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Abstract: The article presents the results of tests of resistance to mechanical fatigue of multilayer coatings type Cr / CrN / 
(CrN-Me1Me2N) multinano / (Me1Me2N-VN) multinan, where metals Me1 and Me2 were chosen from Al, Cr, Ti, Zr, and Si. Multilayer 
coatings designed for the research were generated by the Arc Evaporation method. On the basis of the results of hardness and 
adhesion tests, calculations of the fatigue strength of the multilayer coatings were carried out. The obtained results showed that 
the chemical composition of individual component layers in the multilayer coating can be decisive in the process of creating  
a microstructure resistant to the fatigue cracking process.

Analiza wytrzymałości zmęczeniowej powłok wielowarstwowych typu  
Cr / CrN / (CrN-Me1Me2N)multinano / (Me1Me2N-VN)multinano

Słowa kluczowe: powłoki wielowarstwowe, odporność zmęczeniowa.

Streszczenie: W artykule przedstawiono wyniki badań odporności na zmęczenie mechaniczne powłok wielowarstwowych typu 
Cr / CrN / (CrN-Me1Me2N)multinano / (Me1Me2N-VN)multinano, gdzie metale Me1,Me2  dobierano spośród Al, Cr, Ti, zr, Si. Powłoki wie-
lowarstwowe przeznaczone do badań wytworzono metodą Arc evaporation. Na podstawie wyników badań twardości i adhezji 
przeprowadzono obliczenia wytrzymałości zmęczeniowej badanych powłok wielowarstwowych. Badania wykazały, że skład 
chemiczny poszczególnych warstw składowych w powłoce wielowarstwowej może mieć decydujące znaczenie w procesie 
tworzenia się mikrostruktury odpornej na proces pękania zmęczeniowego.

Introduction

Better tribological properties of cooperating 
elements are usually achieved by increasing the 
hardness	and	reducing	the	coefficient	of	friction	[1–3].	
however, in modern production processes, both tools 
and machine components are exposed additionally to the 
action of high-speed mechanical loads, which are often 
also connected with cyclic temperature impact, such as 
in pressure die casting [4–5] or die forging hot [6–7]. 
Therefore, thinking about increasing the service life of 
machine elements and tools intended for high-speed, 
fast-changing production processes, it is necessary to 
ensure their high resistance to mechanical fatigue.

New material and technological development in the 
field	of	surface	engineering,	including	the	production	of	
layers and coatings, enables modifying the properties of 
the surface layer of the elements of tools and machines, 
thanks to which, they can be better adapted to work in 
difficult	and	more	demanding	operating	conditions.	The	
multilayered coating creates very large possibilities 
in the area of shaping the properties of the surface 
layer. A characteristic feature of multilayer coatings 
is  the ability to design properties as a function of their 
thickness, e.g., by changing the amount, thickness, and 
the order of component layers in multilayer coatings  
[8–9] and the correct selection of microstructure, 
chemical composition, and phase composition of 
individual component layers [10–11].



32 Journal of Machine Construction and Maintenance  |   3/2019

Interesting coating materials often used in the 
process	 of	 reducing	 the	 coefficient	 of	 friction	 are	
materials characterized by the presence of easy slip 
planes, including transition metal halides [12–14] that 
include MoS2, WS2, and NbSe2, as well as hard metal 
oxide phases [15–17] that include WO3, V2O5, and 
MoO3. These phases, referred to as Magnelli oxide 
phases, are the oxidation products of the metallic 
components that make up the coating. Among the oxides 
mentioned above, the vanadium oxide phases V2O5 and 
AlVO4 create a good chance to use as a lubricant. This 
is	 documented	 by	 anti-wear	 coatings	 with	 TiAlN/VN	
superstructure structure [18], and with multi-component 
coatings doped with vanadium (TiAlV)N [19] and 
(AlCrV)N	[20],	whose	coefficient	of	friction	at	elevated	
temperatures (≈700°C) has been reduced to values of  
0.2–0.3.

The article presents the results of tests of resistance 
to	mechanical	 fatigue	of	multilayer	 coatings	 type	Cr	 /	
CrN	/	(CrN-Me1Me2N)	multinano	/	(Me1Me2N-VN) multinan, 

where metals Me1 and Me2 were chosen from Al, Cr, 
Ti, Zr, and Si.

