
 
 

UNIVERSITY OF MISKOLC 

FACULTY OF MECHANICAL ENGINEERING AND INFORMATICS 

 

ENHANCING THE TRIBOLOGICAL PERFORMANCE OF X42Cr13 

STEEL BY SIMPLE AND DUPLEX TREATED CrN AND DLC COATING 

PHD THESES 

Prepared by 

Shiraz Ahmed Siddiqui 

Bachelor of Technology (B.Tech) in Mechanical Engineering  

Master of Science (MSc) in Mechanical Engineering 

 

ISTVÁN SÁLYI DOCTORAL SCHOOL OF MECHANICAL ENGINEERING SCIENCES 

TOPIC FIELD OF ENGINEERING MATERIALS SCIENCE, PRODUCTION SYSTEMS 

AND PROCESSES 

TOPIC GROUP OF MATERIALS ENGINEERING AND MECHANICAL TECHNOLOGY 

 

 

Head of Doctoral School 

Prof. Dr. Gabriella Bognár Vadászné 

DSc, Full Professor  

 

Head of Topic Group 

Prof. Dr. János Lukács 

Csc, Full Professor 

 

Scientific Supervisor 

Prof. Dr. Maria Berkes Maros 

PhD., Dr. habil., Full Professor  

 

Miskolc, 2022 



i 

CONTENTS 

 

CONTENTS ............................................................................................................... I 

CERTIFICATE OF AUTHORSHIP ................................................................................... IV 

SUPERVISOR’S RECOMMENDATIONS ........................................................................... V 

1. INTRODUCTION ..................................................................................................... 1 

2. LITERATURE REVIEW ............................................................................................ 2 

2.1. Significance and main aspects of tribology ...................................................................... 2 

2.1.1. Friction .................................................................................................................. 2 

2.1.2. Wear ...................................................................................................................... 3 

2.1.3. Lubrication ............................................................................................................ 4 

2.1.4. Tribology of coated surfaces ................................................................................. 4 

2.1.4.1. Tribological mechanisms of coated surfaces ........................................ 5 

2.2. Tool steels ......................................................................................................................... 7 

2.2.1. Classification of tool steels ................................................................................... 7 

2.2.2. Plastic mould tool steels ........................................................................................ 8 

2.2.3. Heat treatment of plastic mould tool steels ........................................................... 9 

2.3. Surface engineering ......................................................................................................... 11 

2.3.1. Duplex treatment ................................................................................................. 13 

2.3.1.1. Introduction and historical developments in duplex treatment 

technology ........................................................................................... 13 

2.3.1.2. Scientific fundamentals of duplex treatment ...................................... 16 

2.3.2. Nitriding .............................................................................................................. 17 

2.3.2.1. Fundamentals of nitriding technology ................................................ 17 

2.3.2.2. Plasma nitriding .................................................................................. 20 

2.3.3. Surface coating of tool steels .............................................................................. 25 

2.4. Diamond-like carbon (DLC) coatings ............................................................................. 27 

2.4.1. Tribology of DLCs .............................................................................................. 28 

2.5. CrN coating ..................................................................................................................... 32 

2.6. Tribological characterisation of coatings (Methods) ...................................................... 33 

2.6.1. Hardness testing .................................................................................................. 33 

2.6.2. Coating thickness measurement .......................................................................... 33 

2.6.3. Instrumented scratch test ..................................................................................... 34 

2.6.4. Ball-on-disk test .................................................................................................. 35 

2.6.5. Auxiliary tests applied in tribological studies ..................................................... 35 



ii 

3. EXPERIMENTAL WORK ........................................................................................ 38 

3.1. Test materials and samples ............................................................................................. 38 

3.1.1. Substrate material ................................................................................................ 38 

3.1.2. Substrate processing, applied treatments ............................................................ 38 

3.1.3. Surface coating .................................................................................................... 39 

3.1.3.1. Technological parameters during processing the DLC coating .......... 40 

3.1.3.2. Technological parameters during processing the CrN coating ........... 40 

3.1.4. Surface preparations ............................................................................................ 41 

3.1.5. Tribological test samples ..................................................................................... 42 

3.2. Sample characterization .................................................................................................. 42 

3.2.1. Compositional analyses ....................................................................................... 42 

3.2.1.1. Wet chemical analysis ........................................................................ 42 

3.2.1.2. GDOES measurements ....................................................................... 43 

3.2.2. Microstructural characterization ......................................................................... 43 

3.2.2.1. Microscopic investigations ................................................................. 43 

3.2.2.2. Phase analysis ..................................................................................... 43 

3.2.3. Hardness tests ...................................................................................................... 44 

3.2.4. Calotest ................................................................................................................ 44 

3.2.5. Profilometry ........................................................................................................ 44 

3.3. Tribological tests ............................................................................................................. 45 

3.3.1. Instrumented scratch test ..................................................................................... 45 

3.3.2. Ball-on-disk wear test .......................................................................................... 46 

3.4. Results and evaluation .................................................................................................... 47 

3.4.1. Chemical composition of the substrate material of different conditions ............ 47 

3.4.2. Elemental distribution in the subsurface layer (GDOES) ................................... 48 

3.4.2.1. Precipitation hardened samples .......................................................... 48 

3.4.2.2. Nitrided samples ................................................................................. 48 

3.4.2.3. Microstructure ..................................................................................... 50 

3.4.2.4. Phase composition analysis by XRD technique ................................. 56 

3.4.2.5. Elaborating the heat treatment problem at the high temperature 

nitriding processes .............................................................................. 58 

3.4.3. Mechanical and other tests .................................................................................. 61 

3.4.3.1. Hardness test ....................................................................................... 61 

3.4.3.2. Determining the coating thickness by Calotest and SEM investigation

 ............................................................................................................ 62 

3.4.3.3. Surface roughness ............................................................................... 62 

3.4.4. Tribological tests : Instrumented scratch test ..................................................... 63 

3.4.4.1. Scratch tests realized in the laboratory of the IMST, UM .................. 63 



iii 

3.4.4.2. 3D Scratch Tests at the Rtec Instruments (RI) ................................... 69 

3.4.5. Tribological test I ball-on-disk wear tests ......................................................... 75 

3.4.5.1. Wear tests on the as-nitrided samples ................................................. 75 

3.4.5.2. Wear tests on the simple DLC coating ............................................... 78 

3.4.5.3. Wear tests on the duplex DLC coatings ............................................. 84 

3.4.5.4. Wear tests on the simple CrN coatings ............................................... 89 

3.4.5.5. Wear tests on the duplex CrN coating ................................................ 91 

4. THESES ............................................................................................................... 96 

5. SUMMARY .......................................................................................................... 98 

6. FUTURE WORK ................................................................................................. 100 

7. INDUSTRIAL APPLICATION POSSIBILITY OF THE RESEARCH WORK ..................... 100 

8. LIST OF PUBLICATIONS RELATED TO THE TOPIC OF THE RESEARCH FIELD .......... 101 

ACKNOWLEDGEMENT ............................................................................................. 102 

REFERENCES ........................................................................................................... 103 

  



iv 

CERTIFICATE OF AUTHORSHIP 

 

 

I, SHIRAZ AHMED SIDDIQUI; Neptun-code: EVWQOJ, PhD student of the Faculty of 

Mechanical Engineering and Informatics, University of Miskolc, being acutely aware of my legal 

liability, hereby confirm, declare, and certify with my signature, that the assignment, entitled  

“Enhancing the tribological performance of X42Cr13 steel by simple and duplex treated 

CrN and DLC coating” 

– except where indicated by referencing – is my own work, is not copied from any other person’s 

work, and is not previously submitted for assessment at University of Miskolc or elsewhere, and 

all sources (both the electronic and printed literature, or any kind) referred to in it, have been used 

in accordance with the rules of copyright. 

I understand that a thesis work may be considered to be plagiarized if it consists of  

− quoting word by word or referring to literature either with no quotation marks or no 

proper citation; 

− referring to content without indicating the source of references; 

− representing previously published ideas as one’s own.  

I, hereby declare that I have been informed of the term of plagiarism, and I understand that in 

the case of plagiarism my thesis work is rejected. 

 

 

 

Miskolc, 10th  June 2022 

 

 

…………………….............. 

Shiraz Ahmed Siddiqui 

 

  



v 

SUPERVISOR’S RECOMMENDATIONS 

Shiraz Ahmed Siddiqui started his PhD studies in the Sályi István Doctoral School in September 

2017. I know him since 2015, when he joined to the Master Program of the University of Miskolc 

at the Faculty of Mechanical Engineering and Informatics in the CAD/CAM specialization within 

the framework of the Stipendium Hungaricum Scholarship Program provided by the Ministry of 

Human Resources Hungary.  

Mr. Shiraz Ahmed Siddiqui attended my lectures on Materials Sciences and attracted my attention 

with his diligence and endeavour already at the beginning of his studies in the subject. He showed 

outstanding interest in surface technologies and tribology during his MSc studies and prepared his 

MSc Diploma work in this field under the title “Investigation of the tribological performance of 

wear resistant surface layers produced on automotive tool steel by duplex heat treatments” under 

the co-supervision of Dr. Andrea Szilágyiné Biró. Having finished his MSc studies with excellent 

qualification, Mr Siddiqui showed commitment to continue his scientific career immediately in 

the framework of PhD studies in this scientific area. During the initial phase of the PhD research, 

Andrea Szilágyiné Biró actively guided him and provided the necessary support and consultations 

for the Candidate to get acquainted with the technology and enjoy working in this professional 

area. For this important and valuable work, I would like to express my gratitude, hereby. 

In the first two years of his PhD studies Shiraz Ahmed Siddiqui gave an account of his awareness 

of scientific work, thoughtfulness, and ability for high-quality professional work on his own. I had 

been convinced about his good organizing ability, purposefulness, and well-planned working 

practice during his activity in the research work, involving both theoretical and experimental work 

self-sufficiency, ambition, and tenacity. His outstanding results in his preceding studies, combined 

with his excellent English both in oral and written form, being a motivated and hard-working 

person led him to become an efficient PhD student as well. His extraordinary professional activity 

is characterized by his membership in many international professional organizations (Student 

Member American Society of Mechanical Engineer, International Association of Engineers (Hong 

Kong), World Association for Scientific Research and Technical Innovation (WASRTI) and his 

participation in several international conferences, which he not only organized independently for 

himself but also, often covered the necessary financial sources.  

His topic in the framework of the PhD research is the “Enhancing the tribological performance of 

X42Cr13 steel by simple and duplex treated CrN and DLC coating” is a very up-to-date, 

industrially and economically important topic aiming at reducing wear losses thereby saving 

energy and costs, which requires considerable expertise in several fields of materials sciences.  

