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Abstract  The article presents the results of mechanical and tribological studies of ZrN coatings that allowed the 
determination of their hardness, elasticity modulus, and scratch and wear resistance. Tests were carried out for 
1, 1.4, and 2 μm thick ZrN coatings deposited on X5CrNi18-10 austenitic steel substrates by PVD technology. 
Hardness and Young's modulus of coatings, evaluated by nanoindentation, were within the 26–32 GPa, and 
330–360 GPa ranges, respectively. Analysis of the adhesion of the coating to the substrate was carried out 
based on the results of the scratch test. The highest critical load values of LC1 and LC2 were measured for 
the 1.4 μm thick coating. Tribological tests performed using a ball-on-disc tribotester showed that the wear 
resistance increases with coating thickness. This was accompanied by a reduction of the coefficient of friction 
from 0.22 to 0.17.

Słowa kluczowe:  powłoki, tarcie, zużycie.

Streszczenie  W artykule przedstawiono wyniki badań tribologicznych powłok ZrN pozwalające określić ich wytrzymałość 
i odporność na zużycie. Badania przeprowadzono dla powłok ZrN o grubościach 1, 1,4 i 2 µm osadzonych na  
podłożach ze stali austenitycznej X5CrNi18-10 metodą fizycznego osadzania z fazy gazowej PVD. Metodą 
nanoindentacji określono twardość i moduł sprężystości powłok wynoszące odpowiednio 26–32 GPa oraz 
330–360 GPa. Analizę wytrzymałości połączenia powłok z podłożem oparto o wyniki testu zarysowania. 
Najwyższe wartości obciążeń krytycznych LC1 i LC2 zmierzono dla powłoki o grubości 1,4 µm. Testy tribo-
logiczne wykonane w styku kula-tarcza wykazały, że odporność na zużycie powłok rośnie wraz z grubością. 
Towarzyszy temu zmniejszenie wartości współczynnika tarcia z 0,22 do 0,17. 
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INTRODUCTION

The continuous development of machines along with their 
miniaturization and higher loads result in the increasing 
loads of their friction nodes. Hence, it has become 
necessary to look for new materials that are harder 
and more wear resistant. In addition, most of the co-
operating elements also require the reduction of friction 
forces. In this field, one of the solutions that can cope 
with ever-increasing demands is the application of thin 
PVD coatings. Unfortunately, the most popular ceramic 
coatings are characterized by low crack resistance 
and the microcracks caused by cyclic loading usually 
lead to increased abrasive wear. Cracks in coatings 
appear in areas of highest tensile stress concentration. 

The location of these highly stressed areas is strongly 
dependent on the deformation of coating-substrate 
systems and coating thickness. Therefore, it is important 
to pay attention to selection of coating material and its 
thickness for a particular application. The systems with 
thin films are deformed like the uncoated substrate, 
while low coating thickness does not lead to high stress 
concentrations [L. 1] (Fig. 1a).

On the other hand, thick coatings significantly 
reduce the deformation of whole systems, but in areas 
where they are bonded, the stresses are significantly 
higher compared to thin coatings (Fig. 1b), which 
leads to their easier fracture. At high contact loads, the 
substrate stiffness is of great importance. Soft substrates 
will not restrict the deformation of the system and 
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the thicker coatings are more prone to fracture. If it is 
necessary to apply a thick coating, then the adequate 
support by substrate hardening should be provided. 
However, there are still no easy guidelines to select the 
adequate thickness of the coating. Depending on the load 
character, the wear of coated systems may be abrasive or 
fatigue related. Assuming the prevailing abrasive wear 
to meet the long lifetime of the coated parts, the coating 
should be thick. On the other hand, as it has already 
been mentioned, thicker coatings crack more easily and 
usually exhibit lower adhesion to the substrate, which 
leads to their catastrophic destruction.