1. Experimental procedure

1.1. Coating deposition

The coatings were obtained on a nitrided 
steel substrate ENX40CrMoV5.1. The proposed 
PVD coatings consist of three zones. Zone 1 is 
the	 Cr/CrN	 complex	 located	 directly	 on	 the	 tool	
surface, providing the required adhesion to the 
substrate. Zone 2 is a nano-multilayered coating  
(CrN-Me1Me2N) multinano, which is the transition zone 
between the “adhesive complex” and Zone 3 and 
responsible for cooperation with the external material. 
Zone	3	is	responsible	for	the	reduction	of	the	coefficient	
of friction, and it is alternating applied layers of 
Me1Me2N and VN, with nanometric thicknesses.

Fig. 1.  Scheme of multilayer coatings selected for testing

On the basis of the analysis, 5 different multilayer 
coatings were prepared for the research on nitrided 
steel ENX40CrMoV5.1 (nitrided layer: hV10 = 1000– 
–1100 hV, ghV800 ≈ 0.07 mm), according to the 
diagram shown in Figure 1, which are as follows:

Cr-CrN	/	(CrN-CrAlN)multinano 	/	(CrAlN-VN)multinano 
Cr-CrN	/	(CrN-TiAlN)multinano	/	(TiAlN-VN)multinano
Cr-CrN	/	(CrN-TiZrN)multinano	/	(TiZrN-VN)multinano
Cr-CrN	/	(CrN-CrSiN)multinano	/	(CrSiN-VN)multinano
Cr-CrN	/	(CrN-VN)multinano
Multilayer coatings for testing were prepared by 

Arc Evaporation [21–22] using the MZ383 technology 

device from Metaplas Ionon. The composition of 
cathode arc sources and their location in the process 
chamber during coating deposition are shown in  
Fig. 2. Multilayer complexes (CrN-Me1Me2N) multinano  
and (Me1Me2N-VN) multinan have been obtained by 
introducing the rotation of the coated substrate around 
the axis of the process chamber, as seen in Fig. 2a. The 
rotational speed was 5 rpm, which means that alternating 
layers of constituents were produced within one minute, i.e.  
5 layers of CrN and 5 layers of Me1Me2N.
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Fig. 2. The composition of cathodes and the location of arcing sources in the process chamber, in the manufacturing 
processes of selected multilayer coatings

1.2. Coating characterization

The	 conducted	 literature	 analysis	 in	 the	 field	 of	
testing the resistance of thin coatings to mechanical 
fatigue [23–24] has shown that it is possible to use 
the procedure proposed by hikmet Cicek, et al. [25]. 
According to the proposed procedure, the fatigue 
properties	of	a	coating	are	significantly	influenced	by	the	
following properties: the ratio of the substrate hardness 
and coating (hs/Hf), the thickness of the coating (g), and 
the critical load that generates a coating loss of adhesion 
(Fc). Analysis of the presented correlations made it 
possible to develop the following empirical formula 
(equation	 1)	 defining	 the	 relationship	 between	 fatigue	
strength of coatings and its material properties:

wz =        ∙	Fc  ∙	g	[N	∙	μm]             (1)

where
wz – fatigue strength, 
Hf – hardness of coating [GPa], 
Hs – hardness of substrate [GPa], 
Fc – adhesion of coating [N], 
g	–	thickness	of	coating	[μm].

The hardness of the tested multilayer coatings 
(hf) was determined using NhT nano-spheres and 
a	Berkovich	indenter.	In	order	to	eliminate	the	influence	

a)                                                                                  b)

c)                                                                                  d)

e)

Hs

Hf
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Fig. 3. Characteristics of the tested multilayer coatings: 1 – surface topography, 2 – cross section, 3 – linear analysis of 
chemical composition as a function of distance from the surface; a – Cr-CrN / (CrN-CrAlN)multinano  / (CrAlN-VN)multinano,  
b – Cr-CrN / (CrN-TiAlN)multinano / (TiAlN-VN)multinano, c – Cr-CrN / (CrN-TiZrN)multinano / (TiZrN-VN)multinano,  
d – Cr-CrN / (Cr N-CrSiN)multinano / (CrSiN-VN)multinano, e – Cr-CrN / (CrN-VN)multinano
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of substrate parameters on the measurement results, the 
tests were carried out in the mode of a limited indentation 
to a depth of h <300 nm, where h <10% of the coating 
thickness. For each coating, 10 representative hardness 
measurements were made, and then mean values were 
determined.

