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1. INTRODUCTION 

1.1 PRELIMINARIES 

The word “Tribology” comes from the Greek word tribos meaning rubbing, or “science of 

rubbing”. Peter H. Jost, a British mechanical engineer, coined the term in the March 9, 

1966, Jost Report 1. Tribology is defined as the science and technology of interacting surfaces 

in relative motion. It includes the study and application of the principles of friction, lubrication, 

and wear 2.  

Tribology is important because so much energy is lost to friction in mechanical components. 

To use less energy, we need to minimize the amount that is wasted. Therefore, finding ways to 

minimize friction and wear through new technologies in tribology is critical to a greener and 

more sustainable world. 

The rapid progress in the metal-mechanical industry has been brought about by the application 

of novel techniques, processing methods, and utilisation of advanced research in the field of 

materials science. Owing to the excellent mechanical properties, tool steels have been 

successfully applied in a diverse range of applications. Especially, plastic mould tool steels 

which possess high wear resistance, corrosion resistance, good thermal conductivity, optimum 

dimensional accuracy, hardness, toughness, and compressive strength are used widely in the 

automotive and aviation industry. Due to the excellent mechanical properties, tribological 

performance, and corrosion resistance the research in this field has exponentially grown. The 

applicability of plastic mould tool steel has primarily two requirements high hardness, high 

strength or high toughness, and good dimensional stability. Based on the desired applicability 

the material properties are tailored using the principles of surface engineering.  

Surface engineering is a vast and rapidly developing field that encompasses two main 

divisions−surface modification and surface coating. Surface modification changes the 

microstructure and with or without altering the chemical composition helps to obtain the desired 

mechanical properties. Surface coating is the addition of a new layer to the substrate 3, 4. 

The grade of the steel, investigated in the framework of the present PhD research, is identified 

by the steel number of 1.2083 (X42Cr13) which represent a high chromium content, good wear- 

and corrosion-resistant steel. It has a wide range of applications due to the following 

advantages: polishable to high grade, good corrosion resistance, good machinability, high wear 

resistance, air hardenability up to 100 mm, and good photoetching properties. Owing to its 

excellent polish-ability it is used for moulds of lenses and other optical products. Specific 

applications can be categorized, as follows: cutting tools, mechanical components, structural 

components, air hammer tools, piercing tools, forming dies, and manufacturing mechanical 

components such as piston, valve, or valve seat of the fuel pump of diesel engine. 
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In the present research, the properties of the substrate X42Cr13 was modified by heat treatment 

followed by plasma nitriding. The surface modification by plasma nitriding involves the 

diffusion of nascent nitrogen into the surface of steel which improves the hardness, wear, and 

fatigue resistance. Thus, nitriding the substrate before the coating is deposited helps in 

improving the load-bearing capacity, flexural rigidity, and ploughing by the counterpart load.  

Thin hard coatings, deposited on a soft substrate, are most likely to fracture because of stresses 

caused by the substrate deformation, while the thick ones, being more brittle are easily detached 

from the substrate. The task of plasma nitriding is challenging when the material contains high 

Cr content (as in the present case 13.5% Cr content). The difficulty is imposed due to intense 

CrN precipitation at high-temperature plasma nitriding (Tnitr  500 C) 5, 6, 7. This reduced 

the free Cr in the steel matrix leading to worse tribological and corrosion properties.  

The solution is the application of wear resistant coatings in order to obtain improvement in 

tribological performance 8. I investigated two wear resistant coatings −monolayer CrN and 

multilayer DLC. Two different conditions of substrate were prepared i.e., simply coated in 

which coatings were deposited on precipitation hardened substrate and duplex treated where 

coatings were deposited on precipitation hardened + plasma nitrided substrate.  

DLC is used to describe a class of mechanically hard amorphous metastable carbon materials. 

Properties of DLC can vary with the ratio of sp2 (threefold planar carbon-to-carbon bonding) 

to sp3 (fourfold tetrahedral carbon-to-carbon bonding) hybridised bonding and hydrogenation 

of the film. It possesses high hardness, characterised by chemical inertness and low coefficients 

of friction making them ideal wear resistant coatings 9, 10. 

CrN coatings deposited by PVD are a good candidate to provide good chemical, mechanical 

and tribological properties11, 12. CrN is an interstitial compound in which nitrogen atoms 

occupy the octahedral position in the chromium lattice. These coatings are characterised as a 

fine-grained, low stress structure, non-porous which allows thick coating (10-25 m) 

deposition. There are several deposition techniques for CrN coatings like multiarc ion plating, 

reactive ion plating, hollow cathode discharge, or magnetron sputtering. The produced coating 

possesses high hardness, extremely high corrosion resistance, and excellent abrasive wear 

resistance. CrN coatings offer extremely strong adhesion to the substrate, i.e., there exists a 

molecular bond between the coating and the substrate material that reduces the possibility of 

flaking or chipping. 

