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Abstract

The article examines the effect of different types of two-layer nanostructured coatings (cVIc
and nACVIc) deposited on three types of steel substrates, 45S20, C45E, and 42CrMo4, to
determine the resistance to adhesive wear of the substrate/coating system. The samples
underwent different heat treatments, including normalising, quenching, and quenching
and tempering, followed by PVD (physical vapour deposition) treatment at temperatures
of 450 ◦C (cVIc) and 460 ◦C (nACVIc). The thickness of the cVIc layers for all three steels
ranged from 0.9 to 3.4 µm, while the thickness of the nACVIc layers on all steels was slightly
greater, ranging from 1.9 to 3.1 µm. Tribological tests were conducted using the pin-on-disc
method, and the results were statistically analysed. Results indicate that steel grade, heat
treatment, and PVD coating significantly affect adhesive wear resistance, with the type of
PVD coating showing the strongest influence. For all three steels, quenched and uncoated
samples exhibited the lowest adhesion wear index values. Normalised and quenched with
or without tempering steels coated with cVIc layer exhibit higher resistance to adhesive
wear due to better adhesion of the layer compared to the nACVIc coating.

Keywords: physical vapour deposition; coatings; adhesion wear; heat treatment; quenching
and tempering steel

1. Introduction
Improving the performance of tools and machine parts and reducing wear has long

been achieved by selecting a suitable material [1–4]. However, to change the performance
characteristics, it is not always necessary to change the properties of the base material, but
rather the surface properties, which are often decisive for the technical usability of the
chosen material.

The two basic methods of surface treatments are modification and coating [5]. In
modification, the surface layer grows from the surface towards the core of the treated
material, while in coating, the surface layer is formed exclusively on the material surface [6].
One of the surface coating techniques is physical vapour deposition (PVD), which produces
a surface layer that differs in composition from the base material and does not diffuse into
the substrate [7].

PVD coatings are particularly valued for their high hardness, wear and oxidation resis-
tance, thermal stability and lubricity and are therefore ideal for improving the performance
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of various components [8,9]. It is important to emphasise that the process is conducted at
lower temperatures (below 500 ◦C), which prevents any microstructural changes in the
base material, ensuring that the pre-existing properties are preserved and that shape and
dimensions remain stable. Therefore, steels that are tempered at temperatures higher than
500 ◦C are also suitable for this process (e.g., high-speed steels, hot-work steels, steels for
quenching and tempering) [10].

In recent years, various deposition methods with different coatings and substrate
materials have been investigated in detail, and promising results have been achieved.
Coatings such as TiN, TiCN, TiAlN, and diamond-like carbon (DLC) significantly improve
surface microhardness, physical and chemical properties and contribute to a longer lifetime
and better performance of the treated parts. By using multilayer coatings, these properties
can be further optimised through synergy effects. The combination of different layers
improves hardness, toughness, oxidation resistance and thermal stability [11–14].

In the study [9], the erosion, abrasion and impact wear resistance of five coatings
(TiN, TiCN, TiAlN-ML, AlTiN-G, nc-AlTiN/a-Si3N4) applied to carbide were tested. The
results showed a correlation between hardness and wear resistance, with nc-AlTiN/a-Si3N4

exhibiting the best relative material performance. Compared to the Al-containing coatings,
TiN showed the lowest impact resistance but the best erosion resistance.

Bilek et al. investigated the microhardness and modulus of elasticity of TiCN and
AlTiN (produced by PVD) and of TiCN + TiC + Al2O3 multilayers (produced by moderate
temperature chemical vapour deposition, MT-CVD). TiCN coating exhibited the highest
overall hardness and modulus of elasticity (2857 HV and 649 GPa, respectively), and the
best ratio between hardness and elasticity [14].

The study [10] is the first application of the MgGd alloy concept to a TiAlN matrix. To
investigate the influence of Al content on the properties of TiAlMgGdN coatings on 100Cr
steel, Ulrich et al. varied the Al/Mg ratio from 15/48 at.% to 63/0 at.%. The results showed
that increasing the Al content led to a decrease in crystallite size (from 15.2 to 4.8 nm) and
an increase in hardness (from 13.5 to 18.5 GPa) and corrosion resistance, confirming the
synergistic effect of Al and rare earths.

