, based on
the EN1071-13: 2010 standard, the friction pairs wear
out; during the process, the tribometer records dy-
namic responses, from which CoF and its changes can
be evaluated. Samples were also tested at elevated tem-
peratures (ET) using a CETR UMI Multi-Specimen
Test System tribometer from Bruker company. The
resulting wear of the surface of the friction pairs was
evaluated using a confocal microscope.

3 Result
3.1 Chemical composition

The chemical composition of the thin coating ele-
ments (TiN, ZrN) was determined by energy disper-
sion analysis on SEM. The results are shown in Tab.
1. According to the obtained data and within the
measurement error, the stoichiometric distribution of
the elements of TiN and ZtN is evident.

Element [at. %]
Coating
Zr N
TiN 49.5 - 50.5
ZtN 46.9 53.1
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3.2 Surface morphology and
homogeneity

coating

Images of the surfaces (Fig. 2) show the macro-
particles "droplets" and the craters created by their de-
tachment. The adhesion of macroparticles in the

formed coating is typical for Arc-PVD technology.
The surface of the coatings, except for craters and
droplets, looks homogeneous; there are no other de-
fects. In the section, cracks around the macroparticles
and delamination of the coatings were revealed in the
coating structure (Fig. 3)

Fig. 3SEM-SE image, the cross-section of ZrIN coating at
5000 magnification, 15&1 bias

Tab. 2 Average values and standard deviation of surface parameters

3.3 Surface morphology,
coating thickness

parameters, and

The average values of height parameters, including
the standard deviation, are given in Tab. 2. Sq - aver-
age square height of the surface (standard deviation of
the height distribution), Sp - largest height of the pro-
trusion (height between the middle plane and the high-
est protrusion), Sv - largest depth of the depression
(height between the lowest depression and the middle
plane), Sz - maximum height (height between the low-
est depression and the highest protrusion), Sa - aver-
age arithmetic height (average surface roughness), Ssk
— symmetry of surface heights about mean plane and
Sku - measures the sharpness of surface [19].

Surface roughness parameters
Sample
Sa [nm] Sz [nm] Sq [nm] Sv [nm] Sp [nm] Sku [] Ssk [-]
Substrate | 54.9 £33 | 411.3£292 |71.5£4.0| 1956 £234 | 2157£20.6 | 35%£03 | 02%+02
TiN 669 34 | 761.6 £167.2 902 £4.2| 2284+ 18.7 | 5332+ 170.6 | 7.4 * 44 1.0£0.8
ZiN 69.1 229 | 931.1 £236.0 |96.7 £7.2| 2437 £ 18.0 | 687412484 | 11.3+82 | 1.5%+1.1

3.4 Nanohardness
elasticity

and modulus of coating

The nano hardness (H) and Young's modulus of
clasticity (E) were statistically evaluated from the val-
ues obtained by nanoindentation (at RT) on a CSM
Instruments nanometer hardness tester. Values were
obtained as a function of indentation depth (d = 1/10

D). Furthermore, the values of the so-called plasticity
index (H/E) and the resistance of the material to plas-
tic deformation (H?/E?) were calculated from the
measured values. The results were statistically pro-
cessed, and the average values with the standard devi-
ation are given in Table 3.

The thickness of the coatings (D) was evaluated by
the calotest method. The average values, including the
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standard deviation calculated on the basis of the cre- properties of thin coatings. Among other things, its
ated intermediate ring (so-called calotte), were rec- value needs to be known to determine the indentation

orded in Tab. 3. Coating thickness can affect many depth (d).

Tab. 3 Average valnes and standard deviation of the measured values of nanobardness (H) and modulus of elasticity (E), including
caleulated values of plasticity index (H/ E) and plastic resistivity (H?/ E?)