The complex tribological analysis of the prepared coating-substrate system was done with a 

focus on scratch and wear resistance.  

Adhesion of the coating to the substrate is a crucial aspect of the successful application. 

Debonding leads to significant losses and this problem is quite well-known for DLCs which 

due to high tensile residual stresses are easily delaminated. In order to analyse the scratch 

resistance and study the adhesion, I performed instrumented scratch test in progressive loading 

mode 13. The scratch test is a rapid method to evaluate the adhesion of the coating to the 
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substrate. In this test, a stylus is moved over the coated surface with linearly increasing load, 

up to the point where delamination occurs. The critical load at which the coating failure occurs 

can be examined by plotting the friction coefficient curve with respect to scratching distance 

14. Usually, the abrupt rise in the friction curve is an indication of the coating failure. The 

critical load is a function of coating-substrate adhesion, stylus tip radius, loading rate, 

mechanical properties of coating and substrate, internal stress in the coating, flaw size 

distribution at the substrate-coating interface, coating thickness, and friction between stylus-tip 

and coating. 

The next aspect of the research is the wear analysis. Nowadays, the analysis of wear damage of 

engineering components is an outstanding challenge, as there are friction elements in almost 

every piece of technical equipment. The task is to analyse and study the wear mechanisms, 

controlling these damage processes and their microstructural aspects, as well as the interactions 

of the wear characteristics and material properties due to a system nature of the wear failure 

process, which is changed when any element of the system is modified. Understanding the 

physical background of tribological properties is therefore a fundamental precondition for the 

development of efficient and effective material technology methods for producing wear 

resistant materials. Several methods, aiming at improving the abrasion resistance, are used, e.g., 

the various surface technologies, such as surface heat treatments, surface hardening 

technologies, or modification of the composition of the material. 

The wear resistance is analysed by a ball-on-disk test. During the test, the ball is pressed against 

the rotating disk and the friction coefficient is recorded as a function of sliding distance. Two 

regions are considered running-in period and steady state period. The running-in period has 

been defined as the length of time required to reach a constant value of frictional force. The 

start of the steady state period is defined as the time at which the standard deviation of the 

friction coefficient became lower than 20% of its average value. The wear mechanism is 

demonstrated by analysing the wear track by optical or electron microscopy. The test results 

are completed by determining the area of the worn track and maximum depth by surface 

profilometry. This information is utilised to calculate the wear rate.  

1.2 OBJECTIVES 

In my PhD dissertation, I investigated the tribological behaviour of two wear-resistant ceramic 

coatings systems, i.e., monolayer CrN and multilayer DLC coatings applied to X42Cr13 tool 

steel, widely used in the industry.  

My primary objective was to investigate how the wear and scratch resistance of the coatings 

can be influenced or improved by applying duplex treatment, i.e., when coatings are deposited 

not directly to the tool steel that is used traditionally in a precipitation hardened condition, but 

with a supplementary nitriding operation, applied before the coating.  

Accordingly, two different set of samples were tested that were as follows: 

− the simply coated ones which were precipitation hardened followed by coating 
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− the duplex treated ones which were precipitation hardened, plasma nitrided and then 

coated. 

Since the applied high Cr content steel substrate is prone to the harmful grain boundary 

precipitation of the CrN during high temperature nitriding, the combined application of the 

precipitation hardening, and nitriding arise several problems of heat treatment. Therefore, my 

secondary objective was, on the one hand, to compare the wear resistance of the as-nitrided 

samples produced at different nitriding conditions – 520 C/ 8 h, 550/ 8 h, and 525 C / 24 h, 

on the other hand, to analyse the influence of the high temperature and long term nitriding on 

the structural characteristics of the X42Cr13 steel substrate.  

With this aim, I compiled a detailed overview of the "state of the art " on high Cr tool steels, 

their damage processes, with special regard to their tribological failures, and the most usual 

methods applicable for the improvement of their tribological performance. One of these 

methods is the application of coatings, the tribological behaviour of which largely depends on 

the quality and properties of the underlying substrate. To study this, I reviewed the bulk and 

surface treatment methods commonly used for the selected tool steel. However, the focus was 

laid on the duplex treatment, and on the degree to which it is capable to improve the tribological 

properties, namely the scratch resistance and wear resistance of the selected coated systems.  