The results of the study [1] confirm the superiority of the PVD coating. In this study,
graphite-containing GG25 grey cast iron and GGG60 nodular cast iron were used as the
base material, and the samples were subjected to various surface treatments (freckle casting,
induction hardening and PVD-CrN coating). The abrasion resistance of the obtained
coatings was tested using HS10.4-3-10 high-speed steel as a counter body, and the test results
showed that PVD-coated samples significantly outperformed the other surface treatments.

Siow et al. investigated the influence of carbon content and coating composition on
the properties of TiCxN1−x coatings on WC-6Co cemented carbide. Both the substrate
and the coatings were prepared in-house: the substrate samples by powder metallurgy
and the coatings by cathodic arc PVD. Although the deposition of TiCxN1−x coatings
significantly increased the surface roughness, the friction factor was reduced, resulting in
improved surface lubricity. The results indicated that the coating properties are influenced
by the carbon content. Specifically, a higher percentage of carbon leads to improvements in
microhardness, lubricity, the friction factor, and the modulus of elasticity. However, it also
results in a decrease in thermal conductivity [15].

Feng et al. compared different coatings (TiN, TiNC, CrN/TiNC, and TiN/TiNC) on
9Cr18 steel. The ball-on-disc method with a GCr15 ball was used to test the friction and
wear resistance. The TiN coating demonstrated the highest hardness and the friction factor
(~0.73), while also exhibiting the lowest adhesion to the substrate. TiN/TiNC had the
lowest friction factor (~0.25) and better wear resistance [16].
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Liu et al. compared the properties of TiAlN (obtained by PVD), TiN-Al2O3-TiCN-
TiN multilayer (by CVD) and diamond-like carbon (DLC) coatings (by plasma-enhanced
chemical vapour deposition, PECVD) on cermet inserts. The highest adhesion strength
and hardness were achieved with TiN-Al2O3-TiCN-TiN coatings, while these values were
lowest for DLC coatings. The best wear resistance for all three coatings was found at the
cutting parameters of 1100 rpm, 0.2 mm depth and 0.1 mm/rev feed rate, with TiN-Al2O3-
TiCN-TiN having the worst and DLC the best wear resistance [17].

Previous research on the properties and applications of PVD coatings mostly relates
to tools and moulds that are exposed to adhesive wear. This process, often referred to as
solid-state welding, occurs when the adhesive forces between the materials overcome the
inherent properties of the materials. It is particularly common in metal-to-metal contact
when lubrication is inadequate. Adhesive wear is also favoured by difficult working
conditions, which include high temperatures and high loads, as well as rapid movements
of the elements in contact. For this reason, this type of wear is often found in gears and
bearings, where it can lead to rapid surface damage due to the appearance of pits or the
accumulation of material on a surface, and result in functional failure. The specified parts
are manufactured of structural steels that are often used in the hardened and tempered
state, but also as normalised and quenched (without tempering). The aforementioned
heat treatments achieve high values of yield strength and tensile strength, along with high
toughness and dynamic resistance. Consequently, so treated steels are used for mechanical,
especially dynamically, highly loaded parts of machines and devices that are not subject
to heavy wear [18]. For applications requiring high wear resistance, these steels require
surface modification or coating with some of the available technologies.

In the recent literature, there are very few studies on PVD coatings for this group of
heat-treatable steels, which are important for the production of movable machine parts.
Therefore, intensive research on the influence of PVD coatings on their properties is crucial
because these steels are currently facing increasingly complex and often contradictory ex-
ploitation requirements, which demand modifications and optimisation of their mechanical
and tribological properties. The mechanical properties of the base material are achieved
through appropriate bulk heat treatment; however, for adhesion resistance, appropriate
coatings are most often crucial. This article focuses on PVD coating technology because the
process temperatures are lower than the tempering temperature of the steel, which does
not change the properties of the base material, but only modifies its surface. In order to
gain a more detailed insight into the impact of PVD coatings, this study includes three
heat treatable structural steels (45S20, C45E, and 42CrMo4) subjected to different heat
treatments (normalising, quenching without and with tempering) with the intention of
selecting the optimal combination of steel, heat treatment and coating type that will show
the best tribological response in terms of reducing adhesive wear.