Material D [um] d [um] H [GPa] E [GPa] H*/E? H/E
EN ISO HS 6-5-2 - 0.25 103 £0.8 | 2742%123 0.015 0.038
TiN 2.29 £ 0.04 0.23 262+ 1.7 | 4347 £12.7 0.095 0.060
ZsN 4.54 £ 0.09 0.45 248+ 0.6 | 417.7£25 0.087 0.059
3.5 Evaluation of coating adhesion 3.6 Tribological properties and size of friction

The resulting values of the measured critical forces surface wear

(L) determined according to the panoramic and

aphical record were statistically processed and rec- .
stap yp ment at room temperature (RT) and humidity of

ded in Tab. 4.
ordedin ta 24 £2%, and at elevated temperatures (ET) of

Tab. 4 Average values and standard deviation of critical 150 °C and 300 °C. During the tests, the values of the
adbesive forces Loy and Lo ’

Testing took place in three modes; in an environ-

CoF waveforms were recorded and processed into a

Coating L1 [N] Les [N] . .
TiN 233+ 54 745+ 185 graphical form (Fig. 4).
2N 236+ 34 70.0 £ 11.0
0.8

>

0,7

0,6

| il

05
9
Q
®)
0,4
0,3 Substrate
—TiN
02
ZiN
0,1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Path [m]
Fig. 4 Recording of CoF dependence on the path at room temperature
The Sensofar metrology S-neox confocal micro- assessed in the visually most damaged area (Fig. 5) and
scope was used to evaluate the amount of wear on the subsequently at a distance of 90° axially (4 measure-
surfaces of the friction pairs. The values of depth and ments/sample). The statistically processed data of coat-
wear width were determined on the scanned surface of ing wear (disc) and counterpart of the ALO; (ball) were

the tribological track (disc). The wear of the profile was recorded in Tab. 5.
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Fig. 5 Wear profile of tribological trace tested at 300 °C: a) local wear zone of TiN thin coating, b) wear of ZrN thin coating

Tab. 5 Average values and standard deviation of friction pair wear

o Wear

g Disk Counterpart

g Sample

§ Width [um] Depth [um] [10-4 mm?3|
Substrate 2921 +83 0.3+0.0 2.4

E TiN 287.0 £ 19.6 0.3£0.0 2.5

ZiN 1057.4 £7.5 59+ 0.4 232.0

O Substrate 420.3 £ 4.5 2.6£0.2 3.9

E;j TiN 309.6 + 18.9 0.2 0.0 2.3

- ZrN 7577149 3.6 104 59.6

O Substrate 753.9 £ 4.7 3.7+ 0.6 5.2

08 TiN 1105.2 £ 4.3 1.8+ 0.6 4.7

© ZiN 888.8 £ 10.4 43103 29.5

4 Discussion of results

Thin coating samples were prepared by cathodic
arc deposition (Arc-PVD). The method used is char-
acterized by the formation of macroparticles (so-called
droplets). Probably the concentration of residual
stresses in places of occurrence of droplets leads to a
violation of the cohesion between the droplet and
base coating, which leads to the release of droplets and
the formation of so-called "craters". Apart from the
mentioned defects (Fig. 2), no other defects were vis-
ible on the surface of monitored coatings. Defects in
the form of delamination’s in about 1/2 to 2/3 of the
coating thickness from surface and around droplets
were visible in the section. However, this could be
caused by cutting the sample by releasing the internal
stress and mechanically damaging the thin coating.
Macroparticles are observable on the surface of both
coatings (Fig. 2); macroparticles in the structure were
observed mainly in the ZrN coating (Fig. 3). It is clear
how the macroparticle has grown since the beginning

of the deposition and the gradual development of
macroparticles during the entire coating deposition is
also observable in the image [20-25]. Macroparticles
formed during the deposition in the coating structure
can adversely affect the overall properties of the sub-
strate- coating system. However, there are deposition
methods to reduce them [26-29].

