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Abstract: One of the most commonly used tribological thin-film coatings is Chromium Nitride (CrN), typically deposited by 
Physical Vapor Deposition (PVD) process. Examples of current applications of this coating include cutting and forming tools: ICE 
piston ring, hydrodynamic pumps, etc. In selecting coating for tribological applications, one of the critical parameter is the specific 
wear rate κ c of the coating.  Micro-scale abrasion testing has been used to evaluate the specific wear rate κ c of chromium-nitride 
(CrNx) with nanoscale structure coatings on identical a DIN 1.4301 steel substrates. Two different abrasives, SiC and diamond were 
used. The hardness of the films was found to be in the range of 8-38 GPa. The aim of this paper is to evaluate the abrasion resistance 
of hard coatings, and high abrasive wear resistance Ωc = (1/κ c ) of these coatings are compared. The results were compared to those 
of a chromium nitride reference coating. The results obtained show an excellent correlation between coating hardness and abrasion 
resistance. The micro-abrasion testing employed offers a simple and inexpensive method for pre-selecting and ranking of coating 
materials for tribological applications. 
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1. Introduction 

Modern high speed machining and molding 

industries pose great challenges to protective coatings 

[1-2]. Hard coatings with good tribological 

performance are required to meet wide range of 

engineering applications. Under extreme conditions, 

such as elevated temperatures with high ambient 

moisture, conventional solid lubricants like DLC, 

MoS2, and h-BN often fail during their lubrication 

application. CrN coatings are considered one of the 

most promising candidates for tribological hard 

coatings due to their good oxidation resistance, 

anticorrosive and anti-adhesive properties [1-2]. 

However, the low hardness and inadequate 

tribological performance have hindered their 

applications. To improve these properties, the use of 

nanoscale structure coatings, which have higher 
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hardness and wear resistance [1-4]. Information of the 

wear resistance proprieties of coatings is urgently 

required by suppliers and users to provide confidence 

in the performance of engineering coatings. In this 

investigation a coating of chromium-nitride (CrNx) 

with nanoscale structure, which was previously 

optimized in dependence of the nitrogen content, was 

deposited on identical a DIN 1.4301 steel substrates 

using a PVD technique. Numerous applications where 

surface engineering has been applied successfully like 

cutting or forming processes require enhanced wear 

resistance [5]. Typically, abrasion resistance is 

evaluated using wear tests where the bulk mass loss or 

dimensional changes are monitored [6]. However, for 

the characterization of the abrasion resistance of 

surface engineered tool materials on a laboratory 

scale, a test method where very small samples can be 

used is highly attractive [7-9]. The best known 

tribological application of a Cal wear method is a 

micro-scale abrasion test [8-9] and commercial 
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tribometers based on this method are available (e.g. 

CSEM Calowear and Plint TE-66 micro-scale 

abrasion tester). Initially, the ball cratering method has 

been developed for measurements of coating thickness 

and in this capacity it is still used as a standard test in 

many industrial laboratories [8, 10, 12]. Subsequently 

its use has been extended to measurements of abrasive 

wear resistance of thin coatings or surface layers and 

the technique developed is known as a micro-scale 

abrasion test [8–9]. The name micro-abrasion 

originates from the very small wear depths and 

volumes generated in the wear sample by the rotating 

ball covered with fine abrasive particles. This allows 

for conducting wear measurements on surface films of 

several microns in thickness [8-11]. Micro-scale 

abrasion tests use abrasive slurries or pastes 

containing fine abrasive particles of micron, or even 

sub-micron, size [8, 10, 13]. This small size of 

abrasive grits is deliberately chosen to obtain good 

quality optical images of wear craters for accurate 

determination of a coating thickness or wear volume 

[13, 14]. Wear volume is calculated by measuring the 

diameter or depth of the wear crater and applying 

simple geometrical equations [8-10, 15]. For coated 

surfaces the wear coefficients of both the coating and 

substrate can be determined from a single test [8-10]. 