2. Materials and Methods
The research was carried out on three steel grades for quenching and tempering at high

temperatures: 45S20, C45E, and 42CrMo4, supplier Strojopromet d.o.o., Zagreb, Croatia.
The 45S20 steel is a structural steel with improved machinability intended for processing on
automatic machines with high cutting speeds. C45E non-alloy steel is suitable for diametres
up to 40 mm due to its low hardenability. Exceptionally, it is also used in the normalised
condition for diametres up to 100 mm and less stressed parts. Alloy steel 42CrMo4 in the
normalised, quenched and tempered, or only quenched or state is intended for parts with
larger dimensions, diametres up to 100 mm, and for higher working loads [19,20].
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The chemical composition of the tested steels was analysed by the spectrometric
method on the Belec Compact Port device, manufactured by Belec Spektrometrie Opto-
Elektronik GmbH, Georgsmarienhütte, Germany.

To evaluate resistance to adhesive wear, 54 samples (18 samples from each steel grade)
were prepared according to Figure 1.

Figure 1. Shape and dimensions of the specimens for the adhesive wear resistance test.

Before the PVD process, the samples of each steel type were heat-treated according
to the parameters specified in Table 1. Specifically, 6 samples underwent normalising,
6 samples were treated by quenching and tempering, and 6 samples were subjected to
quenching only (without subsequent tempering).

Table 1. Heat treatment parameters: ϑN—normalising temperature; ϑa—austenitising temperature;
ϑP—tempering temperature, t—heating time.

Steel
Grades

Normalising Quenching and Tempering Quenching

ϑN, ◦C t, h ϑa, ◦C t, h Medium ϑP, ◦C t, h Medium ϑa, ◦C t, h Medium

45S20

840 1 840 1

water

560 2 air 840 1

water

C45E water water

42CrMo4 oil oil

After heat treatment, 4 of the 6 identically heat-treated samples of a certain steel were
PVD-coated (two with cVIc coating, two with nACVIc coating), while 2 samples were
tested without coating. The PVD coatings cVIc and nACVIc (Table 2) were selected due
to the requirements for high surface hardness and low friction factor. The application
temperatures of these coatings are in the range of the use of structural steels for quenching
and tempering. The cVIc is a two-layer coating featuring a nanostructure composed of a
combination of titanium carbonitride (TiCN) and carbon-based coating (CBC). The TiCN
coating is a conventional ceramic coating with a characteristic dark grey colour. This
coating is created by the substitution of N atoms by C atoms in the crystal lattice of TiN. TiC
and TiN have the same crystal structure, so that they are completely soluble in each other,
and the positions of the N and C atoms can be easily exchanged. TiCN coating combines
the advantages of single-layer TiC and TiN coatings and has a higher hardness and a lower
friction factor than TiN, as well as greater chemical inertness than TiC coating. The outer
CBC coating is a basic carbon coating that is used as a dry lubricant to reduce the friction
factor. The nACVIc is also a two-layer nanostructured coating created by the combination
of nACRo + CBC layers. nACRo (nc AlCrN/a-Si3N4) is a nanocomposite coating that
requires an additional titanium layer on the base material to improve adhesion. It is based
on a CrN adhesion layer, has a central AlTiCrN layer for toughness, and an upper AlCrSiN
layer that ensures thermal stability and wear resistance. CBC is an external carbon coating
designed to reduce friction [21].
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Table 2. Nominal properties of cVIc and nACVIc PVD coatings.

Coating Colour Nanohardness,
GPa Thickness, µm Friction Factor

(on Steel) Max. Appl. Temp., ◦C

cVIc grey 25 1–2 0.15 400

nACVIc blue-grey 40–45 1–10 0.15 450

Cathodic arc deposition with sample rotation was carried out at the Gazela-Platit
company (Krško, Slovenia). For the cVIc and nACVIc coating, the process temperature
was 450 ◦C and 460 ◦C, respectively. The coating was applied in several phases. The first
phase was heating up to the coating temperature (for 1 h). In the second phase, electronic
cleaning was performed in a vacuum chamber using a plasma etching process for 15 min.
Ion bombardment serves to remove impurities and activate the surface for better coating
adhesion. The third phase included a coating process lasting 3 h. After the PVD process,
the samples were cooled to 100 ◦C for 1 h.

