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ABSTRACT

Purpose: The goal of this paper is to investigate the influence of thicknesses of Cr and CrN 
layers in Cr/CrN module of multi-module coatings, on their mechanical properties.

Design/methodology/approach: The objects of research are systems composed of 
steel substrate and Cr/CrN multi-module coatings, deposited using PVD (Physical Vapour 
Deposition) method, via CAE (Cathodic Arc Evaporation) technique. Mechanical properties of 
the substrate/coating systems were determined using scratch test, Vickers indentation, while 
wear of the systems was investigated via ball on disk method. Internal strain and stress states 
in substrate/coating systems, arising during indentation, were calculated using FEM (Finite 
Element Method) computer model.

Findings: For two different geometries of Cr/CrN multi-module coatings mechanical 
properties (hardness, fracture toughness, wear and adhesion forces) were examined. 
Additionally, in Rockwell indentation test, the states of first principal stress and effective plastic 
strain states were calculated.

Research limitations/implications: The coatings were deposited using CAE, which 
results in occurrence of various defects (eg. droplets) inside coatings. This fact has its 
consequences, ie. perturbations in layers structure, resulting in stochastic, spatial changes 
of physico-chemical properties of the coatings. This defects may be reduced by special 
modifications of CAE (eg. active filters) techniques, but the overall mechanical properties of 
the coatings will not be highly improved. 

Practical implications: Investigations of the influence of architecture and geometry of 
multi-module Cr/CrN coatings on their mechanical properties is crucial, because of their 
wide range of industry applications.

Originality/value: The main value of the paper is an experimental case study of mechanical 
properties of Cr/CrN multi-module coatings referenced to CrN/CrCN coatings. Moreover, 
using FEM model of the indentation, the differences between residual stresses and strains 
were discussed.

Keywords: Computational material science; Nanoindentation; Multi-module coatings; 
Internal stresses
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1. Introduction 

Hard chromium and cadmium coatings deposited via 

electro-deposition are widely used in aircraft and 

automotive industry. However, hexavalent chromium and 

cadmium are carcinogenic and toxic, for this reason 

United States Environmental Protection Agency and 

International Agency for Research on Cancer regulate it's 

use heavily. According to the Restriction of Hazardous 

Substances Directive the use of cadmium and Cr
+6

 must 

be eliminated i.e. the substitutions should be implemented 

in industry as soon as possible. On this field PVD 

(Physical Vapour Deposition) technologies are very 

promising. In particularly the great interest is paid to 

Cr/CrN multi-module coatings, because of their good 

mechanical properties (high hardness, good adhesion, 

fracture toughness and wear resistance) and corrosion 

protection [1-4]. One of the most important features of 

multi-module coatings, shaping their properties are: the 

number of modules, the thickness of the each module and 

the thicknesses of the individual layers. In particularly, 

for multi-module coatings (of fixed total thickness) was 

observed that the sliding, and abrasive wear resistance are 

highly improved when the thickness of bilayer module is 

decreasing [4-7]. The multi-module Cr/CrN coatings 

exhibit also good fracture toughness and crack resistance. 

The detailed analysis of mechanical behaviour of these 

coatings (using nanoindentation stress-strain curves and 

load-penetration depth curves) in the elastic, elasto-

plastic, plastic and fracture deformation was shown in [7]. 

For assessment of mechanical properties of the coatings 

(yield stress, Young’s modulus, hardness and toughness) 

in each deformation region the Rockwell, Berkovich and 

Vickers indenters were aplied. Using the loading curves 

obtained it was shown that a number of initiated cracks 

(associated with coating fracture) decrease with with 

less and less the thickness of the module [7]. These 

failure and deformation mechanisms during indentation 

in nanostructured Cr/CrN multilayer coatings were 

thoroughly investigated in [8,9]. In particular, basing on 

the microstructure and mechanical properties of the Cr, 

CrN and Cr2N layers, the evolution of the initiated cracks 

and decohesion of the layers was described [8,9]. The 

multi module Cr/CrN coatings are also highly effective in 

decreasing the erosion wear of turbine blades [10,11]. 