Mechanical properties such as nanohardness and
modulus of elasticity were evaluated by nanoindenta-
tion. High nanohardness values of 25 GPa for ZtN
and 26 GPa for TiN were measured. It is important
that the tool steel EN ISO HS 6-5-2 is supplied as
standard in the annealed state; after the heat treatment
by hardening, the surface hardness is increased to 65
HRC. The subsequent coating increases the hardness
against the hardened surface to 241% ZrN and 254%
TiN, which ensures significantly greater surface wear
resistance. The reduced modulus of elasticity of 274
GPa was measured for the steel substrate. For the
coatings, values are 418 GPa for ZrN and 435 GPa for
TiN, which is an increase in the modulus of elasticity
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by 53-58 % over the substrate surface. From the meas-
ured values of nanohardness and modulus of elasticity
of the coatings, important indicators were calculated,
the so-called plasticity index H/E and the index ex-
pressing the resistance to plastic deformation H?/E?
(Tab. 4). H/E (0.015) and H?/E? (0.038) values were
calculated for the steel substrate. For the thin coatings,
H/E values of 0.059 (ZtN) and 0.060 (TiN) and
H3/E2 values of 0.087 (ZtN) and 0.095 (TiN) were
calculated [30-34]. Adhesion of thin coatings to the
substrate is almost identical (Tab. 5). Critical forces Lc1
and L are high enough for machining purposes.
Tribological properties such as wear and friction
were investigated at room (RT) and elevated tempera-
tures (ET = 150 °C and 300 °C). Due to the nature of
the thin coating as a protection of the substrate
(against wear, corrosion, etc.), the depth of wear can
be considered more significant. After the substrate is
exposed, the thin coating may lose its significance of
the monitored parameters. For this reason, wear re-
sults are evaluated based on the depth of damage of
the coatings. For comparison, the depth of wear was
related to the coating thickness, and it was found that
the RT wear was up to 13 % TiN. This wear can be
considered to be of little severity (in relation to the
depth of wear). Considering the above height param-
eters (Tab. 3), the height irregularities of the surface

100
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60

40

20

0 - -

220 l ubstrat
-40 I
-60

Roughness change [%]

mSa ®mSp

—l
IlTiN

Sv mSku mSsk

were basically "smoothed out" and slightly deepened
(TiN). The depth of wear is similar to the Sv parameter
(Tab. 3). The ZtN coating was completely damaged
(131 %). Numerous macroparticles in the surface
could have caused a greater degree of wear and also
had an effect on increasing the surface roughness. The
wear of the ALLOj; counterpart against TiN was similar
to that against the substrate. Against to ZrN, the wear
was much higher (Tab. 6). The effects of other coun-
terpart materials on CoF have been studied in [35].

Exposure to elevated temperatures has led to a sig-
nificant difference in wear. At 150 °C, there was slight
damage to TiN thin coating up to 8 % of the thick-
ness, and ZrN thin coating was up to 80 %. As can be
seen, the increased temperature of 150 °C has the ef-
fect of mitigating the damage against RT, especially in
the TiN coating, but also for A, O3 counterparts (Tab.
0). At 300 °C significant damage occurred. TiN thin
coating damage increased to 79 %, and ZrN thin coat-
ing to 94 %. Especially for TiN thin coating, the dam-
age was not uniform along the tribological path. Dam-
ages were concentrated in the local zones (Fig. 5a), and
a powerful abrasive damage mechanism is observable.
Therefore, high values of the standard deviation of the
damage must be considered. For the uncoated sub-
strate, the damage after exposure to 300 °C was 12X
greater than RT.

Jus

Fig. 6 Change in surface roughness parameters after exposure to 150 °C
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Fig. 7 Change in surface roughness parameters after exposure to 300 °C
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Surface roughness is a key property in relation to
friction and wear processes. Both coatings (TiN and
ZrN) have high values of protrusions (Sp) and surface
kurtosis (Sku) at RT. Higher surface roughness,
especially the size of the protrusions (Sp), can affect
the CoF values (by reducing the contact area) and also
affect the abrasive effect during the friction process.
Breaking off a hard protrusion from the surface can
damage the coating and cause a significant increase in
CoF. After exposing the samples to elevated
temperature during the tribological experiment and
subsequent cooling, the height parameters of the
surface roughness were analyzed (Tab. 3). The
increased temperature (150 and 300 °C) caused
changes in the morphology of the coating surfaces.
The plots in Fig. 6 and Fig. 7 express the percentage
change in surface roughness parameters measured at
RT relative to those after exposure to higher
temperatures. From the plots, it can be seen how after
exposure of the coatings to elevated temperatures,
there was essentially a "smoothing" of the surface (Sa,
Sp, Sv) for both thin coatings, including the substrate.
However, for the TiN coating, there was an increase
in protrusions (Sp) at 300 °C. A significant increase in
the skewness (Ssk) and kurtosis (Sku) parameters is
also probably related to this. The high density of
surface spiking is clearly visible in Fig. 5a on the
surface next to the tribological trace, where many
pointed peaks are visible. A strange phenomenon is a
change in the height parameters of the ZtN coating.
At 150 °C, a more pronounced change in surface
roughness was observed compared to surfaces at 300