Thus, I prepared a detailed workplan regarding the tasks and tests to be performed, with the 

ultimate goal of which is to propose the development of modern new types of coating systems 

suitable for enhancing the tribological performance of the tested tool steel. 

The investigations carried out to provide an opportunity to expand the application potential of 

the two wear resistant coatings and provide a basis for further technological research and 

developments. The obtained quantitative and qualitative results are expected to be used 

effectively in databases. 

2. METHODOLOGY 

Theoretical work 

I executed a comprehensive literature survey and collected the relevant works on duplex 

treatment, furthermore, heat treatment and plasma nitriding of high chromium content steels, 

such as AISI 420. I found that there is a significant pitfall during the plasma nitriding (PN) of 

such steels at high temperatures (Tnitr  500 C), due to an intense CrN precipitation during high 

temperature plasma nitriding (HTPN) leading to the embrittlement of the microstructure 

accompanied by weaker corrosion and wear resistance. Hence, a unique set of parameters were 

chosen for the processing of one of the series of the test samples, iinvolving identical tempering 

and nitriding temperature (525 C) and long-term nitriding (24 h) to study the microstructure 

and tribological properties in the as-nitrided condition.  

The analysis was realized by compiling a comparative table in which I represented different 

tool steels having high chromium content and a varying amount of other alloying elements. 
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This way it was easier to interpret the behaviour, characteristics along with expected outcomes 

which form the basis for further experimental work. Similarly, in order to get acquainted with 

the technology of duplex treatment, a table is compiled presenting a different range of 

substrates, surface modification techniques, the applied coating, and the results obtained by 

researchers in this field. This literature search helps to lay the foundation of our proposed 

experimental objectives and generates the possibility of innovation and novel contributions to 

the field. 

In addition, I made a detailed review and analysis of the latest results on the hot topic of 

tribochemistry and atomic level interpretation of the superlow friction behaviour of DLC 

coatings in order to provide the possibility of the physical explanation of the test results with 

special regard of the morphological analyses of the scratch grooves and wear scars, based on 

which the controlling damage mechanism was possible to be identified. 

The systematic classification of these scientific works and their thorough analyses also provided 

the possibility to work out a detailed schedule for the purposeful and systematic experimental 

test programme. 

Experimental work 

With the execution of a literature review, my task was to get acquainted with the theoretical 

background of the experimental research work and formulate its detailed objective.  

With the purpose to study the adhesion of the coatings in the simple and duplex state and analyse 

the scratch resistance, instrumented scratch test in progressive loading mode is executed. I used 

custom-designed equipment (type SP15, producer: Sunplant) developed uniquely for the 

Institute of Materials Science and Technology of the University of Miskolc, for this purpose. 

Scratch tests parameters were identical for all the test cases, which were as follows: loading 

range, Lmin – Lmax = 2-150 N; loading rate, dL/dt = 2 N/min; scratching speed, dx/dt = 5 mm/min;  

load gradient, dL/dx = 10 N/mm; total scratch length of 15 mm; scratching instrument: standard 

Rockwell C diamond (tip radius: 0.2 mm). After the test, subcritical/ critical damage modes for 

the two coatings were studied using optical and scanning electron microscopy. The damage 

criterion is defined as the load at which the coating delaminates from the substrate which is a 

useful indicator of scratch resistance of the coating. 

After the successful results were obtained at our laboratory, I initiated a Round-Robin test in 

collaboration with our industrial partner Rtec instruments in Switzerland. The purpose was to 

test our samples with industrially accepted and verified test conditions. The progressive loading 

scratch tests were carried out at the partner on a Universal Scratch Tester (UST-2) equipment 

applying different load gradients for analysing the effect of this influencing factor, as well. 

This cooperation gave the possibility for elaborating a higher degree of accuracy for the 

prepared coating-substrate combination. The very similar results obtained at both laboratories 

strengthen the beneficial effect of duplex treatment and also provide an opportunity to increase 

the reliability of the developed theses. 
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Tribological analyses involved also ball-on-disc wear tests to analyse the wear resistance and 

wear mechanism of the two coatings. Wear tests were accomplished without lubricant, at room 

temperature, applying a normal load of F = 25 N, 60 N and 120 N for multilayer DLC and 25 

N, 10 N, and 5 N for monolayer CrN, using ϕ6 mm Al2O3 ball, and sliding rate of v = 30 mm/s. 