Although after his complex exam in 2019 the Candidate was forced to pass a year due to family 

reasons, which was even extended by the global Covid epidemic by a few months, after returning 

to Miskolc he started working extremely hard and tried to make up for the lost time. He has not 

only studied and processed the almost 270 literature works presented in his dissertation, but in the 

course of our joint work and consultations, he was capable of even recalling these works by heart 

when certain professional questions were deeply discussed.  

The topic of the dissertation is extremely complex, it requires application-level knowledge of heat 

treatment, surface treatment, material characterization, or expertise in performing and evaluating 

mechanical and tribological tests.   



vi 

During his research, the Candidate was faced with a special professional problem, namely the 

problems of microstructural changes during the duplex treatment of high chromium tool steels, to 

which he finally devoted a whole chapter in his dissertation. This is also an excellent indicator of 

his character, showing that he is trying to find an immediate solution to problems that arise, without 

regretting his time and energy. I have experienced many times this interest and dedication in other 

areas during the different phases of his research. 

I can proudly say that with hard efforts, he solved the task of working out his dissertation with 

dedication and success. Today, he already can perform most of the measurements required for this 

research on his own, in a professional way, and when dealing with any scientific topic, he starts 

right away self-educating himself by studying the high-level literature. 

Due to the limited testing facility at the host institute, as well as to strengthen his professional 

connections, he organized useful collaborations in Hungary and in abroad performing active 

scientific cooperation among the others with experts at the TS Hungary, Voestalpine High 

Performance Metals Hungary Kft., Anton Paar Hungary, Rtec Instruments Switzerland, Nanovea 

Italy, TU Dresden, etc. 

It was a real pleasure for me to manage the research work of Shiraz Ahmed Siddiqui, during which 

not only the student but also the supervisor was able to gain a lot of experience and knowledge in 

an extremely interesting, and professionally important scientific field, in the framework of an 

intensive, mutually beneficial, and enjoyable scientific work. 

I hope that according to his plans he can finish his PhD studies in 2022, at the high professional 

level, he is accustomed to, which, on the one hand, means the closure of an important chapter of 

his career i.e., the work done here in Miskolc, on the other hand, opens a new chapter, as we plan 

to continue our scientific cooperation in the future at a different level when he is far from Hungary 

at a different stage of his research career.  

To all this, I wish the Candidate every success and other excellent results!   

 

Miskolc, 11th June 2022 

 

 

 

 

Dear SAS, fly on and enjoy your journey! 

 

 

Prof. Dr. Maria Berkes Maros,  

Supervisor 

 

 



1 

 

1. INTRODUCTION 

Tribology is the field of engineering science that deals with interacting surfaces in relative motion. 

The word was first introduced in 1966 by the Jost report 1. The report predicted that about 515 

million £ (1.36% of the gross national product (GNP)) of the UK can be saved if the techniques 

and principles of tribology are taken into consideration by the manufacturers across the country. 

Holmberg et al. in 2016 2, presented a report showing the financial savings in the economy due 

to reduction in frictional losses were 12,600 million £ (1.39% of GNP of the UK).  

Holmberg et al. estimated around 23% of the world’s total energy consumption originates from 

tribological contact. This field is particularly interesting as reducing the losses due to friction, wear 

and lubrication can help in a considerable energy saving 3, 4.  

The German Society for Tribology presented a report in 2019 in which they highlighted the 

importance of tribology and the applicability of surface engineering 5 in order to increase global 

energy saving. They inferred that tribological investigations and surface engineering are the keys 

to lowering the economic losses and optimizing the technique to reduce emission and energy 

losses. The savings due to tribology was identified as around 1% of the GNP by the German 

Ministry for Education and Research in 1976 6. This was 32.7 billion € in 2017. The report 

particularly emphasized the importance of reducing the frictional losses in the automotive 

powertrain with the piston module accounting for 50% of the frictional losses of the combustion 

engine. Along with lubrication (low viscosity oils), the application of thin films such as diamond-

like carbon (DLC) was proven to reduce friction up to 75%. Thus, the tribological investigation 

has proved to be beneficial in reducing losses and thereby contributing positively to the results of 

the nation's economy.  

The basic aim of the research work is to enhance the tribological performance of the X42Cr13 tool 

steel widely used in the industry by applying hard ceramic – CrN and DLC – coatings, as well as 

comparing the tribological behaviour of these coatings applying them in the traditional, i.e., simply 

coated form or as a duplex treated coating systems. With this aim, I am working out a detailed 

overview of the "state of the art" on tool steels, their damage processes, with special regard to their 

tribological failures, and the most usual methods used for improving their tribological performance 

particularly. One of them of which is the application of coatings, the behaviour of which largely 

depends on the quality and properties of the substrate. To study this, I review the commonly used 

bulk and surface treatment methods for the selected tool steel. In order to characterize and compare 

the tribological behaviour of the ceramic coatings to be applied, I get acquainted with the test 

methods applicable for this purpose in the framework of my research. 

Based on all this, I am preparing a detailed objective regarding the tasks and tests to be performed, 

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. 
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2. LITERATURE REVIEW 

2.1. Significance and main aspects of tribology 

The word “Tribology” is derived 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.  

The research in the field of tribology is focused to increase the durability of components in 

industrial systems operating in friction and wear conditions. This can be done by analysing the 

working conditions, damage mechanism, failure of older components, evaluating previous data. 

With the knowledge and previous experiences, it is possible to design and model components with 

improved performance along with better prediction of failure and lifetime. This task is performed 

by researchers by scaling down and simplifying the contact geometry and applying parameters that 

best replicate the real-time operating conditions.  Thus, finding ways to minimize friction and wear 

through new technologies in tribology is critical to a greener and more sustainable world. 

2.1.1. Friction 

The work put forth by Leonardo Da Vinci and Amontons was useful in establishing the first two 

fundamental laws of friction. The third law was given by Coulomb. The fundamental laws of 

friction are, as follows 

− Frictional force is directly proportional to the applied load. 

− Frictional force is independent of the apparent area of contact. 

− Frictional force is independent of the sliding velocity. 

These laws are valid for ideal conditions, with the complexity as in tribological contacts these laws 

are not sufficient to illustrate the mechanism. For example, at nano-scale surface roughness plays 

a dominant role in friction 7.  

The coefficient of friction is given by the ratio of frictional force (FS) to the normal load (N). 

Bowden and Tabor 8 presented a detailed model of metallic friction stating friction force as a 

summation of adhesive force (FA) and ploughing force (Fp): 

  S A PF F F= +  . (1) 

They deduced that the contact occurred at surface asperities known as real contact area which is 

very small and independent of apparent area of contact.  

During the relative motion, the adhesion force shears the contacting junction, whereas the 

ploughing force is required to plough the asperities of the harder surface through the softer surface. 

The real contact area is proportional to applied load where the asperities deform. They suggested 

the following relation for the frictional force according to Eq. (2). 

 S rF A S A p=  +   , (2) 
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where Ar  is the real contact area, S is the shearing strength of metallic junction, A  is cross sectional 

area of ploughing, and p is the pressure to cause plastic flow of the softer metal. Under the applied 

load, the asperities deform till the real area of contact is sufficient to support the load N = p×Ar. 

Therefore, friction force can be written as: 

 S

N S
F A p

p


= +   , (3) 

and the coefficient of friction as: 

 SF S A p

N p N



= = +  . (4) 

2.1.2. Wear 

Wear is defined as the irreversible material loss of interacting surfaces. Wear is the alteration of a 

solid surface by the progressive loss or the progressive displacement of a material due to the 

relative motion between that surface and a contacting substance or substances 9, 10. In most 

cases, the wear is highly undesirable as it causes surface fragments, part failure, and reduces the 

lifetime of different components. However, it could be desired in machining processes where 

grinding or polishing is involved. Physical and chemical elementary processes within the area of 

contact of a sliding pairing subsequently leading to change in material and shape of the friction 

partners are known as wear mechanisms 11, 12, 13. 

The main types of wear are the adhesive, abrasive, surface fatigue, fretting, erosive, corrosion and 

oxidation wear. Other common types of wear are- impact wear, cavitation and diffusive wear 14.  

Adhesive wear- is caused due to strong adhesive forces generated at the interface of two interacting 

solid materials. When a peak from one surface touches a peak from the other surface, instantaneous 

microwelding (Figure 1/a) may take place due to the heat generated by the resulting friction. This 

results in detachment or material transfer from one surface to the other. For adhesive wear to occur 

it is necessary for the surfaces to be in intimate contact with each other 15.  

 

Figure 1. (a) Micro-weld formation and subsequent tearing apart during adhesive wear;  

(b) Two and three body abrasive wear [16] 

This may cause unwanted displacement and attachment of wear debris and material compounds 

from one surface to another. It can lead to an increase in roughness and the creation of protrusions 

(i.e., lumps) above the original surface. Adhesive wear is detrimental because the loss of material 

will lead to deterioration in performance, and the formation of large wear particles in closely fitted 
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sliding members causes the mechanism to seize at an early stage in its productive life. The degree 

of adhesive wear is greater in an unlubricated state than in effectively lubricated metal surfaces.  

Abrasive wear occurs when a hard, rough surface slides over a softer one, producing grooves on 

the latter (two-body abrasion). It can be caused by loose, abrasive particles rolling between two 

soft sliding surfaces or by particles embedded in one of the opposing surfaces. Three-body abrasion 

(Figure 1/b) takes place where particles between two surfaces remove material from one or both 

surfaces like in the tumbling process. Abrasion involves microscopic cutting and ploughing 

processes.  

Corrosive wear occurs when a gas or liquid chemically attacks a surface left exposed by the sliding 

process. Normally, when a surface corrodes, the products of corrosion (such as patina) tend to stay 

on the surface, thus slowing down further corrosion. 17.  

Surface-fatigue wear is produced by repeated high-stress attendant on a rolling motion, such as 

that of metal wheels on tracks or a ball bearing rolling in a machine. The stress causes subsurface 

cracks to form in either the moving or the stationary component. As these cracks grow, large 

particles separate from the surface, and pitting ensues 18.  

Methods to reduce wear:  

Wear can be minimized or prevented by using certain strategies like the proper choice of materials 

(wear-resistant materials), component design, and modifying the surface properties for instance by 

hardening, or by surface coating. Lubrication also plays an important role in reducing wear 

between components. Surface engineering has provided useful methods and strategies to overcome 

the wear problem in manufacturing industries.  