W Substrate ®'TiIN mZrN

04
02
0

RT

CoF []

°C. Changes in surface morphology (a dramatic
increase in Sku and Ssk parameters) can affect the
friction and wear processes of thin coatings. Coatings
that do not undergo significant changes in surface
morphology when the temperature increases could
indicate their thermal stability.

Mean CoF values at RT ranged from 0.45 (TiN) to
0.65 (Z£N). At 150 °C, it ranged from 0.2 (TiN) to
0.45 (ZtN), and at 300 °C from 0.94 (ZtN) to 1.15
(TiN). For the TiN coating at RT, the stable CoF
versus substrate behavior is clearly visible from the
plot (Fig. 4). In contrast, a strong instability can be
seen for ZrN. In the significant increases in CoF, the
distance at which this coating was destroyed can be
estimated. For the substrate, a so-called stick slip
effect occutred. The high CoF value of TiN at 300 °C
could be due to the high content of decomposed hard
coating products in the tribological trace (by
compaction). High wear and CoI can also be affected
by oxidation, as described in the introduction [11].
More generally, high CoF values, especially above 1.0
(Fig. 8), can be caused by various principles (quantum
effects, physico-chemical bonds, mechanical locks,
etc.) [35]. Itis obvious that an elevated temperature of
around 300 °C is disadvantageous, especially for TiN
thin coating. Elevated temperatures are more
favourable for ZrN thin coating than room
temperatures, yet coating damage is still high (Fig. 8).
By propetly setting the coating process and
predeposition preparation, thin coatings can be
obtained to improve the utility of base material
properties.

1.l

150 °C 300 °C

Fig. 8 Average values and standard deviations of CoF measured during a 150 m path with a corundum counterpart at different
temperatures in dry friction mode

Defects in the coatings can have an adverse effect
on frictional processes when thin coatings are used on
the surfaces of contact parts. The hard particles of the
coating between the friction pair in the tribological
process act as an abrasive; the resulting damage may
be more pronounced than with the uncoated sub-
strate. An exemplary example of an unsuitable coating
under given conditions is the ZrN coating, which was
completely damaged by a tribological test at room
temperature. The depth of damage to the coating and
the counterpart was more than 20 times and 95 times,
respectively, greater than that of uncoated steel. It
should be noted that the thickness of this coating was

~ 2 times greater than TiN because different deposi-
tion parameters were used [36]. The large difference in
the thickness of the coatings could strongly influence
the measurement of adhesion values. An adequate
procedure would be to optimize the deposition pa-
rameters to achieve a similar thickness of coatings.

5 Conclusion

The coatings are coated with good homogeneity in
a stoichiometric ratio. They show good adhesion val-
ues and high values of nanohardness and modulus of
elasticity. In the tribological test, the substrate was de-
tected only in the ZrN at room temperature (the
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integrity of the thin coating was broken). Also, the
most resistant coatings suitable for applications in
adhesive-abrasive environments (such as machining)
can be recognized with coatings with the highest val-
ues, especially resistance to plastic deformation
(H?/E?), plasticity index (H/E), adhesive forces; also
coatings with smaller thicknesses show higher durabil-
ity. However, it depends on the conditions of the use
of thin coatings. It is especially evident in the TiN at
300 °C. The ZtN coating with extensive surface dam-
age also showed extensive wear of the counterpart. It
is obvious how necessary is to respect the conditions
of use of coatings. The best results for dry friction
conditions were achieved at 150 °C for the TiN coat-
ing, which showed very low values of friction coeffi-
cient and surface wear.
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