Surface characterisation included chemical composition analysis and coating thick-
ness measurement using scanning electron microscopy (SEM), Tescan Vega Easy Probe 3,
Brno-Kohoutovice, Czech Republic, additionally equipped with an energy dispersive spec-
trometer (EDS), Oxford Instruments, Abingdon, UK. The coating thickness was measured
at a minimum of three positions.

Tribological tests were performed at room temperature under dry sliding conditions
using the pin-on-disc method (Figure 2). The experiments were conducted using a labora-
tory tribometer, Taber Abraser (Model 503, Teledyne Taber, North Tonawanda, NY, USA).

Figure 2. Schematic representation of tests on the Taber Abraser device.

A test specimen slides on a disc made of ductile cast iron EN-GJS-400-12S. Ductile
cast iron was chosen because it is the optimum material for the manufacture of parts
subject to adhesive wear, as shown in the study [22]. Ductile cast iron has high dynamic
strength and tensile strength, good wear resistance, self-lubrication, vibration damping
and good machinability due to particle deposition [19]. All samples initially showed the
same roughness level as reported in [23]. The test was performed on two specimens for
each state by measuring the diametre of the calotte on the specimen using a Leica DM
2500 M optical microscope (Leica AG, Wetzlar, Germany) and calculating the average
volume loss. For each specimen, the counterplate was sanded with 320 grit sandpaper
(corresponding to roughness class N4, i.e., Ra from 0.1 to 0.2 µm) and cleaned with alcohol
to remove the influence of the previous test. At each revolution, the specimen travelled a
distance of 257.6 mm (the circumference of a circle with a diametre of 82 mm), and after
1000 revolutions, the wear (friction) path was 257.6 m. In accordance with ASTM G99-23,
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the specimen was loaded with a force of 9.81 N, and the volume loss (∆V) of the pin was
calculated using Equation (1) [24]:

∆V =
π·d4

64·R (1)

where d is the wear scar diametre (mm); R is the sphere radius on the test specimen (mm),
R = 3 mm.

The influence of heat treatment, steel grade and coating type on the adhesive wear
of 45S20, C45E and 42 CrMo4 steels was also statistically analysed. Analysis of variance
(ANOVA) was performed to determine the significance of each input factor (and their
interactions) on the output variable. The F-statistic and the p-value are generally used to
evaluate the null hypothesis. The null hypothesis states that the input variables have no
influence on the output at a certain level of significance. The alternative hypothesis, on
the other hand, states that there is a correlation between the input and output variables. A
confidence level of 95% (which corresponds to a p-value of 0.05) is used to test statistical
significance. If the p-value is less than 0.05, the null hypothesis is rejected in favour of the
alternative hypothesis.

3. Results and Discussion
3.1. Substrate Chemical Composition

Table 3 shows a comparison of the chemical composition of steel substrates according
to the manufacturer’s data (MD) and the results obtained by chemical analysis on a Belec
Compact Port device (BD) [25]. These steels generally contain between 0.2 and 0.6% C and
belong to the quality and stainless steels according to their chemical composition.

Table 3. The chemical composition of selected steels, wt.%.

Element
45S20 C45E 42CrMo4

MD BD MD BD MD BD

C 0.42–0.50 0.49 0.42–0.50 0.45 0.38–0.45 0.45
Si 0.10–0.30 0.23 ≤0.40 0.24 ≤0.40 0.29

Mn 0.70–1.10 0.89 0.50–0.80 0.56 0.60–0.90 0.80
P ≤0.060 0.05 ≤0.035 0.03 ≤0.035 0.02
S 0.18–0.25 0.18 ≤0.035 0.034 ≤0.035 0.01

Cr - 0.06 ≤0.40 0.09 0.90–1.20 1.05
Mo - 0.03 ≤0.10 0.02 0.15–0.30 0.21
Ni - - ≤0.40 0.08 - -

3.2. Characterisation of Surface Layers

Figures 3 and 4 present the elemental distribution in the cVIc coating on 45S20 steel
and in the nACVIc coating on C45E substrate, respectively.