Among the tribological coatings the most frequently 
used are ceramic coatings like transition metal nitrides. 
Depend on the requirements, their thicknesses range 
from a few dozen nanometres in micromachines and 
magnetic memory devices to 10 μm in the case of 
coatings applied on the surfaces of cutting and shaping 
tools. The first type of these coatings that found their 
application in steel machining was titanium nitride TiN, 
which can be deposited by CVD and PVD techniques. 
The development of vacuum technologies and conducted 
research enabled one to deposit ceramic coatings with 
enhanced properties like TiCN and TiAlN. In many 
industries, chromium nitride CrN coatings, which 
are the slightly softer than TiN, but with much better 
corrosion resistance are also commonly used. Despite 
the huge number of new coatings with sophisticated 
architecture, the properties of single zirconium based 
coatings ZrN have been poorly recognized. They have 
already been applied in cryogenic temperatures and 
as diffusion barriers, and for decorative coatings. The 
published results [L. 2, 3] indicate that they may have 
better mechanical, tribological, and corrosion resistance 
than other nitride coatings.

Analysis of the wear mechanisms of 4μm ZrN 
coatings deposited on WC+15%TiC+6%Co inserts 
for steel machining were presented by J Deng et al. 
[L. 2]. It has been shown that ZrN coated tools have 
a high hardness (H = 28 GPa) and good adhesion 
to the substrate, which is indicated by critical load  
LC2 = 65 N. The critical load was even greater when 
the thin Zr interlayer was applied. However, there are 

few papers that present the properties of ZrN coatings 
deposited on steel substrates. 

Therefore, the main aim of the study was to analyse 
the effect of ZrN coating thicknesses on the mechanical 
and tribological properties of the metal substrate-
ceramic coating system.

RESEARCH METHODOLOGY

The study was conducted on 1, 1.4, and 2 μm thick ZrN 
coatings deposited on X5CrNi18-10 austenitic steels 
by unbalanced magnetron sputtering. The hardness and 
elasticity modulus were determined by nanoindentation 
[L. 4–6] using a CSEM Micro-Combi-Tester [L. 8]. 
A diamond with Berkovich geometry was used, and the 
deformation analysis were based on Oliver and Pharr's 
method [L. 7]. Tests were carried out at 10 mN and  
20 mN for each sample according to ISO 14577 standard 
[L. 8]. For each load, at least 6 measurements were 
made. The coatings fulfilled all demands only in the 
case of the appropriate strength of coating-substrate 
interface. Coating-substrate adhesion was determines by 
scratch testing [L. 9–13]. During testing, normal force, 
tangential force, and acoustic emission were recorded. 
Three scratches on each sample were conducted at 
linearly increasing normal load up to 30 N, applied on 
a Rockwell C-type diamond with 200 µm tip radius. 
The rise in normal load results increased elastic and 
plastic deformations, which leads to the formation of 
characteristic failure forms of coating-substrate systems. 
Based on the microscopic observation of the scratch track, 
the LC1 and LC2 critical loads corresponding to formation 
of cohesive and adhesive cracks were determined. To 
evaluate the friction coefficient and wear index, the ball-
on-disk tribological tests were performed according to 
ISO standard [L. 14, 16–18]. Two tribotesters, T-01M 
ITeE Radom with FN= 1 N normal load, and CSM 
Instruments with FN = 0.25 N, were used. In both tests, 
the counterbodies were 1mm diameter Al2O3 balls. 
Tests were carried out at 60 rpm within 20.000 for  
0.25 N load and 2.000 cycles in a case of 1 N. During the 
tests, the tangential force FT was measured, and then the 
coefficient of friction was calculated from the following 
equation:

                            
(3)

After the tribological tests, the wear track profiles 
were determined using a contact profilometer. The 
track profiles were measured on resulting circles at four 
locations every 90° (Fig. 2). Then the wear index WV 
was calculated from the following equation:

 
                                                            (4)

where V is a volume of worn material and “s” is a sliding 
distance.

Fig. 1.  Deformations and stress distribution for: a) thin 
and b) thick coatings

Rys. 1.   Deformacje powierzchni i stan naprężeń dla: a) cien-
kiej powłoki, b) grubej powłoki
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TEST  RESULTS  ANALYSIS

Figure 3 shows the average values of hardness and 
elasticity modulus of ZrN coatings. For all tested 
coatings, the measured hardness at 10 mN load 
during indentation is practically the same 30–32 GPa  
(Fig. 3a). The maximal penetration depth was about 
110 nm, so only in a case of the thinnest coating did it 
slightly exceed 10% of the coating thickness. Hence, it 
can be assumed that the substrate does not significantly 
affect the test results. Likewise, the similar values 
of elasticity modulus, that fall within 340 to 360 GPa 
range, were evaluated for all coatings (Figure 3b). The 
rise of maximal indenter load up to 20 mN resulted in 
a hardness decrease to 25–28 GPa, mostly visible for 
the thinnest coating, caused by increased impact of the 
substrate deformation (Fig. 3a).