The optimization of the modules geometry (individual 

critical thicknesses of Cr and CrN layers) and coatings 

architecture in respect of receiving high anti-erosion 

properties of the coatings, indicate that the crucial 

parameter is H
3
/E

2
, where H is the coating's hardness and 

E is the elastic modulus. According to the carried out 

experiments, for a better resistance against solid particle 

erosion (plastic deformation and brittle failure), the H
3
/E

2

ratio should be maximized, i.e. the best combination is: the 

highest value of hardness H and the lowest value of elastic 

modulus E [10]. It was also shown in [11] that the best 

erosion resistance is achieved, when the ratio of 

thicknesses of Cr to CrN layer is 0.81. Moreover, using 

SEM and STEM observations of the eroded Cr/CrN 

coating's surface and cross-sections through the erosion 

zones, the mechanisms of the accommodation of plastic 

deformation and crack blocking in Cr layers were described 

[11]. What is more, the Cr/CrN coatings exhibit very good 

tribological behaviour (e.g. erosion, corrosion and 

oxidation resistance) at elevated temperatures (e.g. above 

600°C) and posses high thermal and structural stability [12-

14]. In respect of antiwear properties of substrate/multi-

module coating systems, also CrN/CrCN coatings are taken 

into consideration. The main advantages of theses multi-

module coatings are: a high hardness, wear and corrosion 

resistance and lower friction of coefficient compared to 

CrN coatings. Besides, a small carbon addition to CrN, 

results in decrease in residual stresses and causes the 

increment in the adhesion of the CrN layer to the substrate. 

Moreover, with the increase of the thickness of CrCN layer 

in each module (with total thickness of the coating un-

changed), the wear rate decreases, because of the coating's 

hardness increment and graphitization of carbon on the 

surface of the coating [15-22].  

Parallel to experimental designing of the coatings 

geometry and composition, the virtual simulations of the 

deposition processes, operational conditions and diagnostic 

tests (e.g. indentation, scratch test or bending test) are 

conducted. One of the most popular methods used in this 

field of research is Finite Element Method (FEM). Using 

this method few crucial problems concerning total stresses 

distributions in substrate/coating systems were solved  

[23-27]. Moreover, using FEM, the series of investigations 

concerning evolution of internal strains and stresses in 

various indentation tests of monolayer’s, multilayer’s 

and gradient coatings (e.g. Rockwell C, F, Vickers and 

Berkovich test) and their influence on formation of various 

types of cracks were carried out [28-39]. In this field, 

among the others for a special interest deserves the [39] in 

which, the relationships between the type and location of 

cracks (radial, ring and lateral), and the stress states in 

single and multilayer coatings during nanoindentation were 

investigated. One of the crucial results, was that in 

multilayer coatings the stresses are about 50% lower, 

comparing to the stresses in mono layer coatings of the 

same thickness. On the basis of the FEM models of 

internal stress evolution (induced by external loads) in 
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substrate/coating systems, the optimization procedures of 

coatings geometry and compositions with respect to their 

operational properties are constantly created and developed 

[40-45]. However, the main problem with creation of such 

procedures, is the lack of knowledge of explicit 

dependencies between the physico-chemical parameters of 

individual layers, given mechanical and environmental 

conditions (e.g. temperature, surface lubrication, moisture 

and reactivity of the environment), operational properties 

of the systems (e.g. coating adhesion, fracture toughness, 

wear and corrosion resistance) and internal stress and strain 

states [40,41]. 

The objective of the present work is to investigate the 

possible correlations between the internal stress and strain 

states in the steel substrate/Cr-CrN (CrCN) coatings 

systems and their mechanical properties (hardness, fracture 

toughness, wear and adhesion state of the coating). These 

correlations are extremely important from the point of view 

of computer designing of the optimal geometry and 

composition of the coatings, with respect to their 

operational properties. The knowledge of the residual stress 

and strains in the systems is also very important in 

predicting the locations and strength of the potential cracks. 

2. Object and computer model 

The objects of research were systems composed of 

HS6-5-2C steel substrate and Cr/CrN and CrN/CrCN muli-

module coatings. The first system (type A, Fig. 1) was 

composed from seven, identical Cr/CrN modules 

possessing the thickness of 0.45 �m. The thicknesses of Cr 

and CrN individual layers were respectively equal to 

dCr = 0.05 �m and dCrN = 0.4 �m. The second system (type 

B, Fig. 2) was composed also from seven, identical Cr/CrN 

modules, but the thicknesses of Cr and CrN individual 

layers were respectively equal to dCr = 0.2 �m and 

dCrN = 0.25 �m. The third system (type C, Fig. 3) had 

seven, identical CrN/CrCN modules, with the thicknesses 

of CrN and CrCN layers equal to dCrN = 0.225 �m and 

dCrCN = 0.225 �m. The detailed description of deposition 

technology (process temperature, bias voltage, source 

current, gas pressures and time of deposition) of 

investigated substrate/multi-module coatings is presented 

in [15-18]. The first goal of the research, is to investigate 

the distributions of plastic strains and internal stresses in 

substrate/multi-module coatings systems in Rockwell test, 

using FEM model. The second goal, is an experimental 

study of the coating's adhesion (measured in scratch test) 

and wear of the systems evaluated in ball on disk test. 