Tests were realized on a CETR-UNMT-1 multifunctional surface testing equipment of the 

Institute of Materials Science and Technology of the University of Miskolc. The information 

obtained from these wear studies was as follows: 

− friction coefficient vs. sliding distance diagrams;  

− wear cross section of the wear track on the discs, based on which the wear volume, wear 

rate, and the dimensionless wear coefficient has been defined; 

− morphology of the wear tracks;  

− wear mechanisms controlling the damage processes. 
−  

 

I completed the ball-on-disc tests with measurements of determining the area of worn cross 

section and the maximum depth, using an Altisurf 520 profilometer, operating at the University 

of Miskolc, Institute of Manufacturing Science. The scanning electron microscopy of the 

samples’ surface and the wear tracks on them was analysed with a Zeiss EVO MA 10 type 

scanning electron microscope equipped with Energy dispersive X-ray spectroscopy (EDX) at 

the Institute of Physical Metallurgy, Metal Forming and Nanotechnology.  

In addition to tribological studies, I performed a number of auxiliary tests to characterize the 

samples regarding the chemical composition, hardness, and microstructure of the uncoated and 

coated specimens. These tests involved wet chemical and GDOES compositional analyses, 

Brinell and Vickers hardness tests, phase analysis using X-ray diffraction, surface roughness 

determination and wear track profile analysis using profilometry, and Calotest to determine the 

coating thickness. Optical microscopy was used for microstructural analyses of the heat treated 

samples and to examine the scratch grooves and wear tracks up to 1000× magnification, 

applying type Zeiss, Axio Observer D1m (ATI, UM).   
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3. NEW SCIENTIFIC RESULTS − THESES 

T1 Duplex treatment can significantly improve the scratch resistance – in terms of both the 

critical load and resistance to scratch crack propagation – for the investigated conditions 

of the X42Cr13 steel substrate and multilayer DLC or monolayer CrN coating, as 

compared to their simply coated state. The improvement of the scratch behaviour 

manifested itself in the tested cases, as follows (6), (12), (16), (17): 

− In the case of the multilayer DLC coated system the LC3 critical load increased by 121% 

based on the test results at the IMST. The improvement is attributed to the enhanced 

adhesion of the duplex coating, which is explained by the change in the damage 

mechanism, namely that the duplex treatment prevents the layer-by-layer removal of 

coating, characteristic of the simply coated samples, and keeps its integrity up to 

significantly higher critical loads, leading to the instantaneous removal of the multilayer 

coating in whole. The improvement of the LC3 for the monolayer CrN coating was 24% 

measured in the IMST Laboratory. 

− The scratch toughness (i.e., scratch crack propagation resistance, RSCP) of the duplex 

treated coatings increased more than 4 times for the DLC, and more than 2 times for the 

CrN coating compared to the simple coatings (based on IMST Lab results). 

T2 The applied duplex treatment in the case of CrN coating – deposited on X42Cr13 tool 

steel of the studied condition – basically does not modify the subcritical and critical 

damage behaviour, except for a novel damage mechanism, referred to as "SAS-wings" 

realized by grain boundary sliding of the columnar grains of the coating that has been 

identified by me exclusively in the simply CrN coated tribosystems. The SAS-wing 

mechanism can be used as a good qualitative indicator to identify the threshold of the 

load-bearing capacity of the substrate (19), (22), (23).  

T3 In order to achieve a better tribological performance of the uncoated, tough, and 

dimensionally stable X42Cr13 steel a novel, and unique combination of treatment 

parameters is suggested – namely identical tempering, and nitriding temperature of 525 

°C, tempering time of 2 h, and long-term nitriding of 24 h. This provides the possibility 

to achieve higher surface/subsurface hardness, more uniform hardness profile, deeper 

nitriding case depth, and higher wear resistance in the as-nitrided condition compared to 

that one getting by applying the conventional thumb rule of Tnitr = Ttemp-(3050) °C, 

leading to more unfavourable microstructure (steeper hardness profile, lower case depth, 

and core hardness, delayed cracking around the CrN precipitates) and lower wear 

resistance (14), (22).  
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T4 The wear resistance of the investigated tribosystems – consisting of high toughness 

precipitation hardened X42Cr13 steel substrate and, on the one hand, multilayer 

hydrogenated DLC coating, on the other hand, monolayer CrN coating – can be 

efficiently improved by the applied duplex treatment (nitriding at T=520 °C for 8 h 

preceding the deposition of the coatings). The measure of the achievable improvement 

of the wear rate (k, mm3/Nm) has loading force dependence, which shows different 

trends for the two coatings. 