The scratch test results are summarized in Table 1 
where LC1 and LC2 indicate critical loads and Pd1 and 
Pd2 corresponding penetration depths. The lowest 
critical loads were measured for the thinnest coating. 
For a thicker coating t = 1.4 µm, it was necessary 
to apply a two times higher load, compared to the  
t = 1 µm coating, in order to induce the same failure 
forms. However, the further increase of coating 
thickness to 2 µm did not cause further improvement 
in scratch resistance, but even its deterioration. 
Figure 4 shows the scratch track images at LC1  
and LC2 loads. For the thinnest coating, the first cohesive 
cracks have a characteristic carved conformal shape 
(Figure 4a).

This coating is too thin to block the substrate plastic 
deformation leading to a significant pile-up of the material 
in front of the indenter. Large local deformations of the 
coating that followed the substrate deformation resulted 
in crack formation after exceeding the coating strength. 
Further rise of load led to a significant intensification of 
this process and cracks propagated also in the coating-
substrate interface. It resulted in the removal of small 
pieces of coating and substrate exposure (Fig. 4b). In 
a case of thicker coatings (1.4 and 2 µm), the first cracks 
appeared at the edges of the scratch track (Figs. 4c, e). 
Whereas, adhesive cracks also caused chipping of the 
coating outside the track (Fig. 4d, f). A form of much 
more catastrophic failure was observed for the 2 μm 
coating, where cracks and the delamination of the coating 
from the substrate were present throughout the scratch 
width (Figure 4f). This is probably due to a greater stress 
concentration in the interface, as a result of increasing 
stiffness of the system with the coating thickness.

Fig. 2.  Sample used for tribological tests with areas 
subjected to wear profiles analysis

Rys. 2.  Próbka z torami tarcia oraz miejsca wykonywania po-
miaru profili wytarcia

Fig. 3.  Indentation tests results: a) hardness, b) elasticity modulus
Rys. 3.  Wyniki testów indentacyjnych: a) twardość, b) moduł sprężystości

The results of the tribological tests showed that, 
for both loads, as the thickness of the coating increases, 
the wear index decreases (Fig. 5). It could be due to 
lower deformations of the coating-substrate system 
with thicker coatings. Hence, the lower proneness of 

coatings to microcrack formation and chipping of their 
fragments at repeated contact with the counter body. For 
comparison, the wear index of uncoated substrate was 
400·10-6 mm3/Nm and the coefficient of friction was  
0.6–0.7.
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Table 1.  Summary of scratch test results
Tabela 1.  Zestawienie wyników testu zarysowania

Coating 
thickness 

[µm]

Lc1 
[N]

Pd1 
[µm]

Lc2
[N]

Pd2
 µm]

1 7.4 8 10.7 11

1.4 13.2 9.9 17 12.9

2 11.1 11.3 15.3 14.7

At low load FN = 0.25 N, the wear of all tested coatings 
was mainly abrasive, as seen in the wear track images 
(Figs. 6d–e). Although, small areas of coating detachment 
were also observed in a case of the thinnest coating  
(Fig. 6a and d), this process was more intensive at higher 
load FN = 1 N. The area of   such delaminations decreased 
with rising coating thickness, and the dominant wear 
mechanism was abrasion again (Figs. 6b and c). Therefore, 
the calculated wear index was lower for thicker coatings. 
As the thickness of the coating increases, the deformation, 

Fig. 4.  Images of scratch tracks: a) 1 µm coating at Lc1, b) 1 µm coating at Lc2, c) 1.4 µm 
coating at Lc1, d) 1.4 µm coating at Lc2, e) 2 µm coating at Lc1, f) 2 µm coating at Lc2