 The mathematical and physical model of the Rockwell 

indentation of the systems were based on [35-37,39,46] and 

the classical theory of continuous media mechanics and 

elasto-plastic materials. The main assumptions and simpli-

fications, concerning the modelled systems were: 

• Indenter, substrate and Cr, CrN, CrCN layers are treated 

as continuous, homogeneous and isotropic media. 

• Indenter, substrate and the coating are assumed to be 

elastoplastic bodies with Huber-von Mises yield crite-

rion and linear hardening function (constant tangent 

modulus). 

• There is a perfect adhesion between the substrate and 

the coating, and there is a perfect cohesion between 

modules and between each layers in the module. 

• The model of the systems is an axi-symmetrical. 

Computer model of the analysed systems was implemented 

in COMSOL 4.2 Multiphysics software. 

 Figure 4 shows a fragment of the mesh of spherical, 

diamond indenter and substrate/coating system. In 

computer model the steel substrate had a shape of the 

cylinder of 100 �m high and base radius equal to 50 �m. 

On the base and lateral surface were imposed Dirichlet 

condidtions - displacement equal to 0. The radius of 

spherical, diamond indenter was 50 �m, and the indentation 

depth was 0.3 �m for each of the systems. 

Materials parameters of the indenter, substrate and 

coatings used in numerical calculations are shown in 

Table 1. 

Table 1. 

Materials parameters used for calculations 

Material 

Young’s 

modulus 

[GPa] 

Yield 

strength 

[GPa] 

Poisson’s 

ratio 

CrCN 310 4.5 0.27 

CrN 280 4.5 0.27 

Cr 240 1.0 0.23 

Steel 210 0.4 0.30 

Diamond 1141 50.0 0.07 

 The dynamics of the indentation test was modelled as 

a series of stationary simulations for a given displacement 

step (quasi-dynamics). This simplification is justified, 

because the indentation process lasts for about 90 s, and the 

maximum indentation depth is 0.3 �m, so the velocity of 

the indenter is very low, about 0.0033 �m/s. 

2. Object and computer model
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Fig. 1. The schema of the coating's geometry (type A) after 

Calo test 

  

Fig. 2. The schema of the coating's geometry (type B) after 

Calo test 

   

Fig. 3. The schema of the coating's geometry (type C) after 

Calo test 

Fig. 4. Schema of the modelled object (substrate/coating 

system and diamond indenter) with mesh 

3. Numerical results  

 Using a created FEM computer model for analyzed 

systems were determined the indentation curves (force 

vs. displacement), at fixed maximum indenter's penetration 

depth - 0.3 �m. The calculated curves (Fig. 5) are consistent 

with expectations, because for type C system we obtain the 

highest value of the force at a given displacement. It is of 

course caused by hard CrN and CrCN layers which are a part 

of each CrN/CrCN module. For type B system the value of 

the force that causes the same maximum displacement is 

lower, because of a high share of soft Cr layer in each 

Cr/CrN module. 

Fig. 5 Calculated dependence of force vs. indenter's displa-

cement for analysed systems 

 The type C system also has a superior ability of coating 

resuscitation (higher ratio of elastic energy to the work 

needed to displace the indenter) after indentation than the 

other systems - the depth of the crater of type C system is 

approx. 1.5 times smaller than for a system of type B. 

However, the most interesting differences in behavior 

during indentation of systems provide distributions of 

effective plastic strain (Figs 6-8) and first principal stresses 

(Figs 9-11). Namely, the size and shape of the zone of 

plastic deformation in the substrate is almost the same for 

each system, but for the system of type A and C value of 

the plastic strain in the boundary of the coating /substrate 

(Figs 6b, 8b) is slightly higher than that for the system of 

type B (Fig. 7b). This is because of the high share of hard 

layers in the systems of type A and C, which more strongly 

transfer indenter's interaction into the substrate. In addition, 

attention should be paid to the fact, that the effective plastic 

strain in the Cr layers in the system of type A (Fig. 6b) are 

approx. twice as high comparing to the Cr layers which are 

a part of the system of type B (Fig. 7b). 