2.1.3. Lubrication 

Lubrication is the third most important pillar of tribology after friction and wear. The application 

of solid, fluid or gas between the two contacting bodies with the purpose to reduce the friction or 

wear during relative motion has proved to be extremely beneficial. For engineering applications, 

the lubricants used are mineral oils, synthetic oils, grease, or solids. Viscosity (resistance to shear) 

plays a vital role in liquid lubricants. The performance of lubricants can be greatly modified using 

additives such as zinc dialkyldithiophosphates (ZDDPs), molybdenum dialkyldithiocarbamate 

(MoDTC). These additives help to reduce the friction, wear, minimise contamination and maintain 

stable fluid properties.  

The present study deals with enhancing the tribological performance of plastic mould tool steel in 

unlubricated condition. The sliding wear test is carried out without any aid of lubrication. 

However, it should be mentioned that many materials – e.g., Si3N4, SiC, DLC, or certain steels – 

under defined tribological loading conditions are prone to participate in tribochemical reactions 

producing a so-called tribofilm, which can act as a lubricating media, thus modifying the condition 

of wear e.g., from dry sliding to hydrodynamic lubrication. This way, the wear damage may be 

significantly reduced, and the lifetime of the structures can be greatly increased.  

2.1.4. Tribology of coated surfaces  

Figure 2. shows different properties required at different locations in a coating-substrate system. 
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The coating material can react with the underlying substrate to form an interfacial region. The 

properties of the interface have a deterministic role in the functional service life of the deposited 

coating. The development of the interface region involves diffusion and/or chemical reaction, 

resulting in a gradually varying composition and properties of the interfacial layer. If this layer is 

thick may possess high residual stresses, microcracks and/or porosity resulting in weak adhesion, 

and high contact resistance [19]. 

 

Figure 2. Tribologically important properties in different regions of the coated surface [20, 21] 

The role of interfacial stresses is particularly important to evaluate while dealing with a system 

consisting of hard coatings on soft substrate. The high stresses concentrated at the interface 

between the substrate-coating may cause cracking and eventually premature failure of the coating. 

These high stresses can be controlled by improving the adhesion strength between the coating-

substrate. In case of multilayer coatings, the adhesion is improved by doping i.e., depositing 

interlayers such as CrN, WC, etc. [22]. The other factor influencing the contact stresses at the 

interface is the surface roughness. It was shown by Sainsot et al. [23] that the maximum Von-

Misses stresses are concentrated at the interface. Thus, the interfacial region or the interface 

determines the bonding strength between the coating and substrate. The debonding or separation 

is most likely to occur if the interface has limited shear strength. 

A bond is the state of adhesion between a coating and a substrate. A bonding mechanism may be 

mechanical, physical, chemical, molecular bonding, diffusion bond, epitaxial growth, 

metallurgical, or a combination of them, which is determined by the coating preparation process. 

The strength of the bonding between the coating and the substrate is largely influenced by the 

adhesion and cohesion forces.  

2.1.4.1. Tribological mechanisms of coated surfaces 

Holmberg et al. [20] interpreted the complex tribological contact mechanism by simplifying it into 

a set of input and output data. Input data is the starting point of analysis which includes geometry 

of contact on both macro and micro scale, material properties, structure of parts involved, load, 

velocity, tangential force, temperature and environmental parameters. As the surfaces come in 

contact due to the relative motion physical and chemical changes takes place. There are 

simultaneous changes in friction, wear and deformations taking place. Holmberg suggested to 

study tribological contact mechanisms according to the following aspects macro- and micro scale 

mechanical effects, chemical effects, material transfer and tribochemical changes (Figure 3).  

 

Chemical composition, microstructure, porosity, crack type defects, 
cohesive bonding, mechanical properties (hardness, toughness, 
elasticity), thermal properties, layer thickness, residual stresses 

Roughness, porosity, corrosion, erosion, thermal resistance, 
friction characteristics, unique properties (electric, bioactivity, etc) 

Mechanical properties (elastic modulus, strength, hardness, toughness),  
thermal conductivity and expansion, residual stresses 

Adhesion, shear strength, surface roughness, cleanliness, interdiffusion,  
difference in coefficient of thermal expansion  

COATING 
e.g., TiN, CrN, WC, DLC 

INTERFACE 

SUBSTRATE 
e.g., metal, ceramic, polymer

FREE SURFACE 
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Figure 3. Tribological contact mechanisms are related to macromechanical changes, material transfer, 

micromechanical, tribochemical and nanophysical changes in the contact 20] 

Macromechanical friction and wear mechanisms in hard and soft coatings 

This interpretation of the friction and wear focuses on the stress and strain distribution and the 

resulting elastic and plastic deformations. In coated systems, the following four parameters control 

the tribological performance the hardness relation of the coating to substrate, thickness of coating, 

surface roughness of substrate, size and hardness of debris in contact.  

Hard coatings deposited on a soft substrate decrease the friction and wear by preventing ploughing 

on micro- and macro scales 24, 25. These coatings possess high residual compressive stresses 

which prevent tensile forces to develop. Nitriding the substrate is a way to improve the surface 

hardness and produce compressive residual stresses. 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 [26].  

For a soft coating, the thickness plays an important role, as it influences the ploughing component 

of friction and for rough surfaces, it affects the degree of asperity penetration through the coating 

into the substrate [27].  

Micromechanical tribological mechanisms 

These mechanisms describe the stress and strain formation at an asperity-to-asperity level, the 

crack generation and propagation, material liberation and particle formation. Shear and fracture 

are two mechanisms responsible for the first nucleation of a crack and for its propagation leading 

to loss of material or wear scar [28]. 

Tribochemisty and tribofilm formation in coated surfaces 

A thin solid film (or layer) generated as a result of sliding contact which is usually adhered on its 

parent worn surface, having different chemical composition, structure and tribological behaviour 

is known as tribofilm. They act as a third body or a solid lubricant which plays a vital role in 

reducing friction and improving the wear performance. The friction depends on various factors 

such as counterface, sliding velocity, applied load, sliding distance, temperature and chemical 

species in the surrounding. Tribofilms can be categorised according to their generation process 
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involving complex mechano-chemical and thermal reactions along with reactions with 

environment species. In a broad sense, tribofilms can be classified into four major types- 

1. Tribofilms generated from wear of major constituent of sliding surfaces in contact. 

2. Tribofims generated from preferential wear of soft (lubricious) constituent of composites. 

3. Tribofilm having a different chemical composition from that of parent worn surface 

2.2. Tool steels 

Tool steels belong to the family of carbon and alloy steels having unique characteristics like 

outstanding hardness, toughness, wear resistance, and high strength at elevated temperatures. They 

contain carbide-forming elements (chromium, tungsten, molybdenum, and vanadium). The 

measure of dissolution of the different carbides in the austenite depends on the austenitisation 

temperature. The types of carbides appearing in the final microstructure then depends on the 

cooling circumstances, which determine the high-temperature performance of steels. The 

manufacturing steps of a steel product include among the others primary melting, electro-slag 

melting, ingot and continuous casting, primary shaping processes like forging, rolling, hot and 

cold drawing, or powder metallurgy. All these processes affect the microstructure, thereby the 

properties of the steel product. Heat treatment of the tool steels modifies their grain size, hardness, 

strength, ductility, formability, and machinability, and makes them useful for a great variety of 

applications.  

The applicability of the tool steels is largely dependent on the type and amount of alloying 

elements, which determine their operational features, like strength, hardness, resistance to 

abrasion, and ability to hold a cutting edge.  

Tool steels are manufactured as per standards including several international and national 

specifications 29, 30, 31, 32. E.g., the Steel Products Manual which covers tool steel published 

by the Iron and Steel society contains detailed and comprehensive information related to the 

manufacturing practices of global leading steel producers 33.  

2.2.1. Classification of tool steels 

Tool steel can be classified mainly into six groups water-hardening, cold work, shock-resistant, 

high-speed, hot work and special purpose tool steels, as follows [34]:  

− water hardening tool steels ("W-group": high carbon, low cost, low hardenability, high 

hardness); 

− cold work tool steels (air hardening tools steels – "A series"; medium-alloy, high-carbon-

chromium – "D series"; oil-hardening – "O series"; all of them of high hardenability and 

good wear resistance); 

− hot work tool steels (alloyed with chromium, tungsten, and molybdenum; good hot 

hardness, toughness); 

− high-speed (HS) tool steels (chromium, tungsten, molybdenum, vanadium, and 

occasionally cobalt with high C content; extremely high hardness, but brittleness, and low 

heat conductivity due to high amount of alloy carbides); 
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− shock resistant tool steels (Cr-W, Si-Mo, Si-Mn groups, low C, good hardenability, 

abrasion resistance, high impact toughness); 

− others (low-carbon, low-alloy, special purpose, e.g., plastic mould tool steels, maraging 

steels, etc.). 

2.2.2. Plastic mould tool steels  

Plastic mould tool steels belong to the special purpose category and are designed to meet the 

requirements of die casting and plastic injection moulding dies for polymer processing. They 

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

dimensional accuracy, hardness, toughness, and compressive strength  35 , 36 . Due to an 

exponential growth in the last two decades in the application of plastic mould tool steels the interest 

in their research and development has rapidly grown. One of the most important characteristics of 

the plastic mould tools consists in their surface quality defining basically the ultimate quality of 

the ready to use plastic products 37, 38.  

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. 

The characteristic detrimental failure modes that limit the applications of this steel are wear, 

friction, and corrosion that cause a significant increase in the maintenance, operational and overall 

costs. Due to the high (13%) chromium content of this steel it has high similarity with various 

other steel grades like AISI 420 (martensitic stainless steel) or the grade of X42Cr13. 

The investigation of corrosion resistance of this tool steel grade is the most common direction of 

research, that can be advantageous to study the properties and behaviour of the steel in different 

loading and environmental condition. However, my PhD research work deals with enhancing the 

tribological performance of this steel so the focus is to study and improve the wear and friction 

characteristics.  

Friction and wear mechanisms do not occur in an isolated manner but appear rather as a 

combination of different mechanisms that are challenging to identify, quantify and control since 

their proportions vary across the time and place, making it nearly impossible to define their ratio 

accurately in a given tribo-contact. This is, why tribological tests are so crucial for estimating the 

tribological behaviour and damage characteristics of a tribo-system. If the purpose is to interpret 

and understand tribologically-measured data and perform mechanism-oriented research, 

complete knowledge of the operating mechanisms in a tribo-contact is required. 
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2.2.3. Heat treatment of plastic mould tool steels 

The properties of the material after a given heat treatment operation are largely dependent on the 

selected parameters, through which we can control the type and amount of the microstructural 

elements which can be either equilibrium- (ferrite, pearlite) and/or non-equilibrium type (bainite 

martensite) or residual austenite. The carbide precipitation in the quenched and tempered 

microstructure has a strong effect on the properties like hardness, wear, and corrosion resistance. 