Rys. 4.  Obrazy torów zarysowania: a) powłoka 1 µm przy Lc1, b) powłoka 1 µm przy Lc2, 
c) powłoka 1,4 µm przy Lc1, d) powłoka 1,4 µm przy Lc2, e) powłoka 2 µm przy Lc1,  
f) powłoka 2 µm przy Lc2

and the contact area decrease, but the mean pressure in the 
contact zone increases. Assuming no effect of substrate 
deformation, 1N normal load corresponds to about  
1.9 GPa mean contact pressure. High hardness, strength, and 

residual stress of thicker coatings prevent the catastrophic 
wear usually caused by changing the mechanism of 
destruction from abrasion to chipping and delamination. 
Increased wear of coatings along with reduced coating 
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Fig. 5.  Wear index values of tested coating-substrate systems
Rys. 5.  Wartość wskaźnika zużycia objętościowego badanych ukła-

dów powłoka-podłoże

thickness is likely the result of greater deformation and 
possible local plastic deformations of the steel substrate. 
This, with low fracture toughness of ceramic coating, leads 
to fracture and chipping of coating fragments shown in 
Figure 6a. However, none of the coating was completely 
removed; therefore, the wear index values can be assumed 

Fig. 6.  Images of wear tracks performed at: a) 1[N] load – 1 µm ZrN b) 1[N] load – 1.4 µm ZrN, c) 1 [N] load –  
2 µm ZrN], d) 0.25 [N] load – 1 µm ZrN, e) 0.25 [N] load – 1.4 µm ZrN, f) 0.25 [N] load – 2 µm ZrN

Rys. 6.  Obrazy torów zużycia badanych powłok a) powłoka 1 µm obciążenie 1 [N], b) powłoka 1,4 µm obciążenie 1 [N],  
c) powłoka 2 µm obciążenie 1 [N], d) powłoka 1 µm obciążenie 0,25 [N], e) powłoka 1,4 µm obciążenie 0,25 [N],  
f) powłoka 2 µm obciążenie 0,25 [N]

as a characteristic parameter of coating-substrate system. 
For all coatings, the friction coefficient was increasing 
with the number of cycles (Figure 7). The coefficient of 
friction (0.1–0.2) of tested coatings is typical for this type 
of ceramic coating. The increase of its value during the test 
is due to the increase in contact area. 

2 000 cycles 2 000 cycles 2 000 cycles

20 000 cycles 20 000 cycles 20 000 cycles
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Fig. 7.  Evolution of friction coefficient during tribological 
tests performed at 1 N load

Rys. 7.  Przebieg współczynnika tarcia przy teście z obciąże-
niem 1 N

CONCLUSIONS

The tribological and mechanical studies have confirmed 
the impact of coating thickness on the strength and 
scratch resistance of ZrN coatings. All coatings have 
a comparable hardness of 28–31 GPa measured at 10 
mN load. Such a high hardness protects the coatings 
from their plastic deformation. During scratch testing, 
the significant differences in coated systems failure with 
coating thickness were observed. The highest scratch 
resistance was exhibited by the 1.4 µm thick coating. 
The thickest coating turned out to be the worse, which 
is probably the result of larger tensile stresses around 

the indenter. Similarly, with the thickness of the coating, 
tangential stresses on the coating-substrate interfaces 
increases with coating thickness leading to their easier 
delamination. However, at lower contact loads, the 
thickest coating restricts the deformation and exhibits 
the highest wear resistance. The previous studies  
[L. 15] for 1 µm TiN coatings showed that their wear 
index was 40% higher compared to the ZrN coating. It 
could be a result of the lower hardness (26 GPa) of the 
TiN coating than the ZrN coating (28 GPa). The softest 
among nitrides are CrN coatings, but their low elasticity 
modulus of 255 GPa is advantageous when they are 
deposited on steel substrates. 

The studies on ZrN coatings indicate that they 
may be an alternative to popular TiN and CrN coatings 
and significantly improve the wear resistance of 
steel surfaces. However, when analysing the possible 
application of such coatings to a particular element, it 
is important to choose the appropriate coating thickness. 
For the tested coating-substrate systems, at applied 
contact geometry, the best mechanical properties were 
exhibited by the  1.4 µm thick coating.
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