Noteworthy is also the fact, that in system of type C an 

initial growth of plastic deformation zone only occurs in 

3. Numerical results
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substrate (Fig. 8a), while for systems of type A and B 

(Figs 6a, 7a) one can observe a simultaneous expansion of 

zones of plastic deformation in substrate and in all Cr 

layers. What is more, in the moment of indenter's 

maximum penetration depth, in the system of type C plastic 

deformation occur in 10 of the 14 hard layers, while in the 

systems of type A and B plastic deformation occur in 2 out 

of 7 hard CrN layers. One of the methods of evaluating the 

cracking resistance of the substrate /coating systems is 

based on an analysis of areas of high values of the first 

principal stress. In the analyzed systems exist essentially 

two distinct zones of high values of first principal stresses. 

 a)                 b) 

  

Fig. 6. Distributions of effective plastic strain for type A system, indenter's displacement a) d = 0.15 �m, b) d = 0.3 �m 

 a)                 b) 

  

Fig. 7. Distributions of effective plastic strain for type B system, indenter's displacement a) d = 0.15 �m, b) d = 0.3 �m 

 a)                 b) 

  

Fig. 8. Distributions of effective plastic strain for type C system, indenter's displacement a) d = 0.15 �m, b) d = 0.3 �m
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 a)                 b) 

Fig. 9. Distributions of first principal stress for type A system, indenter's displacement a) d = 0.3 �m, b) after indentation  

d = 0.0 �m  

 a)                 b) 

Fig. 10. Distributions of first principal stress for type B system, indenter's displacement a) d = 0.3 �m, b) after indentation  

d = 0.0 �m 

 a)                 b) 

Fig. 11. Distributions of first principal stress for type C system, indenter's displacement a) d = 0.3 �m, b) after indentation  

d = 0.0 �m 
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The first of these zones is located in the boundary of 

indenter contact with the coating - location of potential ring 

cracks (Figs 9-11). The second of these zones is located at 

a certain depth under the zone of direct contact of indenter 

and coating and extends to the coating /substrate boundary 

(Figs 9-11). This is an area of potential occurrence of radial 

and lateral cracks. Particularly noteworthy is the fact that in 

the moment of maximum penetration the size of this zone 

in systems of type A and C is much larger than in the 

system of type B. In addition, the system of type C high 

values of these stresses are located directly on the boundary 

between the coating  and the substrate, rising to 3.2 GPa, 

while in system of type B stresses on the boundary are up 

to 0.3 GPa, and high values of stresses are located 

uniformly within the first three layers of CrN counting 

from the substrate. 

From the point of view of resistance to cracking, the 

most advantageous stress distribution has a system of type 

B (very low probability of occurrence of delamination of 

the coating), and the least preferred the system of type C 

(high probability of occurrence of radial cracks and 

extensive area of the coating's delamination). In addition, it 

can be seen that in all systems the zone of negative 

principal stresses disappear after raising the indenter, and 

the area of high positive stresses does not basically change 

the shape and location after indentation, the consequence of 

this is an accumulation of strain energy in hard layers. 

4. Experimental results  

The main objective of experimental studies was to 

evaluate the adhesion of the coating to the substrate using so 

called scratch test and microscopic analysis of formed cracks 

caused by contact with the scratch tip. In addition, hardness 

of  all systems was measured and wear of the coatings was 

evaluated in ball on disk test. Experimental dependencies of 

normal force, friction force and acoustic emission ampli-

tude as a function of sliding distance for the tested systems 

are shown in Figures 12-14. Analysis of the obtained results 

indicate that the systems of type A and C posses much 

higher values of critical forces Lc1 and Lc2 in relation to the 

system of type B. In particular, the values of these forces 

for systems of type A and C were respectively: Lc1(A) = 60 N, 

Lc2(A) = 130 N and Lc1(C) = 45 N, Lc2(C) = 120 N, while for 

the type B system their values are as follows: Lc1(C) = 25 N, 

Lc2(C) = 70 N (Figs 12-14 and Table 2). 

  a)                b)            c) 