In tailoring the properties of the steel according to the required application, heat treatment plays a 

pivotal role. The primary objective behind heat treatment is to harden or soften the material. The 

softening process (annealing) or conditioning is done to lower the strength and hardness while 

increasing the ductility and toughness. A hardening treatment on the contrary increases the strength 

and hardness while reducing the ductility and toughness. In the case of tool steels this latter one 

consists of two main processes, namely quenching + tempering or precipitation hardening (age 

hardening). In the manufacturing industry, the steel products are mostly cooled from the austenitic 

(700-1100 C) zone (the region where most of the alloying elements become dissolved in the 

homogeneous austenite phase). During this holding, the dimensions of the component must be 

carefully considered Applying a slow (quasi-equilibrium) cooling the Hein Charpy dual-phase 

diagram is crucial in determining the type and amount of the above mentioned equilibrium type 

microstructures while during the rapid (non-equilibrium) cooling the CCT curves are the 

prominent technological aids. If the cooling rate exceeds a critical value, the process, known as 

quenching, leads to the formation of a martensitic structure. This can be realized by immersing the 

workpiece into an agitated liquid media (quenchant). Applying a cooling rate slower than the lower 

critical one, decomposition of the austenite occurs resulting in the formation of ferrite pearlite, 

with or without bainite. The applied technological parameters – first of all the temperature and the 

holding time – greatly influence the obtained microstructure and the accompanying properties of 

the product. E.g., the austenitizing temperature plays an important role in portioning of carbon and 

alloying elements between the austenite and carbide phases. On increasing the temperature there 

is an increase in the carbide dissolution, and in the amount of the dissolved alloying elements, with 

a simultaneous undesirable grain growth.  

Quenching increases the strength and hardness but reduces the ductility and toughness hence 

tempering the quenched steels is necessary. The objective of tempering is to soften the steel to get 

the desired properties like increased ductility and toughness while maintaining the high strength 

of the material. In tempering the steel is heated to around 500−650 C i.e., below the austenitic 

range, and held for a specific period. During this process, the hard and brittle martensite, 

supersaturated in carbon and alloying elements, decomposes into ferrite and iron carbide phases 

forming a structure known as tempered martensite. This structure consists of fine particles 

dispersed throughout a ferritic matrix. The resulting material has a required level of strength, 

hardness, toughness, and ductility. However, the properties of the steel products are influenced not 

only by the final treatment operations but by their previous thermal and thermomechanical history, 

as well. E.g., during the hot rolling process of steel manufacturing, austenite dissolves all the 

constituents of the steel. This is followed by precipitation of alloy elements carbides at the grain 

boundary (GB) of austenite, during the cooling process. In the CCT curve of the investigated 

X42Cr13 steel (Figure 4) these alloy carbides, denoted by K1 carbides are evident, since they 

could not be dissolved during austenitisation. 
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Figure 4. CCT curve of the AISI 420 steel (Taust= 1025 °C, taust= 30 min) [39  

Based on Figure 5 – illustrating the possible carbides in various Fe-Cr-C tool steels present at 

870 °C – these carbides are assumed to be M7C3 type carbides e.g., Cr7C3.  

 
 a) b) 

Figure 5. (a) Isothermal section (T=870 °C) of the Fe-Cr-C system with approximate compositions of 

some common tool steels. (Label of 420 in the diagram represent the AISI 420 grade) 40, (b) Time-

temperature diagram of carbides present in two 12% Cr martensitic stainless steels after tempering 41 

It is also seen that different microstructures are formed depending on the cooling rate. During slow 

cooling at the high temperature zone first K2 carbide is precipitating along the austenite grain 

boundaries at very high (900 °C) temperatures prior to the pearlite formation. These K2 carbides 

are usually M23C6 type, i.e., (Cr, Fe)23C6 or Cr23C6 carbides in the given steel. 

At a moderate, somewhat quicker, cooling rate the pearlitic transformation is not completed and 

at a temperature lower than MS martensite will form. Simultaneously K1 and K2 carbides are also 

possible in this microstructure. These carbides reduce the C content of the austenite transforming 

into martensite, thus reducing the hardness of martensite. Fast cooling, at a rate greater than the 

lower critical cooling rate, results in the formation of martensite supersaturated in carbon and 

alloying elements. This microstructure can also contain K1 primary carbides at the GBs [39].  
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The steel is usually provided in the annealed condition by the steel producers. It is important to 

mention that AISI 420 is prone to K1 type carbide network formation along the GBs that can be 

eliminated by an intermediate treatment called normalizing. This involves austenitisation above 

A3 then slow cooling before the annealing treatment. If this is the case, K1 carbides are partially 

dissolved during austenitisation, and coarse K2 carbides can also form during cooling. Thus, K1 

and K2 carbides are present beside the pearlite. The size of the carbides depends on the control of 

the cooling process. The purpose of the annealing process is providing good machinability, 

formability and to make the production process convenient, for which the fine precipitates need to 

be coarsened, as well as the cementite lamellas of the pearlite must be chopped by applying a long 

term, high temperature heating. Spheroidise annealing occurs below the A1, without 

austenitisation, and finished by a slow cooling resulting in a spheroidite of martensite or pearlite 

origin constituting of a ferrite matrix, with Fe3C carbides first, however due to the very long high 

temperature holding the Fe3C carbides are decomposing, and Fe is substituted by the alloying 

elements. Consequently, complex carbides or pure alloy carbides of various types and 

compositions are forming, depending on the treatment parameters. The previously present K1 K2 

carbides are coarsened.  

It should be noted that the amount of carbides present in tool steels is greater in the annealed 

condition than after the subsequently applied austenitizing and quenching, because theses carbides 

are intentionally dissolved in the austenite to achieve high hardness of the martensite. The type of 

carbides obtained varies as a function of composition, i.e., the carbon content and the carbide-

forming elements like Cr, Mo, V and W. 

The high wear resistance of these tool steels is provided by precipitation hardening. This involves 

first the creation of a homogeneous microstructure by austenitisation during which carbides fully 

or partially dissolve. This is followed by quenching producing a martensite supersaturated in C 

and alloying elements. Then finally distributed precipitates are produced a high temperature 

tempering. The quenched and tempered microstructure consists of a tempered martensitic matrix 

containing Cr23C6 and (Cr, Fe)23C6 carbide precipitates with some residual austenite, along with 

the possibly present primarily existed carbides that are M7C3 type Cr rich carbide with very low 

amount of other carbide forming elements. These undissolved primary carbides – beside the 

martensitic matrix – are favourable from the point of view of wear resistance. 

Summarising the usual practice of heat treatment procedure for steels with high Cr content is as 

follows. Normalizing is performed to eliminate primary carbides along the GBs. Annealing is 

applied to facilitate the machining or cold work operations of workpieces during manufacturing. 

Precipitation hardening is accomplished to assure a hard, high strength, wear resistant condition 

of the tool steel in the application conditions. The size, volume fraction of carbide particles and 

the amount of retained austenite play a major role in determining the strength, hardness, toughness, 

corrosion, and wear resistance of the steel. 

2.3.  Surface engineering 

Surface engineering is a term used to define the wide range of technologies that aim to design and 

modify the surface properties of engineering components. Surface technologies play an important 

role in increasing components' lifetime. Applying these methods, it is possible to produce a hard 

and thus wear-resistant surface layer on a ductile component. Surface modification processes are 
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applicable to control friction, improve surface wear and corrosion resistance, and change the 

physical or mechanical properties of the component 42, 43. The scope of surface engineering 

technology encompasses a wide range of surface treatments and coatings that can be applied to 

combat friction, prevent corrosion, and reduce wear. The resulting benefits are improved 

performance, lower running costs, and longer service intervals. 

Surface engineering processes are of great complexity. Regarding the microstructure of the surface 

layer, i.e., whether it is altered or unchanged, the two main classes of surface engineering 

techniques are surface modifications and surface coatings (Figure 6). The first method involves 

compositional changes in the material surface layer, while in the case of the second one, the 

material composition is not altered. The purposes behind obtaining a surface-engineered 

component are, as follows: 

− improved wear and corrosion resistance 44; 

− improved oxidation and/or sulfidation resistance; 

− reduced frictional losses; 

− improved mechanical properties (enhanced fatigue resistance, toughness, etc.); 

− improved electronic, electrical properties, thermal insulation; 

− improved aesthetic appearance 45. 

 

Figure 6. Classification of the surface engineering methods 11 

Surface modification means influencing the surface microstructure due to heat or a combination 

of heat and chemical effects. These technologies modify the surfaces of a component by bringing 

physical, chemical, or mechanical characteristics different from the ones originally found on the 

surface of the material. The modification can be done in two ways as presented above, i.e., either 

with no compositional change (e.g., transformation hardening, surface melting, texturing) or with 

compositional change (solid solution and precipitation, modification via diffusional processing, 

formation of surface layers by thermochemical reactions with the component material, formation 

of surface layers by electrochemical reactions with the component material) 46.  

Surface Engineering
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• Nitriding
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• Nitrocarburizing
• Boriding

Transformation hardening, 
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melting
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Vapour 
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Thermal 
Spray

• Air 
plasma

• Vacuum 
plasma

Physical Vapour 
Deposition (PVD)

Chemical Vapour 
Deposition (CVD)

Physical-Chemical 
Vapour Deposition 

Surface modification with 
compositional change

Surface modification without 
compositional change
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Coating means adding a new layer on the top of the surface, intentionally not changing the 

microstructure of the subsurface layer. The coating is a kind of coverage that can be applied on the 

surface of an object, usually called the substrate. Applying coating results in appreciation of 

substrate by improving its appearance, corrosion- or wear resistance, etc. The process of coating 

involves the creation of a thin film of functional material on a substrate. The functional material 

may be metallic or non-metallic; organic or inorganic; solid, liquid, or gas. Coatings change 

tribological performance by inducing residual compressive stresses, decreasing the friction 

coefficient, increasing the surface hardness, altering the surface chemistry, changing the surface 

roughness, increasing the strength, and modifying the mechanical properties 47.  

The wear rate of a metallic material is proportional to the load applied to it and inversely 

proportional to its hardness. Thus, the solution to reduce wear, for instance on a bearing 

component, is to increase the hardness of the surface. This can be achieved using hard coatings to 

prevent fretting, small-amplitude oscillations, or vibrations.  