Figure 3 shows the presence of Ti and C in the coating in the range from 5.5 to 8.5 µm.
Elements transferred to the mounting resin during polishing are visible up to 3 µm away.
The range from 3 to 5.5 µm is the gap between the mounting resin and the coating. Titanium
is the basic element in the coating, and its bond with the substrate, where the most abundant
element is iron, is evident in the range from 8 to 8.5 µm.

The distribution of Ti, Cr, Al, Si, and C in the range from 10.5 to 14 µm characterises
complex nACVIc layer. The coating bond with the substrate is illustrated in the range from
10 to 11 µm.
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Figure 3. Line scan result of the cVIc coating on 45S20 substrate.
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Figure 4. Line scan result of the nACVIc coating on C45E substrate.

Figures 5–7 illustrate SEM micrographs with measured coating thicknesses for each
steel grade, applied heat treatment, and coating type.
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Figure 5. The thickness of cVIc and nACVIc coating on 45S20 steel: normalised (a,b), quenched and
tempered (c,d), and quenched (e,f).

The thickness of the cVIc layers for tested steels ranged from 0.9 to 3.4 µm, while
the thickness of the nACVIc coatings on these steels was slightly greater, ranging from
1.9 to 3.1 µm. The reason is that the coating process for the nACVIc layer involves a
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slightly higher temperature than that used for cVIc coatings. At elevated temperatures, the
diffusion of atoms and chemical reactions occur more rapidly, which enhances the growth
of the nACVIc layer. Moreover, variations in coating thickness occur due to the different
distances of the samples from the evaporation source (target), with parts that are closer
receiving a thicker layer.

 
 

 
 

 
 

 

  

(a) (b) 

(c) (d) 

(e) (f) 

l=2.187e+000 um 
β=83°14' 

l=2.258e+000 um 
β=90° 

l=2.947e+000 um 
β=88°05' 

Figure 6. The thickness of cVIc and nACVIc coating on C45E steel: normalised (a,b), quenched and
tempered (c,d), and quenched (e,f).
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 7. The thickness of cVIc and nACVIc coating on 42CrMo4 steel: normalised (a,b), quenched
and tempered (c,d), and quenched (e,f).

3.3. Wear Index

The diametre of the wear surface d used in Equation (1) was calculated on the basis of
the wear radii measured on all samples after 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300,
400, 500, 600, 700, 800, 900, and 1000 revolutions. An example of the determination of the
wear radius is shown in Figure 8, which shows the wear surfaces on samples of quenched
and tempered 42CrMo4 steel after 1000 revolutions. In Figure 8, C is the circumference
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of the wear surface (mm), A is the wear surface (mm2), and r is the radius of the wear
surface (mm).

   
(a) (b) (c) 

Figure 8. Wear marks on quenched and tempered 42CrMo4 steel after 1000 revolutions: (a) without
coating; (b) cVIc coating; (c) nACVIc coating.

The mean values of the calculated volume losses for two repeated measurements
(in the range from 0 to 1000 revolutions) for 45S20 steel in the normalised (N), quenched
and tempered (Q and T), and quenched (Q) condition, with cVIc and nACVIc coating and
without coating, are shown in Figure 9.

The average values of the calculated volume losses for C45E steel under all heat
treatment conditions, with cVIc and nACVIc coating and without coating, are shown
in Figure 10.

Graphical illustrations of the average volume losses for uncoated and coated samples
of differently heat-treated 42CrMo4 steel are shown in Figure 11.

The influence of cVIc and nACVIc PVD coatings on the adhesive wear resistance
of normalised, quenched and tempered and quenched structural steels 45S20, C45E and
42CrMo4 was analysed by comparing the wear index. Wear index is used to quantify
the wear resistance of different materials; materials with a lower wear index have better
wear resistance. The wear index was calculated using the volume loss method after
1000 revolutions. The volume wear index is determined according to Equation (2) [23]:

i∆V =
∆V f ·1000

n
(2)

where i∆V is the wear index of volume loss, ∆Vf is the volume loss of the pin after 1000 rev-
olutions of the disc (mm3), and n is the number of rotations of the disc.

The mean wear index values, determined based on two repeated measurements for
45S20, C45E, and 42CrMo4 steels in normalised (N), quenched and tempered (Q and T),
and quenched (Q) states, with cVIc and nACVIc coatings, and without a layer, are shown
in Figures 12–14.