Fig. 12. Dependence of frictional force FT, normal force FN, and amplitude of acoustic emission A, as a function of sliding 

distance, with photographs of the track in points corresponding to: a) Lc1, b) Lc3, c) Lc2 for type A system  

4. Experimental results
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  a)               b)             c) 

Fig. 13. Dependence of frictional force FT, normal force FN, and amplitude of acoustic emission A, as a function of sliding 

distance, with photographs of the track in points corresponding to: a) Lc1, b) Lc3, c) Lc2 for type B system 

 a)              b)              c) 

Fig. 14. Dependence of frictional force FT, normal force FN, and amplitude of acoustic emission A, as a function of sliding 

distance, with photographs of the track in points corresponding to: a) Lc1, b) Lc3, c) Lc2 for type C system 
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The high differences in the values of these critical 

forces are caused by a high proportion of Cr layer in the 

coating of type B system - the yield strength of Cr is 

approximately four times lower than for the CrN and CrCN 

layers. By analyzing the images of the track after scratch 

test for all systems, one can easily seen the differences in 

the mechanisms of degradation of the coating and cracks 

formation. Coatings in type A and C systems are mostly 

devastated by tensile cracks followed by chipping and 

spallation of the coating near the edges (Figs 12, 14a-c) 

While the failure mechanisms in type B system is mainly 

plastic deformation with brittle tensile cracking followed 

by buckling failure (Fig. 13a-c). Furthermore, the signals  

of the acoustic emission (Figs 12, 14) indicate that the 

strain energy released by crack formation is the highest for 

the system of type A (approx. twice as high compared to 

the system of type C) which is caused by rapid decohesion 

of CrN layers within the Cr/CrN module. Using 

FISCHERSCOPE HM2000 XYp the hardness of the tested 

systems was measured for a fixed displacement of the 

indenter equal to 0.3 �m (Table 2). As expected, the 

hardness of the systems of type A and C was much greater 

than the hardness of the system of type B, which directly 

resulted  in different wear resistance of the tested coatings. 

Using trybotester P-10 ball-on-disc testing machine

(produced by the Institute for Sustainable Technologies - 

National Research Institute), the wear of the coatings was 

evaluated (fixed friction distance and external temperature 

20°C). The results clearly show that the systems of type A 

and C have a much higher resistance to abrasive wear 

compared to the system of type B. Summary of all 

mechanical parameters determined experimentally contains 

Table 2. 

Table 2. 

Mechanical parameters of systems 

Parameter 
Lc1

[N] 
Lc2 [N] 

Hardness 

[HV] 

Wear 

[mm
3
/Nm] 

Sys. type A 61 130 2295 0.2·10
-7

Sys. type B 23 68 1574 273·10
-7

Sys. type C 45 120 2093 1.6·10
-7

The results indicate that the relations between the values 

of the critical forces, the hardness and wear of the systems 

coatings are highly nonlinear but monotonic, because with 

increasing values of critical forces and hardness, the wear of 

the systems decreases. In particular, comparing the systems 

of type A and B, it was found that the changes in hardness of 

approx. 30% and the critical force of approx. 50% result in a 

change of wear rate of up to approx. 135000%. 

5. Conclusions  

On the basis of the obtained results one can un-

equivocally state that the tested systems are characterized by 

distinctly different mechanical properties. Systems of type 

A and C are characterized by high hardness and a very low 

wear rate (measured in ball on disk test), furthermore also 

have high values of critical forces LC1 and LC2, which makes 

them highly useful in applications for surfaces of 

components working under dry friction. In turn, the system 

B has excellent fracture toughness and has a high ability to 

accommodate stresses and deformations, which makes it 

highly useful in applications for surfaces subject to impact or 

cyclic mechanical deformation. The presented results of 

studies show clearly, that the geometry of the coatings (the 

thickness of the individual layers of the module) essentially 

determines the mechanical properties of the substrate/ 

coating system. This means that properly chosen coating 

geometry for specific operating conditions allow to obtain 

high functional properties of the system. Additionally, it 

should also be pointed out that the computer models based 

on FEM can significantly enhance designing process of 

substrate/coating systems due to anticipation simulation 

studies of coatings architecture and geometry, whose 

deposition process is highly expensive or impossible. For 

this reason, presented results of numerical and 

experimental studies will be used for creation of computer 

aided optimization procedure of multi-module coatings, in 

which the decision criteria will be created on the basis of 

experimental data and virtual functional tests. 
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