The aim of my research work is to investigate an advanced surface modification technique, i.e., 

the duplex treatment, consisting of plasma nitriding and subsequent deposition of a hard- ceramic 

coating, to reduce friction and improve the wear resistance of the X42Cr13 tool steel. 

2.3.1. Duplex treatment 

2.3.1.1. Introduction and historical developments in duplex treatment technology 

Duplex surface treatment is a unique procedure, which combines two (or more) surface 

technologies in order to produce a composite surface with the purpose of improving the loadability 

and durability of the component which can’t be achieved by individual processes, alone 48. 

Duplex treatment is a combination of surface modification and surface coating. Application of 

these techniques together helps to obtain a unique combination of mechanical and physical 

characteristics, which has favourable impact on the design of substrate and surface jointly, 

resulting in considerable cost reduction and an increase in the productivity of the manufacturing.  

Nitriding is a thermochemical process wherein the nascent nitrogen is diffused into the surface of 

steels or cast irons. This leads to the formation of a thin layer of iron nitride on the surface and a 

relatively thick and strong diffusion zone in the subsurface. The resulting microstructure has 

improved hardness, wear-, and corrosion resistance, enhanced fatigue strength, and better load 

carrying capacity 49, 50]. The nitrided layer also can serve as a sublayer for coatings. The 

thermochemical treatments are beneficial as they increase the depth of zone possessing 

compressive stresses resulting in better loadability of steels. The concept of duplex treatment was 

further strengthened by Bell and his co-workers by demonstrating the improvement in tribological, 

fatigue and corrosion resistance properties of the composite coatings 51. The coating can be 

produced in vapour state, chemical (sol-gel, anodizing, etc.), or thermal spray (air plasma, vacuum 

plasma). The vapour state method is one of the most widely used in mechanical engineering 

industries. The objective behind surface coating is to increase the wear resistance and reduce the 

interfacial shear stress and strain. The material property and performance can significantly be 

improved by coatings without altering the bulk materials. Figure 7 represents the change in 

hardness with respect to distance from the surface for individual treatments and duplex treatments.  
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Figure 7. Hardness vs. distance from the surface for soft steels with a plasma nitriding treatment (PN), 

PVD coating, and combination nitriding plus PVD coating; CZ: compound zone, DZ: diffusion zone 52 

DT provides increased surface hardness and imparts better adhesion between the substrate and 

PVD coating. This dual treatment technique has the potential to be successfully applied in piston 

rings, powertrains, and engines 52.  

Table 1. summarizes the key steps in the deployment and spreading of the duplex technology from 

1983 to our day. The first results on the increased wear resistance achieved using duplex 

technology with TiN coatings were published 40 years ago [53, 54,] and for almost two decades 

this was the most studied and applied hard coating for duplex coated tool steels [55, 56, 57, 58, 

59, 60]. Since that time, the technological and material developments occurred in the field of wear-

resistant coatings lead to the application of several new types of hard coating in the duplex coated 

systems, like TiC [61], TiAlN [62, 63, 64, 65, 66] Fe2B 67]. Some of the duplex treated systems 

of tool steels applied no hard coatings but combined the advantage of different thermochemical 

treatments [ 68 , 69 , 70  71 . CrN top-coated duplex treated systems started to be used 

characteristically since the 2010s [63, 72, 73]. A new generation of the duplex treated, low and 

superlow friction systems is represented by those containing monolayer DLC toplayer [74, 75, 76, 

77, 78, 79,], or its multilayer version [ 80, 81, 82, 83, 84, 85]. The use of CrN and multilayer DLC 

coatings with duplex technology on X42Cr13 steel substrate, studied by me in the framework of 

my PhD research work, have not been reported in the literature to date. 

Table 1. Main steps and achievements in the development and spreading of duplex technology aimed at 

increasing the wear resistance of coatings  

Year Name Substrate Coating Achievements Ref. 

1982 Sirvio et al. 
AISI D3 tool 

steel 
TiN (ion 
plating) 

Wear rate of coated steel increases with increasing initial surface 
roughness. 

[53] 

1982 
Korhonen et 
al.  

Several steels 
and one Cast 

iron 
TiN 

Providing overview on the effect of duplex treatment on various 
combination of steel with coating 

54 

1985 Matthews various steels 
various 

nitrides and 
carbides 

 A comprehensive review paper that accurately summarises major 
and pioneer developments in the field coating deposition and 
ionisation process. 

86 

1986 Anjing et al. 
High speed 

steel 
TiN 

Inferred that improved adhesion is due to crystallographic, chemical 
similarity between Fe4N and TiN and increased substrate hardness 

[62] 

1988 Milic et al.  

stainless steel, 
HSS, carbon 
steel and low 
carbon steel) 

TiN 
Enhanced bonding between TiN coating and different surfaces 
treated by nitrogen ion bombardment at 200 °C before applying the 
PVD. The reason is the formation of Fe- N-Ti complex. 

[55] 
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Year Name Substrate Coating Achievements Ref. 

1990 
Zlatanvic and 
Munz  

M35 tool steel (Ti,Al)N Duplex treatment led to improvement in tool life by five times [65] 

1990 Leyland et al.  Tool steel TiN 
Low pressure plasma nitriding using D.C and R.F. biasing is 
advantageous to avoid compound layer formation.  Improved the 
adhesion strength due to duplex treatment 

56 

1991 
Van Stappen 
et al.  

AISI 304 and 

ASP 23 tool 
steels 

TiN 
The results showed varying degree of adhesion depending on the 
internal stress. 

58 

1991 Sun and Bell,  
low alloy steel 

(En40B 
TiN 

Coined the term Duplex surface engineering.  Improvement in 
the tribological properties and load-bearing capacity of the low alloy 
steel 

59 

1993 
Zlatanovic et 
al. 

DIN S 6-5-2 ; 
X38CrMoV5 

TiN 
The adhesion between the coating and substrate was significantly 
higher for duplex sample compared to non-nitrided ones 

60 

1994 Huang et al.  AISI M2 TiN 
Wear resistance is strongly affected by the adhesion of the coating 
rather than the load carrying ability of the substrate. 

57 

1995 
Dingremont et 
al. 

35NCD16, 
Z38CDV5-1 

TiN 
Pre-nitriding treatments with lower nitrogen potentials in the 
nitriding gas in helps to hinder the formation of a white layer.  

[68] 

1995 Meletis, et al. 
M50 steel and 

Ti6Al4V 
DLC 

Duplex plasma nitriding strikingly enhances the wear resistance of 
the DLC layer with a Si bonded interlayer 

[80] 

1998 Bell et al. low alloy steel TiN 
Wear resistance increases by a factor of 55 and shows better 
corrosion performance for duplex sample. 

48 

1998 Park et al.  stellite 6B 
TiN-(Ti, Si)-

TiC) 
Multilayer coating proved advantageous to reduce abrasive wear of 
stellite 6B. 

61 

1999 
Podgornik et 
al. 

AISI 4140 
PVD (TiN, 

TiAlN) 
Improved wear properties of the duplex samples were found with 
respect to uncoated and pre-hardened ones. 

[65] 

2000 
Holmberg et 
al. 

various various 

Alternative surface treatment processes are suggested besides the 
nitriding and carburizing to increase the load bearing capacity of 
the substrate. The primary design parameters of the supporting 
layer are the thickness and Young’s modulus, to avoid the plastic- 
and minimize the elastic deformation of the substrate. 

20 

2003 Scheid et al. 
AISI 1020 tool 

steel 

CrN, 
Cr2N(chromiz

ing) 

Improvement in the tribological and corrosion resistance of mild 
steel using duplex treatment due to significant improvement in the 
microstructure. 

69] 

2004 Lee et al. 
AISI 403 

Stainless steel 
chromizing, 
boronizing  

DT samples shows higher temperature oxidation resistance i.e., 4 
times higher than that of only boronised specimen 

[70]  

2006 Sen et al.  AISI 4140 steel 
Boronising  
FeB; Fe2B 

 Dual surface modification using boriding+short duration oxidising 

helped reduce , and achieve lower wear rate as compared to 
unborided. 

[67] 

2006 Batista et al. Ti6Al4V  

multilayered 
TiN/DLC, 
CrN/DLC 

CrAlN/DLC  

DT involving triode PN + coating was effective to improve the 
adhesion, load-bearing capacity and wear resistance of coating. 

[81] 

2008 
Hammad et 
al.  

304 AISI ASS 
Carbo-

nitrided layer 
 The surface HVM of the duplex layer (nitriding+carbonitriding) 
depends on gas composition; and improved by 1.29 times.  

[71] 

2010 Yetim et al. Ti6Al4V alloy 
Ti-doped 
DLC films 

Improvement in hardness, adhesion and wear resistance due to 
duplex treatment.  

74 

2012 
Kolarikova et 
al. 

31CrMoV9 steel 

mono- and 
multilayer 
TiN, CrN, 

TiAlN  

DT is useful to increase the die service life and most suitable 
coating (from the investigated set) is the PVD coating TiN. It shows 

low  and small wear.  

[63] 

2012 
Boromei, et 
al. 

AISI 316L 
multilayer  

a-C:H (top) 

a-C:H coating on low temperature carburised (LTC) helps to reduce 

 and wear compared to the uncoated LTC -treated steel 
[82] 
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Year Name Substrate Coating Achievements Ref. 

2013 
Kacprzyńska-
Gołacka et al. 

X32CrMoV3.3 
CrN  

AlCrTiN 

Study of fatigue resistance of hybrid layers helps in characterising 
the crack formation mechanism-short cracks in PN+CrN hybrid 
layer and long cracks in PN+AlCrTiN hybrid layer. 

72 

2016 Dalibon et al AISI 316L  DLC 
DT improved the adhesion, provided good sliding and abrasive 
wear and corrosion resistance.  

75 

2019 
Bárcenas et 
al. 

M2 steel  DLC 
Duplex sample showed better scratch resistance i.e., higher critical 
load as compared to the simply coated sample. 

77 

2021 Tobola et al. 
AISI D2; 

Vanadis 8 
DLC 

Significant improvement in the tribological performance due to DT. 
Best results were shown by turning + burnishing with 160 N force + 
vacuum nitriding + DLC coating, 

[78] 

2021 Feng et al.  CF170 steel 
Cr/WC/ 

(a-C:H) and 
Ti/a-C/(ta-C)  

Wear rate of the PN + Cr/WC/(a-C:H:W) and PN + Ti/a-C/(ta-C) 
samples are reduced by 105 times compared to untreated samples, 
and 10 times compared to PN samples. 