A detailed comparison of the results revealed a significant difference in wear for all
three types of heat-treatable structural steels, depending on the type of coating. All three
steels have the lowest wear index in the quenched condition without coating, but they are
very brittle and subject to mechanical fatigue, which is unfavourable for moving machine
parts. The reason for the lowest wear in the quenched state without coating is that the
hard PVD coating cannot peel off during adhesive wear, which would then lead to abrasive
wear, as the deposited particles act as an abrasive.
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Figure 9. Volume losses of 45S20 steel with cVIc and nACVIc layer and without coating: (a) nor-
malised; (b) quenched and tempered; (c) quenched.
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Figure 10. Volume losses of C45E steel with cVIc and nACVIc layer and without coating: (a) nor-
malised; (b) quenched and tempered; (c) quenched.

https://doi.org/10.3390/met16020130

https://doi.org/10.3390/met16020130


Metals 2026, 16, 130 14 of 19

 
 
 

(a) 

 
 
 

(b) 

 
 
 

(c) 

0

0.002

0.004

0.006

0.008

0 200 400 600 800 1000

Vo
lu

ne
 lo

ss
es

  Δ
V,

m
m

3

Number of disk revolutions

42CrMo4, N
42CrMo4, N+cVIc
42CrMo4, N+nACVIc

0

0.002

0.004

0.006

0.008

0.01

0 200 400 600 800 1000

Vo
lu

ne
 lo

ss
es

  Δ
V,

m
m

3

Number of disk revolutions

42CrMo4, Q and T
42CrMo4, Q and T+cVIc
42CrMo4, Q and T+nACVIc

0

0.001

0.002

0.003

0.004

0.005

0 200 400 600 800 1000

Vo
lu

ne
 lo

ss
es

  Δ
V,

m
m

3

Number of disk revolutions

42CrMo4, Q
42CrMo4, Q +cVIc
42CrMo4, Q +nACVIc

0 25 50 75 100 125 150 175 200 225 250
Friction path S, m

0 25 50 75 100 125 150 175 200 225 250
Friction path S, m

0 25 50 75 100 125 150 175 200 225 250
Friction path S, m

Figure 11. Volume losses of 42CrMo4 steel with cVIc and nACVIc layer and without coating:
(a) normalised; (b) quenched and tempered; (c) quenched.
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Figure 12. Wear index of 45S20 steel.
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Figure 13. Wear index of C45E steel.
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Figure 14. Wear index of 42CrMo4 steel.
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The steels 45S20 and C45E presented a slightly higher wear index in the normalised
condition with cVIc coating (i∆V = 0.00032 and i∆V = 0.00057, respectively). For 42CrMo4
steel, the wear index in the normalised condition with cVIc coating (i∆V = 0.00053)
was slightly higher than the wear index in the quenched condition with cVIc coating
(i∆V = 0.00035).

For 45S20 steel, the quenched samples with cVic coating (i∆V = 0.01407), and nACVIc
layer (i∆V= 0.01948) exhibited the highest wear indices. The same applies to samples made
of C45E steel, where the highest wear indices were also determined for samples in the
quenched state with cVIc layer (i∆V = 0.01479) and with nACVIc coating (i∆V = 0.01538).
The highest wear index for 42CrMo4 substrate was obtained from samples in the quenched
and tempered condition with nACVIc coating (i∆V = 0.00876) and normalised samples
without coating (i∆V = 0.00719).

If the wear indices for the individual heat treatment states are compared, it can be
noted that the lowest wear occurs in the normalised steels with a cVIc coating. Non-coated
samples of 45S20 and 42CrMo4 steel in the normalised condition without coating have a
higher wear index than the same samples with an nACVIc coating. Samples of C45E steel
with an nACVIc coating have a higher wear index than the same samples without coating.
In the quenched and tempered condition, the steels with a cVIc coating characterise the
lowest wear index values. Samples with nACVIc coating generally have a higher wear
index than the non-coated samples or ones with cVic coating.

3.4. Statistical Analysis

The results of the wear index were statistically analysed. An analysis of variance
(ANOVA) was performed to determine the influence of heat treatment, coating type and
steel grade on the adhesive wear. The ANOVA was performed for two replicates per
experimental design condition, and the results of the analysis are shown in Table 4.