− In the case of the DLC coating the highest improvement (95%) can be obtained at high 

loading conditions (e.g., at F=120 N) as a consequence of the combined effect of the 

tribochemical reactions triggered by high loads and the improved load -bearing capacity 

of the nitrided substrate (3), (10), (11), (16), (21). 

− In contrast, the achievable maximum (79%) decreases of the wear rate for the duplex 

treated monolayer CrN coating system is obtained at the lowest applied loading regime 

(F=5 N), which allows the transition of the wear mode from the severe to the mild 

regime, as compared to the higher (F= 10 N and 20 N) loading cases. The improvement 

is explained by the increased strength and hardness of the supporting steel material, 

providing higher composite hardness and better deformation compatibility of the 

substrate/coating composite material system avoiding this way the three-body abrasive 

wear occurring at high loads (19), (20), (23). 

T5 Superlow friction at ambient air and room temperature can be triggered by mechanical 

loading in the tested tribosystem of duplex treated X42Cr13 steel with multilayer DLC 

coating of the given condition. The precondition of the superlow friction is the sufficiently 

high strength of the substrate realized by the duplex treatment. The observed superlow 

friction phenomenon is realized by the following consecutive steps: 

− incipient slight damage of the hydrogenated DLC coating; 

− activation of an athermal tribochemical reaction by a critical amount of strain energy 

introduced to the coating; 

− development of a low viscosity interlayer that forms a transfer film on the surface of 

the frictional counterpart (ball), creating a hydrodynamic lubrication condition and 

decreasing the friction coefficient by one or two orders of magnitude down to µ=10-2-

10-3;  

− the velocity accommodation mode (VAM) is interfacial sliding between the adhered 

transfer layer and the partially worn DLC coating and the controlling wear mechanisms 

are a consecutive tribofilm formation, plastic deformation (viscoplastic shear of 

tribofilm), and delamination leading to the superlow friction condition when the 

chemical/mechanical processes get into equilibrium, i.e., the rate of film thickness 

growing is equal to that of the decrease due to wearing (21), (22).  
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4. INDUSTRIAL UTILIZATION AND POSSIBILITIES FOR THE 

FURTHER DEVELOPMENT  

The heat treatment and plasma nitriding of high chromium steel is a challenging task for the 

industry. In order to utilise the wear resistance and corrosion resistance of this material, up till 

now, the suggested method is the low temperature plasma nitriding to avoid CrN precipitation. 

With my research findings in collaboration with a leading Hungarian industrial firm we 

successfully demonstrate a novel pathway to obtain a very homogeneous microstructure and 

good wear resistance of the studied high Cr tool steel by applying a unique set of parameters 

during tempering and plasma nitriding. This is a major contribution to the field as it opens new 

avenues of research and development different from the traditionally accepted convention 

represented by the thumb rule of Tnitriding = Ttempering – (3050 C). For structural steels and 

cryogenic applications where the toughness is of prime consideration, the treatment is 

successfully can be applied.  

The other major application possibility is the improvement in scratch resistance due to duplex 

treatment. The industry faces severe losses due to the adhesion and premature failure of the 

coating during operation. Especially in the case of DLC, which is a widely used ceramic coating 

owing to its excellent mechanical and tribological properties. I achieved significant 

improvement in the scratch resistance of the investigated multilayer DLC coatings. The 

efficiency and improvement due to the duplex treatment are persuading and fascinating for 

industrial firms to apply this technique, all over the world. Also, for hard ceramic coating CrN 

monolayer I obtained improved scratch resistance due to duplex treatment. The wear test 

results, in the case of multilayer DLC showing the phenomenon of superlow friction in ambient 

air conditions, are interesting and novel. The loading rate dependence study is attractive 

evidence of demonstrating the efficiency of duplex technology.  

The future direction of the research is to reveal more deeply the wear behaviour focusing on 

the following aspects:  

− further extension of the range of test parameters, by testing intermediate values of the 

formerly applied loading parameters, as well as by expanding the range of the loading 

force and sliding speeds, to the direction of smaller and larger values;  

− investigation of the influence of the environmental conditions (humidity and 

temperature);  

− additional mechanical tests and modelling. The thermal stability of the investigated 

ceramic coating and the change in mechanical and tribological properties with 

temperature are planned to realise with our industrial collaborator Rtec Instruments in 

Switzerland extending the test methods (reciprocating wear, microfretting, etc).  

− finite element modelling of the principal stresses during the indentation and scratch test. 

For modelling the coating deformation and stress distribution within the layer structure 

softwares like ANSYS or COMSOL Multiphysics are planned to be used. 
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