The value of critical adhesion force (Fc2) 
was determined by the scratch-test method, using 
REVETEST CSM and a Rockwell type penetrator. 
Scratches were made in the linear increase mode of the 
penetrator load in the range of 0–200 N and the rate of 
load	increase	ΔF	=	10	N/mm.	The	values	of	the	critical	
adhesion force Fc2, which is the inductor load at which 
loss of adhesion of the coating to the substrate occurs, 
was determined on the basis of the analysis of changes 
in	coefficient	of	friction,	the	emission	level	of	acoustic	
signal AE, and scratches on the basis of microscopic 
observations.

The analysis of surface topography, observations 
of cross-sections, as well as thickness analysis of 
multilayer coatings were made using Scanning Electron 
Microscopy – SEM (hitechi TM3000).

In order to verify the structure of multilayer PVD 
coatings, analysis of changes in chemical composition 
as a function of distance from the surface was made by 
EDS – Energy Dispersive X-ray Spectroscopy.

2. Results and discussion

2.1. Microscopic observation and analysis  
of chemical composition
The results of microscopic analysis of surface 

topography, the multilayer structure, and the linear 
changes in chemical composition as a function of 
distance from the surface of the multilayer coatings tested 
are shown in Fig. 3. All coatings produced, regardless of 
chemical composition, have similar surface roughness 
values in the range: Ra = 0.14–0.20 µm, Rz = 1.36– 
–2.02 µm, and Rt = 2.19–2.62 µm. On the surface of 
coatings (a1 to a5), micro-sprinkles of targets are 
visible, which is a characteristic feature of PVD coatings 
produced by the Arc Evaporation method.

Microscopic observations of cross sections  
(b1 – b5) and the results of a linear analysis of changes 
in	the	chemical	composition	(c1	–	c5)	confirmed	that	the	
multilayer structure of the tested coatings is consistent 
with the design shown in Fig. 1.

2.2. Hardness measurements
Hardness	 and	 Young's	 modulus	 measurements	

indicated that the developed multilayer coatings have 
hardness values in the range h ≈ 21.8–25.6 GPa and 

Table 1. The results of hardness and Young's modulus measurements

Multilayer coating
hardness of 

coating
h [GPa]

Young	
Modulus
E [GPa]

Resistance 
to elastic 

deformation 
H/e

Resistance 
to plastic 

deformation
h3/e2

Cr-CrN	/	(CrN-CrAlN)multinano 	/	(CrAlN-VN)multinano 25.4 ± 1.2 373 ± 28 0.068 0.117

Cr-CrN	/	(CrN-TiAlN)multinano 	/	(TiAlN-VN)multinano 25.6 ± 1.4 400 ± 37 0.064 0.105

Cr-CrN	/	(CrN-TiZrN)multinano 	/	(TiZrN-VN)multinano 24.9 ± 1.7 353 ± 16 0.071 0.124

Cr-CrN	/	(CrN-CrSiN)multinano 	/	(CrSiN-VN)multinano 23.2 ± 1.5 333 ± 20 0.070 0.113

Cr-CrN	/	(CrN-VN)multinano 21.8 ± 1.6 327 ± 21 0.067 0.097

Young's	modulus	 values	 in	 the	 range	e	≈ 327–440 GPa. 
All measurements were made at the same depth of 
penetration of h = 300 nm. The force acting on the 
indenter varied depending on the hardness of the coating 
in	the	range	of	41–51	mN.	The	diversified	hardness	and	
Young's	 modulus	 values	 influence	 the	 elastic-plastic	
properties of the tested coatings, including resistance 
to	elastic	deformation	(H	/	e)	and	resistance	 to	plastic	
deformation (h3/e2). The results of the hardness and 
Young's	 modulus	 measurements	 carried	 out	 and	 the	
determined	H/e	and	H3/e2 indices are shown in Table 1.

2.3. Adhesion measurements

On the basis of microscopic observations of 
scratches, it was found that, as a result of elastic and 
plastic deformations of the coating, forced by the 
increasing load of the penetrator, a characteristic multi-
step failure mechanism in the scratch test was revealed 
in	 all	 of	 the	 tested	 coatings.	 In	 the	 first	 phase,	 i.e.	 in	
the load range of 42–65 N, the cracking of the tested 
coatings occurs – cohesive damage (Fc1). With a further 
increase in the load acting on the indenter, in the range 
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of 65–133 N, the process of adhesion damage (Fc2) 
generation starts, i.e. the coating defects mainly on the 
scratch edges. After exceeding the load value of 150 N, 
the most intensive mechanism of destroying the coatings 

is abrasive wear, which leads to the complete removal of 
the coating from the surface of the steel substrate (Fc3). 
Adhesion test results are shown in Table 2.