[83] 

2021 Costa et al. VC10 tool steel 
Si-DLC 

(aC:H top 
layer) 

textured surfaces were protected by DLC layer under dry sliding 
condition which shows stable and relatively low friction and 
negligible wear  

[84]  

2022 Bonu et al. Steel Cr/CrN/DLC 
Low  ~0.06 ± 0.005, high hardness 27 ± 2 GPa and very good 
adhesion properties of the coating system is reported. 

[85] 

2.3.1.2. Scientific fundamentals of duplex treatment 

The materials that are wear-resistant possess high surface hardness, accompanied by usually 

a high brittleness, due to which they are incapable to sustain high loadings. A possible solution 

to overcome this difficulty is to apply hard ceramic coatings on a tough substrate. 

However, under the high loading conditions, the applied coating gets removed or fails. This is due 

to the elastic and plastic deformations of the substrate results in the damage/failure of the coating. 

Cracks initiate most commonly at the defect sites in the coating and/or coating substrate interface 

and crack propagation may result in coating failure.  

The coating thus requires strong mechanical support that is provided by the underlying 

substrate material to avoid the eggshell effect and provide good adhesion to the coating. The 

procedure to improve the properties of the substrate/coating system without affecting the 

toughness is to modify the substrate properties in the vicinity of the coating interface.  

Figure 8 shows the yield strength of a tool steel substrate coated with TiN. At the interface 

between the coating and substrate, a steep yield strength gradient can be seen. Due to the 

applied loading, von Mises stresses develop which is also represented in the figure. Below 

the interface, von Mises stresses are greater than the yield strength of the substrate causing 

plastic deformation of the substrate. Consequently, below the coating/substrate interface 

failure area can be seen which leads to delamination of thin ceramic coating. Using the finite 

element modelling (FEM) technique it was established that plastic deformation initiates in 

the substrate in the vicinity of the coating-substrate interface. A large plastic zone develops 

in the substrate followed by plastic deformation and fracture of the coating 87.  

With duplex treatment, it was possible to improve the substrate load-bearing capacity by providing 

a gradual transition of mechanical properties between the relatively soft substrate and hard ceramic 

coating, as shown in Figure 9. Plasma nitriding resulted in yield strength superseding the von 

Mises stress level below the interface. No plastic deformation of the substrate takes place in this 

case and hence integrity of the hard-ceramic coating is maintained.  
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Figure 8. Strength and stress profiles as a function of depth from the surface for simply coated and 

duplex coated soft substrate (left); The failure area corresponds to a region where the von Mises stresses 

are higher than the substrate yield strength (Modified from 48) The nitrided layer grants mechanical 

support for the ceramic coating (right) The von Mises stresses are everywhere lower than the local 

strength of the coated system at any depth (Modified from [88 ) 

The field of duplex surface engineering has proved to be beneficial in many regards improving the 

mechanical, tribological, and corrosion resistance of components. Yet, it imposes a great challenge 

for tribologists, heat treatment experts, and mechanical engineers to select optimal parameters of 

the treatment for the specific application to assure the efficacy of the treatment. Several parameters 

– such as steel grade, its composition, heat treatment, diffusion layer thickness, compound layer 

thickness, temperature, time of treatment, type of coating deposition method (PVD, CVD, 

PECVD, etc.), the thickness of the coating, operating conditions (temperature, loading force, 

humidity, etc.) – have to be considered. Stress distribution in the composite-surface which is 

affected by the elasto-plastic properties of the layers and substrate, friction behaviour of surface, 

or residual stress distribution should also be considered. 

2.3.2. Nitriding 

Nitriding is a thermochemical surface treatment using diffusing nascent nitrogen into the surface 

of steels and related alloys. The purpose of nitriding is to increase the hardness, and improve the 

wear, corrosion, and fatigue resistance 88, 89]. Nitriding is carried out at temperatures below the 

transformation temperature of alloy steels so that with proper manufacturing techniques, there is 

little or zero distortion. The part or component to be nitrided is bulk heat-treated (e.g., precipitation 

hardened) previously in order to obtain a proper strength level. Inside the nitriding chamber, the 

parts are exposed to active nitrogen at a carefully controlled temperature, typically in the range of 

500 to 600 C. This temperature is usually below the final tempering temperature of the steel so 

that nitriding does not affect the mechanical properties (e.g., toughness) of the base metal. All 

hardenable steels must be hardened and tempered before applying nitriding. The minimum 

tempering temperature should be at least 30 C higher than the maximum nitriding temperature. 

As a result, a very high strength product with extremely good wear resistance and structural 

stability can be produced, with little or no dimensional changes. 

2.3.2.1. Fundamentals of nitriding technology 

Early developments and research were carried out in 1920 by Fry in Germany. He succeeded in 

passing anhydrous ammonia over the steel at temperatures between 500-600 C. The process was 
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further developed and modified to meet the practical requirement of producing within very close 

limits tolerances, intricately shaped parts having a high surface hardness. 

During nitriding of steels, a wide diffusion zone forms under the surface where nitrogen is in a 

dissolved state. Whereas close to the surface a narrow layer containing small precipitates of iron 

nitride and other alloying elements is formed. A continuous and thin solid layer of nitrides forms 

on the surface known as a compound layer. It consists of nitrides of different compositions and 

stoichiometry, and it is also called the white layer since it has a bright white appearance when 

observed by an optical microscope. The structure, and properties of steels after nitriding depend 

mainly on the technological parameters like nitriding temperature, duration, gas mixture 

composition, etc.  

The nitrided layer can be divided into two parts as illustrated in Figure 9. One of them is the 

compound layer consisting of (Fe2-3N), (Fe4N) iron-nitrides and other nitrides formed with 

alloying elements. The other is the diffusion layer consisting of interstitial atoms in solid solution 

along with fine and coherent precipitates when the solubility limit is reached. 

 

Figure 9. The structure of the nitrided layer in an iron based ferritic product [90] 

The structure of the diffusion zone of the nitrided case is similar to that of which the core 

microstructure has been strengthened by solid solution and precipitation hardening. For Fe-based 

materials, nitrogen exists as a single atom in a solid solution interstitial position. This is valid till 

the limit of nitrogen solubility (0.4 wt% N) in iron is not exceeded. The depth of the formed 

diffusion zone depends on various factors like the nitriding temperature, time, composition of the 

substrate, nitrogen concentration gradient, etc. As the nitrogen concentration increases towards the 

surface very fine and coherent precipitates can be found where the solubility limit of nitrogen is 

exceeded. The precipitates – nitrides of iron and other nitrides formed with alloying elements – 

are found along the grain boundaries and within the lattice, as well. They distort the lattice and pin 

crystal dislocations, thus ultimately, increasing the surface hardness of the material.  

The compound layer is a region where  (Fe4N) and  (Fe2-3N) phases are formed. Carbon present 

in the material helps the formation of .  

The nitrides have a larger specific volume than the -Fe matrix resulting in high residual 

compressive stresses in the nitrided layer whereas tensile or zero stresses develop in the interface. 

The thickness and composition of the two layers depends on the nitriding temperature, time, and 

composition of the substrate material 91, 92, 93, 94 . The compound layer determines the 

tribological performance, and corrosion resistance 95, 96, 97 whereas the diffusion layer is 

controlling the fatigue strength. It was demonstrated that the best wear performance can be 

obtained when the layer is built up of a compact monolayer of closely-packed hexagonal -Fe2-3N 
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phase 98, 99. Owing to its crystalline structure and higher nitrogen content, -nitride exhibits 

better corrosion resistance compared to -nitride. 

Hardness and fatigue resistance are strongly affected by the characteristics of the nitride 

precipitates. Fine precipitation or continuous precipitation produces coherent precipitates that 

create lattice distortion resulting in residual stresses that increase the fatigue resistance. This type 

of precipitation is characterised by thick nitrided depths. Also, there is a possibility that the same 

precipitates can be coarsened i.e., they can become discontinuous resulting in the decrease of 

fatigue resistance of alloy and thereby increasing the surface hardness. This increased hardness 

can be lost when the size and distance between the particles increase by coalescence. 

Metallurgical considerations 

The basic process of nitriding is the diffusion of the nitrogen into the surface, the measure of which 

depends on the solubility of nitrogen in iron as specified by the iron-nitrogen equilibrium diagram 

shown in Figure 10. 

  

Figure 10. The iron-nitrogen equilibrium diagram 100.  

The solubility limit of nitrogen in iron is depends on temperature, and at temperature greater than 

590 °C the iron-base alloy will absorb up to 5.7- 6.1% (or even higher amount) of nitrogen. Beyond 

this range, the surface phase formation on alloy steels tends to be predominantly epsilon (ε) phase, 

which   has a strong correlation with the carbon content of the steel. The greater the carbon content, 

the higher the potential for the ε phase formation. As the temperature is further increased to the 

gamma prime (γ′) phase temperature at 508 °C – the limit of solubility begins to decrease at a 

temperature of approximately 680 °C 101, 102. 

Phases 

 - nitroferrite, solid solution 

 - nitroaustenite, solid 
solution 

 - ordered solid solution with 
composition of Fe4N 

ε - ordered solid solution with 
composition of Fe2-3N 

 - ordered solid solution with 
composition of Fe2N 

ε  
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2.3.2.2. Plasma nitriding 

Plasma is a collection of particles consisting of neutral gas atoms or molecules, ions, electrons, 

free radicals, and photons. A plasma state is usually obtained when sufficient energy, higher than 

the ionization energy, is supplied to atoms of a gas causing ionization and production of ions and 

free electrons. There are various ways of supplying the necessary energy required to generate 

plasma. These are, e.g., the thermal energy, photo-ionization (compensation) energy, energy of an 

electron beam, or glow discharge. Plasma has a density gradient, due to the non- uniform 

distribution of ions and electrons in a dense background of neutral particles. Due to the 

concentration gradient the ions will tend to diffuse, and this causes the electric field to force the 

individual charged particle to collide with the neutral atoms. Thus, the electrical conductivity of 

plasma is assured by the movement of the charged particles. 

Plasma nitriding is accomplished using the glow discharge technique in which nascent (elemental) 

nitrogen is introduced into the surface of metal parts. Under vacuum conditions, high voltage 

electrical energy creates the plasma with which nitrogen ions are accelerated to strike the 

workpiece. This ion bombardment results in localized heating which helps to clean the surface and 

provides active nitrogen. The difference between the plasma (ion) nitriding and gas nitriding is the 

mechanism used to generate nascent nitrogen at the sample surface. In ion-nitriding, nitrogen gas 

is used instead of ammonia, that is the N source during gas nitriding. Nitrogen gas is dissociated 

to form nascent nitrogen by glow discharge. Thus, nitriding potential can be controlled by 

regulating the N2 content in the process gas. Hydrogen content of the process gas tends to catalyse 

Fe2N formation, therefore usually a mixture of N2 and CH4 is used.  