Table 4. Analysis of variance of the wear index of the volume loss.

Source of
Variation

Sum of
Squares

Degrees of
Freedom Mean Square F-Ratio p-Value Comment

A—Steel type 0.000053 2 0.000027 4.72422 0.023357 significant

B—Heat treatment 0.000043 2 0.000022 3.84581 0.041893 significant

C—Coating type 0.000375 2 0.000188 33.44408 0.000001 significant

Interaction AB 0.000012 1 0.000012 2.05071 0.170265 not significant

Interaction AC 0.000034 1 0.000034 6.07284 0.024683 significant

Interaction BC 0.000146 1 0.000146 26.01479 0.000089 significant

Error 0.000095 17 0.000006

Total 0.000758 26

To draw conclusions about the influence of steel grade, heat treatment, and type of
coating on wear resistance, a statistical analysis of the wear index after 1000 revolutions
was conducted. The results are presented in Table 4. A p-value above 0.05 supports the null
hypothesis that there is no effect of the input variable on the result (i.e., the variable is not
significant), while a p-value below 0.05 supports the alternative hypothesis that the input
variable has an effect on the result (i.e., it is significant). Analysing the variance of the wear
index of volume loss of the structural steels 45S20, C45E and 42CrMo4 in Table 4, it can be
concluded with 95% confidence (alpha level of 0.05) that the steel grade, heat treatment
and coating type have a significant effect on the resistance to adhesive wear (all p-values
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are less than 0.05). Among the interactions between the input variables, the interactions
between steel and coating type and between coating type and heat treatment also have a
significant influence on the resistance to adhesive wear. On the other hand, the interaction
between the steel grade and the heat treatment has no significant influence on the resistance
to adhesive wear, with a p-value of more than 0.05.

4. Conclusions
Increased wear resistance is one of the reasons for using PVD coatings. Analysing the

results of the adhesive wear resistance test revealed a significant difference in wear for all
three types of heat-treated structural steels, depending on the type of coating.

For all three types of coated steels in the normalised condition and quenched with
or without tempering, the least wear was observed after coating with a cVIc coating. The
wear index of cVIc coatings is significantly lower than the wear index of naCVIc layer,
by 82%, 90% and 96%, for quenched and tempered, quenched without tempering, and
normalised steel 45S20, respectively. A similar trend can be observed in the remaining
two steels, which in the normalised state show a 90% lower wear index of the cVIc layer
compared to the nACVIc coating, while for the quenched and tempered state, the difference
is 69% (42CrMo4) and 75% (C45E). In the case of quenched C45E steel, the cVIc coating
is characterised by an 83% lower wear index than the nACVIc coating, while in the same
treated 42CrMo4 steel, this difference is even greater (92%) in favour of the cVIc coating.
The reason for this can be found in the better adhesion of cVIc to all steels, which, due to its
chemical composition, contributes to stronger mechanical and chemical bonds between the
coating and the substrate, which is not the case with the nACVIc coating, as indicated by
previous research [21].

For all three tested steel grades in the quenched state, wear was lowest without a coat-
ing and highest with an nACVIc coating. Quenched samples with cVIc coating wore more
than uncoated samples. Specifically, 42CrMo4 steel with cVIc coating exhibited 1.8 times
higher wear than the uncoated sample, while C45E showed an even more pronounced dif-
ference, with wear increasing by 26 times. The reason for the lowest wear in the quenched
state without coating is that the hard PVD coating cannot peel off during adhesive wear,
which would then lead to abrasive wear, as the deposited particles act as an abrasive.

The results showed that the adhesive wear resistance of PVD coatings depends on the
heat treatment, type of coating, and the steel grade, as well as on their interaction (with the
exception of interaction between type of steel and the heat treatment).

It should be noted that this article refers exclusively to the results of the preliminary
research. A comprehensive study within the project that is being carried out will result in a
more detailed insight into the behaviour of PVD coatings on structural steels for quenching
and tempering by establishing a correlation with substrates and coatings hardnesses,
substrate microstructures, coatings morphology, and surface roughness before and after
coating, which is currently not possible and represents a potential limitation in terms of
validation and analysis of the obtained results.
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