Table 2. The results of adhesion measurement with use the scratch-test method

Multilayer coating

Fc1 [N]
indenter load 

causing cohesive 
damage of the 

coating

Fc2 [N]
indenter load causing 

adhesive damage  
of the coating

Fc3 [N]
load of the indenter 
causing complete 

removal of the coating 
from the surface of the 

substrate

Cr-CrN	/	(CrN-CrAlN)multinano 	/	(CrAlN-VN)multinano 56 133 176

Cr-CrN	/	(CrN-TiAlN)multinano 	/	(TiAlN-VN)multinano 64 95 160

Cr-CrN	/	(CrN-TiZrN)multinano 	/	(TiZrN-VN)multinano 42 63 156

Cr-CrN	/	(CrN-CrSiN)multinano 	/	(CrSiN-VN)multinano 48 113 180

Cr-CrN	/	(CrN-VN)multinano 44 130 151

2.4. Fatigue strength analysis

On the basis of the results of the hardness tests 
(Table 1) and adhesion (Table 2), fatigue strength 

calculations of the tested multilayer coatings were 
carried out according to Equation 1. The results of 
calculations are shown in Table 3.

Table 3.   The results of strength fatigue of multilayer coating calculation

Multilayer coating hs
[GPa]

h
[GPa]

Adhesion 
Fc2 [N]

Thickness 
of coating
[μm]

Strength 
fatigue

Wz	[Nμm]

Cr-CrN	/	(CrN-CrAlN)multinano 	/	(CrAlN-VN)multinano 11 25.4 133 3.5 201

Cr-CrN	/	(CrN-TiAlN)multinano	/	(TiAlN-VN)multinano 11 25.6 95 3.4 139

Cr-CrN	/	(CrN-TiZrN)multinano	/	(TiZrN-VN)multinano 11 24.9 63 3.7 103

Cr-CrN	/	(CrN-CrSiN)multinano	/	(CrSiN-VN)multinano 11 23.2 113 3.1 165

Cr-CrN	/	(CrN-VN)multinano 11 21.8 130 3.7 240

The calculations indicated that the greatest fatigue 
strength is characterized by the multilayer coating  
Cr-CrN	/	(CrN-VN)	multinano. Of all the multilayer coatings 
tested,	the	Cr-CrN	/	(CrN-VN)	coating	is	characterized	
by the highest content of the chromium nitride phase 
– CrN. The presence of the CrN phase increases the 
plasticity of the coating, and it results in increases of 
the adhesion of the Fc2 coating and simultaneously 
stabilizes its hardness at 20–22 GPa. As a result, the 
fatigue strength of coatings with high CrN content is 
usually high.

At the same time, the calculations 
indicated that the multi-layer coating 
Cr-CrN	 /	 (CrN-CrAlN)	 multinano	 /	 (CrAlN-VN)	 multinano, 
despite much greater hardness and lower thickness, it 
is also characterized by a high fatigue strength of more 
than 200 [N⋅µm].
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Conclusions

On the basis of the material test results, it should 
be assumed that the most promising material solution 
for applications exposed to complex destructive factors, 
i.e. intensive abrasive wear combined with cyclically 
changing	mechanical	 loads,	 is	 the	Cr	 –	CrN	 /	 (CrN	 –	
CrAlN) multinano	coating	/	(	CrAlN	-	VN)	multinano. 

It is characterized by high hardness (h = 25.4 
GPa)	and	high	Young's	modulus	(e	=	373	GPa),	which	
ensures	 its	 resistance	 to	 plastic	 deformation	 (H3/e2	=	 
= 0.117). Due to the high hardness, one should also 
expect a high abrasion resistance. At the same time, this 
coating is characterized by high fatigue strength at the 
level of Wz = 201 [N·µm], which ensures its durability 
in applications with cyclically variable external loads.

The conducted research has shown that the chemical 
composition of individual component layers can be 
decisive in the process of creating a microstructure 
resistant to the fatigue cracking process.
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