Process equipment description  

Plasma nitriding is a surface hardening process developed in 1932 by Wehneld and Berghaus to 

increase the fatigue strength, wear-, and corrosion resistance of ferrous alloys like steel. Figure 11 

demonstrates the configuration of the equipment. The process is carried out in 4 essential steps, 

i.e., evacuation of the chamber, heating the workpiece to the desired nitriding temperature, 

generating glow discharge for the process, and cooling.  

 

Figure 11. Plasma nitriding setup 103 

Vessel evacuation is done using a pump or a roughing pump-blower combination to reduce the 

pressure up to 0.7-1.3 MPa. This helps to remove the air or any contaminants from the chamber.  
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The heating of the parts was realized earlier by using a glow discharge which caused arcing in the 

early stage of the heating cycle. Nowadays, resistance heaters or cathode shields are used to get 

nitriding temperatures (375 to 650 C) in the chamber before glow discharge. The load can be 

heated with glow discharge only. This is done by using a cathode preheating shield up to an 

intermediate temperature and then switching to glow discharge on the parts using resistance 

heating elements.  

The glow discharge process is realized as follows. Once the load is heated, process gas (nitrogen, 

hydrogen, methane) is introduced. There is a control valve to regulate the pressure in the 0.13 to 

1.33 MPa range. The load is maintained at a high negative DC potential (500 to 1000 V) which 

causes the nitrogen gas to ionize. The ionised gas is accelerated towards the workpiece (cathode) 

and at a short distance from it, the N+ ion acquires an electron from the cathode resulting in photon 

emission. This conversion (N+ to N2) takes place causing a photon to emit which creates a visible 

glow discharge. The ionised nitrogen ions collide with the workpiece and their kinetic energy is 

transformed to heat energy which together with an auxiliary heating source brings the load to 

nitriding temperature.  

During the glow discharge process, various alloying elements and iron atoms combine with 

nitrogen to form nitrides which form the hardened surface and case. A uniform glow discharge is 

necessary for case uniformity. The desirable glow discharge thickness is 6 mm. A thermocouple 

is used to measure the temperature of the process which is generally between 350-600 C, 

depending on the desired layer depth, the composition of the material, gas mixture, voltage, and 

various other factors. Cooling of the load-pack at the end of the glow discharge process is realized 

by circulating inert gas from the workpieces to the cold wall. Heat can be transferred and removed 

via water in the cooling jacket.  

Plasma nitriding of high Cr content tool steels 

The X42Cr13 steel, used as a substrate material in the current research, is very similar to that of 

the AISI 420 type steels. Literature on plasma nitriding of X42Cr13 steel is found to a very limited 

extent, while research on the AISI 420 martensitic stainless steel (MSS) is extensively reported. 

AISI 420 MSS is widely used to make machinery components due to its high strength, adequate 

toughness, and corrosion resistance. In many applications, high surface hardness and simultaneous 

wear- and corrosion resistance is required that must be considered during designing the 

technological parameters. For low alloy steel, plasma nitriding is usually advantageous in 

improving the corrosion resistance, while for Fe-based stainless steels, it can be either positive or 

negative. Low-temperature plasma nitriding has been suggested as a possible solution to enhance 

the wear resistance without altering the anti-corrosion properties, that depend on the homogeneous 

distribution of the high Cr content. It can be assured by the low-temperature or short duration that 

provides avoiding the CrN precipitation in the nitrided layer.  

Another solution is the deposition of anti-wear ceramic coatings like DLC or CrN on the previously 

nitrided high Cr content steels in order to achieve the desired wear- and corrosion resistance.  

The conditions of the formation of the white layer and its influence on the surface roughness, along 

with the compositional and structural analyses of the white layer in such steels have been reported 

104, 105, 106, 107. During nitriding the corrosion resistant, high alloyed Cr steels, the white 

layer is not observed either at any temperature or any ratio of nitrogen to hydrogen in the gas 

mixture. It is because an intense CrN precipitation prevents the white layer formation [109]. 
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It was also shown that surface relief is created on the surface at temperatures above 500 C both 

in the low and high alloy steels, and a wide diffusion zone is formed. 

A comprehensive literature survey is provided regarding the plasma nitriding of AISI 420 MSS 

and other high Cr content steels to strengthen our understanding of the technology. However, it 

must be taken into consideration that the chemical composition of the practically used AISI 420 

type steels show a great variety in terms of both the C content and amount of other alloying 

elements, as shown in Table 2. Since the chemical composition has a strong effect on the critical 

temperatures, transformations, and the developed microstructure therefore, this diversity should 

always be kept in mind when studying the nitriding processes of this type of steel. 

Pinedo 108  investigated the surface hardening effect due to plasma nitriding on wrought 

martensitic stainless-steel type AISI 420 having 13.5% Cr. He selected five different nitriding 

temperature 480, 500, 520, 540 and 560 C (time 4 h) for the analysis, gas mixture N2:H2 = 3:1, 

voltage 470 V and pressure 250 Pa. The author reported that with the increase in temperature there 

was thickening of the compound layer up to 8.8 m at 560 C and nitrides precipitation along the 

grain boundaries in the diffusion zone. Referring to the recent work of [109] that reported no 

possibility for white layer formation, the contradiction provided by this observation of Pinedo, 

established 20 years earlier, should be evaluated as a wrong conclusion (perhaps due to the limited 

efficiency of the microstructural investigations that time). 

Table 2. Examples of the varying chemical composition of the AISI 420 type and other high Cr steels 

Group Designation C Si Mn S P Cr Cu Ni Mo V Ref. 

A
IS

I 4
20

 ty
pe

 

AISI 420 0.38 0.42 0.44  0.02 13   0.07  110 

AISI 420 0.25 0.50 0.3-0.5   12.5-13     111 

AISI 420 0.40 0.95 0.5 0.001 0.027 13.50  0.035  0.27 112 

AISI 420 0.21 0.46 0.31 0.03 0.03 12.69  0.33   113 

AISI 420 0.15 1.0 1.0 0.03 0.04 12-14     [114] 

AISI 420 0.19 0.28 0.20 0.007 0.028 12.65 0.11 0.12   115] 

AISI 420 0.37 0.36 0.75 0.03 0.04 13.56     116 

AISI 420 0.38 0.07 0.44  0.02 13   0.07  117 

O
th

er
 h

ig
h 

C
r 

to
ol

 s
te

el
s 

Thyroplast PH-
X Supra steel 

0.05 0.25 0.45   15 3.5 4.5   118 

CA-6NM MSS 0.032 0.52 0.63 0.015 0.024 12.25  4.42 0.43  119 

DIN X90 0.90     18   1.10 0.95 120 

90CrMoV8 0.5 1 0.5   8   1.5 0.5 121 

Cr12Mo 
1.45-
1.65 

0.15-
0.35 

0.15-
0.4 

Up to 
0.03 

Up to 
0.03 

11-12.5   
0.4-
0.6 

0.15-
0.3 

109 

03Cr11Ni10Mo2
Ti 

Up to 
0.03 

Up to 
0.10 

Up to 
0.10 

Up to 
0.010 

Up to 
0.010 

10.0-
11.3 

 9-10 
1.8-
2.3 

 109 

NAK55 0.12 0.26 1.43 0.10   0.95 3.18 0.22  122 

X42Cr13 0.40 0.42 0.38 0.002 0.021 13.1 0.12 0.17 0.023 0.030 This work 
 

 

The hardness profile shown in Figure 12. reveal a strong hardening effect due to coherent CrN 

precipitation. The depth of the maximum hardness plateau increases with an increase in nitriding 

temperature and hardness distribution shows a sharp decrease that is an important characteristic of 
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high Cr content steel. Thus, such surface hardening effect results in a planar nitriding interface 

morphology.  

 

Figure 12. Hardness profile of the high Cr MSS sample nitrided at different temperatures [108] 

Alphonsa et al. 114 performed a detailed analysis of plasma nitrided AISI 420 MSS using XRD, 

SEM, XPS, and Auger electron spectroscopy (AES). The samples were annealed at 870 C and 

austenized at 1025 C for 30 min followed by oil quenching. The applied technological parameters 

of plasma nitriding were, as follows: temperature 530 C, 20 h, Voltage (600 V), pressure 3-4 

mbar, gas composition N2:H2 (1:4). They reported an increased surface microhardness (1300 HV) 

over a case depth of 60 m. XRD confirmed the presence of the Fe3N phase with dispersed CrN 

within 2-5 microns on the surface. The reflections from Fe2p, Cr2p, and N1s orbitals in the XPS 

spectrum indicated nitride phase formation.  

Pinedo 120 showed the effectiveness of plasma nitriding over gas nitriding for a high Cr content 

steel of X90 type. The specific application was for gasoline engine piston rings. Nitriding 

temperature was 520 C, time 8 h (1100 HV0.1) and 12 h (1200 HV0.1), gas mixture N2:H2 (1:1), 

pressure 200 Pa. By reducing the nitriding time from 12 h to 8 h the case depth reduced from 125 

m to 108 m. Mechanical tests proved the better performance of selective plasma nitrided rings 

over gas nitrided counterparts.  

Xi et al. [115 plasma nitrided the AISI 420 steel at three different temperatures 350, 450, and 550 

C for 15 h (atmosphere 25% N2+75% H2 chamber pressure 600 Pa). The initial substrate hardness 

of 289 HK0.025 was significantly improved above 1000 HK0.025 by plasma nitriding. The hardness 

of samples nitrided at 350 C was higher than that of nitrided at 450 C and 550 C, furthermore, 

the phase analysis by XRD showed no CrN peak in the spectrum of the nitrided layer for sample 

nitrided at 350 C, while it was found in both cases when nitriding at 450 °C and 550 C. The 

amount of -Fe4N was the highest in the surface layer nitrided at 550 C, but parallel with this the 

lattice distortion, caused by the N atoms in solid solution, was reduced, as well as the amount of 

the CrN precipitates was also higher. This explains that the anti-wear property was found to be 

better in the case of samples nitrided at 350 C as compared to 550 C. 

Tuckart et al. 116] investigated the phenomenon of delayed cracking in the nitrided layer after 

plasma nitriding of AISI 420 steel. They prepared two different batches of samples for the analysis. 