Micro-scale abrasion test has also been increasingly 

used for testing the abrasive wear resistance of bulk 

materials such as non-ferrous metals and their alloys 

[8, 18], tool steels [8, 15, 17], plain carbon steel [10]. 

    In this work, The hardness and micro-scale 

abrasion testing was applied to a set of CrNx, 

nanomaterials coatings deposited by PVD, on 

identical a DIN 1.4301 steel substrates. 

2. Experimental details 

2.1 Coating deposition 

All coatings investigated have been deposited using an 

unbalanced magnetron sputtering plant. Cr-N coatings 

were grown by reactive sputtering in Ar/N2 

atmospheres using a Cr target. Different N/Cr atomic 

ratios as characterized by wavelength-dispersive 

electron probe microanalysis have been adjusted by 

the N2 flow rate resulting in the phase compositions 

(characterized by X-ray diffraction) given in table 1. 

As substrates, ground and polished austenitic stainless 

steel (DIN 1.4201, hardness 200 HV) samples with 

dimensions Ø 25 - 5 mm and 20 mm- 20 mm-5 mm 

were used. Coating hardness was determined from the 

load vs. displacement data measured using a computer 

controlled micro hardness tester (Fischerscope H100). 

2.2 Abrasive wear characterisations 

The abrasion resistance was evaluated using a 

small-scale abrasive wear test (CaloWear) Fig.1.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Experimental set-up of the CSM Calowear Tester 

There, a steel sphere (DIN 1.2067, diameter, 25.4 

mm) is rotating against the coated sample in the 

presence of an aqueous suspension of abrasive 

particles. In this work, aqueous suspensions of SiC 

(average grain size, 3.5 µm) and diamond (average 

grain size, 1 µm) have been used. The sphere was 

rotated against the sample with a velocity of 0.2 m/s. 

Optical micrographs of typical wear craters in coated 

samples are shown in Fig. 2. The diameter of the 

resulting wear crater was determined as a function of 

the sliding distance by means of a calibrated optical 

microscope, SEM and Talysurf profilometry to 
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determine the dominating wear mechanisms and the 

extent of wear damage.The wear crater was measured 

at intervals corresponding to increments in the sliding 

distance of about 16 m after removing the steel sphere. 

After each measurement, the sphere was relocated to 

the identical position and the typical total sliding 

distance was about 80 m. The normal force FN on the 

specimen is determined by the weight of the sphere 

and the lateral position of the drive sharft (8). To 

optimize test conditions for this work, FN was varied 

between 0.16 and 0.5 N, measured by a sensitive load 

cell. As can be seen from the total sliding distance of 

80 m and the increments of 16 m that five individual 

data points for all plots of crater volume versus sliding 

distance have been obtained. The deviation of these 

five values was typically below ± 6.5 %. 

 

 

 

 

 

 

 

 

Fig. 2  Optical micrographs of the wear crater in a CrN1.0 

coating (SiC slurry) 

 

3. Results and discussion 

The aim of a first test series was to optimize test 

conditions for the abrasive wear test. The abrasive 

wear rates of both coating and substrate material is 

derived from the increasing wear volume depending 

on sliding distance and normal force during the testing 

process using the equation described in (18): 
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S is the sliding distance and FN is the applied load. Vc 

and κ c are the wear volume and load specific wear 

rate of the coating. Vs and κ s are the corresponding 

parameters for the substrate. Ωc=1/κ c and Ωs=1/κ s are 

the wear resistance of coating and substrate (Usually 

the wear resistance, which is the inverse of the wear 

rate). Knowing the substrate wear resistance and the 

coating thickness, the coating wear rate could easily 

be calculated from the measured wear volume. 

Thus the abrasive wear rate of the Coating and 

substrate are calculated by a modification of the 

equation (1): of the equation (1): 
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Table 1  Properties of the Coatings 

Coating 
Chemical 
composition 

Phase 
composition 

Hardness 
(GPa)  

Coating 
thikness(μm) 

 

     Cr-N1 Cr Cr 9.2 5.62 

     Cr-N2 CrN0.19 Cr(N)-Cr2N 26.8 5.15 

     Cr-N3 CrN0.48 Cr2N 32.4 4.65 

     Cr-N4 CrN0.97 CrN 26.3 4.22 

     Cr-N5 CrN0.99 CrN 33.5 3.92 

     Cr-N6 CrN1.0 CrN 38.1 3.85 

     
 

 

 

 

(2)  
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There, s is the distance slid by the sphere, da is the 

external diameter of the wear crater, t is the coating 

thickness and R is the radius of the sphere. A plot of 

 4. aN dFs
against 

    422 ...4. aa dtrdt  
 is 

thus linear with the intercept and gradient determined 

by the values of κs and κ c (see Fig. 3). κs can be 

determined directly from the intercept, and this value is 

then used together with the gradient to provide κ c. 

 

Fig. 3  Plot of abrasion wear data obtained for a CrN1.0 

coating according to equation (2) using a SiC slurry 

Fig. 4 shows the abrasive wear rate of coating and 

substrate determined for a coating of chemical 

composition CrN1.0 deposited onto an austenitic 

stainless steel substrate as a function of the normal 

force applied on the sample. The standard deviation of 

κc for the loads investigated is well below 5 %. 

However, to minimize the error in determining κs, the 

normal load for all further investigations was adjusted 

in the range between 0.25 and 0.35 N. 

The abrasion coefficients of Cr-N coatings determined 

using SiC abrasive slurry and optimized test 

parameters is illustrated in Fig. 5 as a function of their 

chemical composition. There, the phase composition as 

characterized by X-ray diffraction .The abrasion 

resistance for the Cr coating is about 188.5 Nm/mm3. 

For the dual-phase coating consisting of a Cr (N) solid 

solution and Cr2N and for the Cr2N coating, Ωc increase 

to about 500 Nm/mm3. 

 

Fig. 4  Dependence of the abrasive wear rate of coating 

 

Fig. 5  Dependence of the wear resistance of Cr-N coatings 

on their chemical and phase compositions (see Table 1, Sic 

slurry) 

 
Fig. 6  Abrasive wear resistance as a function of hardness 

(H) of Cr-N coatings 
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Coating close to the composition of stoichiometric CrN 

yield an abrasion resistance of about 1200 Nm.mm-3. 
The abrasive wear behavior of the coatings is shown in 

Fig. 6, which plots the abrasive wear resistance of Cr-N 

coatings as a function of their hardness. There is 

evidently a clear correlation between hardness and 

abrasive wear, which agrees with the results found in 

literature ball-on-disk system [8, 19]. 

The data point given in Fig.6 has been obtained for 

diamond slurry, where the standard deviation yields a 

value of about 4 %. Although the coating investigated 

show a wide range of hardness values, Fig. 6 shows an 

excellent correlation between the coating abrasive wear 

rate and the hardness. 

4. Conclusions 

Within this work, several sputtered coating from Cr 

through Cr2N and dual-phase coatings consisting of the 

solid solution Cr (N) and Cr2N to CrN single phase 

coatings have been investigated with respect to their 

abrasion resistance and hardness.   

- Both phases are characterized by high hardness, 

although CrN is more resistant to wear than Cr2N. 

- Repeatable results were obtained for hard coated 

systems using micro abrasion testing 

- The wear resistance of the coating seem to be 

directly proportional to the  hardness 

- No significant affect of load on the wear rate is 

observed. 

The results obtained show an excellent correlation 

between coating hardness and abrasion resistance. 

Moreover, the micro-abrasion testing employed offers 

a simple and inexpensive method for pre-selecting and 

ranking of coating materials for abrasive wear 

situations.  
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