One set was austenitized at 1030 C for 30 min, oil quenched and tempered at 400 C (570 HV0.20), 

then in the second batch, keeping the other conditions the same the tempering temperature was 
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changed to 670 C (340 HV0.20). Plasma nitriding was done at 400 C for 20 h (atmosphere 25% 

N2+75% H2 chamber pressure 6.5 hPa, 700V). The XRD spectra for the first batch showed the 

presence of -Fe, -Fe2-3N, and -Fe4N phases while in the other -Fe peaks was overlapped by 

the high intensity peak of the -Fe2-3N phase, which showed also a higher crystallinity and more 

enhanced -Fe4N peaks. The CrN peak was also observed in both cases. Cracks appeared in the 

first batch within 6 months and in 24 months in the second batch. The presence of precipitated 

particles and localised residual stresses around them was inferred as the reason for cracking. It 

must be emphasized that these local tensile stresses were first observed by Loh and Siew [123]. 

Brühl et al. 110 investigated plasma nitriding of AISI 420 martensitic stainless steel, tempered 

at two different temperatures, i.e., at 400 C (2h) and 580 C (2h) before nitriding. The specimens 

were first subjected to austenitisation at 1050 C, 20 min, quenched in oil and then tempered. 

Process parameters for nitriding were gas composition N2 25% − H2 75%, temperature 400 C, 

time 10 h, voltage 500-600 V, pressure 12 mbar. The samples tempered at 400 C had a higher, 

i.e., 405 HV surface hardness of as compared to samples tempered at 580 C for which they 

obtained 285 HV. After nitriding, the hardness increased to 1160 HV and 915 HV, respectively. 

The results showed that plasma nitriding was beneficial for improving the tribological response of 

stainless steel.  

Wen et al. 122 showed that a nitriding temperature higher than 525 C, or a holding time longer 

than 10 h lead to a decrease in the intensity of the XRD peaks belonging to -nitride phase. This 

high temperature may lead to decarburization and denitriding during the nitriding process. The 

most important findings of the work are the microstructure of the core remains unchanged after 

the plasma nitriding, and ε-nitride phase produced on the specimen surface has a significant effect 

on reducing friction. 

Pinedo et al. [112] presented different heat treatment strategy before nitriding the AISI 420 MSS. 

The nitrided samples were previously tempered at 520 C (50 HRC) and 580 C (38 HRC). The 

applied parameters were, as follows: nitriding temperature of 480 C and 550 C, holding time of 

1, 4 and 16 h, pressure of 250 Pa, voltage of 470 V and gas composition of 3N21H2. They 

concluded that 520 C should be selected as tempering temperature to achieve 48-50 HRC and 580 

C to achieve hardness 36 HRC. The lower hardness is characteristic for structural components 

where higher toughness is the primary requirement.  

Dalibon et al. 117 presented a short-time (5 h), medium nitriding-temperature (390-420 °C) 

approach to investigate the effect of the process parameters on the nitrided structure of the AISI 

420 stainless steel that was quenched from 1030 °C and tempered at 260 °C for 2 h. No CrN 

precipitation has been observed, and the hardness and wear resistance were improved. 

Borisyuk et al. 109 investigated low temperature plasma nitriding of low and high Cr content 

steels. The nitrided layer obtained in the high alloyed steels was thinner because of CrN 

precipitation in the diffusion zone. The nitride precipitation increases the hardness near the surface 

but hinder the nitrogen diffusion. 

Rao et al. 121 investigated the improvement in corrosion resistance of 90CrMoV8 tool steel by 

plasma nitriding. The nitriding temperature was 450-500 C time 1-8 h. To obtain wider case depth 

in order to prolong the tool life nitriding temperature was 500 C exposure time 6 and 8 h. Better 
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corrosion resistance was obtained due to the presence of nitrogen in solid solution and Fe-nitrides 

in the nitrided layer.  

Shen et al. [113] studied the plasma nitrided AISI 420 stainless steel at low and high nitriding 

temperatures, with anodic potential (ground) assisted by hollow cathode discharge. Plasma 

nitriding was performed at 390, 420, 450, 480, and 510 C for 4 h. Precipitation of CrN was 

observed in cases of nitriding temperature higher than 450 C which deteriorate the corrosion 

resistance due to depletion of Cr in the matrix.  

The most important experiences relating to the plasma nitriding of Cr content AISI 420 type steels 

can be summarized, as follows. 

− For low chromium content steel, at low temperature (400-450 C), at low nitrogen potential 

neither the white layer is formed, nor the surface roughness is modified. 

− In high Cr steels the achievable surface hardness is high, showing a plateau close to the 

surface, due to coherent CrN precipitation, and the depth of this High hardness layer is 

increasing with the nitriding temperature. However, there is an abrupt decrease in the 

hardness profile toward the core hardness in a relatively low depth. 

− In the case of low or high Cr content, nitriding can be accomplished without formation of 

a white layer if the nitriding temperature is kept above 500 C. Nitriding without creating 

relief is possible only for low Cr content steel.  

− In the case of precipitation hardened steels, the conventional gas or liquid nitriding 

processes, which use high (above 550 C) temperature exceeding the aging temperature of 

the precipitation hardened substrate, overaging of the core may occur. For these steels 

plasma nitriding at lower temperatures is suggested to be applied.  

2.3.3. Surface coating of tool steels 

The principal objective of coating a tool is to enhance the wear resistance, reduce the risk of 

adhesion, i.e., minimize the sticking between the tool and workpiece. This results in increased 

productivity and high quality of processed components. Typically, the applied coating is a thin 

ceramic layer, (the usual thickness is lower than 4 m), which is characterized by very high 

hardness and low friction. Nevertheless, the efficacy of a coated tool is largely dependent on the 

physical and mechanical properties of the steel substrate. A combination of high hardness and 

compressive strengths is necessary to avoid the formerly mentioned egg-shell effect when the 

brittle layer is prone to cracking easily over a soft substrate. The deposited coating should be 

defect-free with a smooth surface to effectively reduce friction and sticking.  

The technique of producing surface coatings can be classified into two main categories: one of 

them is the PVD (Physical Vapour Deposition), and the other is the CVD (Chemical Vapour 

Deposition). In case of the PVD processes the coating and the substrate is joined by weaker 

secondary bonds created at lower temperatures (below 300 °C), while CVD coatings are attached 

to the substrate by strong chemical bonds forming at higher, e.g., 350-500 °C temperatures. Since 

the applied higher temperatures can destroy the previously produced microstructure of the 

substrate several modified, low temperature, but also high efficiency versions have been 

developed.  
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PVD methods can be further categorized, as reactive magnetron sputtering (RMS), arc discharge 

sputtering (AD) and radio frequency sputtering (RF), atmospheric plasma spray (APS), while CVD 

processes involve the methods of laser assisted chemical vapour deposition (LCVD or LACVD), 

plasma enhanced or plasma assisted chemical vapour deposition (PECVD or PACVD), or metal 

organic CVD (MOCVD). 

In the followings, only those two of the listed methods are briefly discussed, which were applied 

in processing the coated specimens for my PhD research. 

Physical Vapour Deposition 

It is a purely physical process where no chemical reaction takes place. They are usually thin-film 

coatings where a solid material is vapourized in a vacuum chamber followed by deposition onto a 

target material. It results in high surface hardness, high adhesion, low friction coefficient, low 

wear, high thermal- and corrosion resistance 124, 125. The coating material is deposited on the 

molecular level which gives pure and high-performance coatings. 

The two most widely used techniques are sputtering and thermal evapouration. Sputtering is the 

bombardment of the coating material (target) with high energy electrical charge causing it to 

sputter off atoms or molecules that are deposited on a substrate. Thermal evapouration – increasing 

the temperature of the coating material to a boiling point in a high vacuum environment – leads to 

the formation of vapour, which is rising in the vacuum chamber and condensing subsequently on 

the sample surface. Since with this technique, the coatings can be deposited at the molecular level, 

proper control of the structure, density, and stoichiometry of films can be maintained. The method 

has a wide range of applications, e.g., in aerospace, automobile, defence, and manufacturing.  

Plasma Enhanced Chemical Vapour Deposition 

PECVD is a hybrid deposition procedure whereby the chemical vapour deposition processes are 

activated by high energy electrons (100-300 eV) within the plasma 126. This is different from 

the conventional CVD process where thermal energy plays a vital role. It allows coating deposition 

at low temperatures up to 350 C in a vacuum. Radio-frequency (RF) discharge based PECVD is 

a process in which the deposition is achieved by introducing reactant gases between the grounded 

electrode and an RF-energized electrode. This capacitive coupling excites the reactant gases into 

plasma which activates the chemical reaction resulting in coating deposition 127. PECVD 

technology offers many advantages for depositing thin films, as follows: low temperature 

deposition is possible for a variety of substrates, high uniformity in film deposition, and excellent 

control of material properties (refractive index, stress, hardness, etc.).  

The process is beneficial for films like silicon oxide, silicon dioxide, silicon nitride, silicon carbide, 

diamond-like carbon, polysilicon, and amorphous silicon. This technique has been successfully 

applied in the semiconductor industry for the isolation of conductive layers, surface passivation, 

and device encapsulation. Other applications include an anti-reflective layer in optics and dopants 

deposition.  

In the next section, the two ceramic coatings investigated in my PhD research, i.e., the diamond-

like carbon (DLC) coating deposited by the PECVD method and chromium nitride (CrN) coating 

deposited by PVD are introduced.  
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2.4. Diamond-like carbon (DLC) coatings 

Carbon can form a variety of crystalline and disordered structures due to its ability to exist in three 

different bond hybridisations. The different physical forms (crystalline structures) that carbon can 

be assembled into are called its allotropes (or polymorphs). The allotropes of carbon are known 

for their diverse chemical, physical and mechanical properties. The structural diversity of the 

carbon compounds and their allotropes is due to its ability to combine the s and p orbitals resulting 

in sp, sp2 and sp3 hybridisation. For example, sp (carbine, cumulene), sp2 (graphite, graphene, 

carbon nanotube, fullerenes), and sp3 (diamond, amorphous carbon). Carbon, in a diamond crystal 

structure, is one of the hardest known materials, while carbon, in a graphite crystal structure, is 

very soft and lubricous. DLC coatings hybridize the outermost s and p orbitals of carbon into sp3 

and sp2 hybrids to form  and  bonds [128, 129, 130.  

These coatings owing to their excellent properties have wide and diverse applications. It is applied 

on magnetic storage media (where thin, wear and corrosion resistance are desirable) and as 

protection for biological implants like artificial heart valves (biocompatibility). 

The mechanical properties of the amorphous carbon coatings can drastically change depending 

upon their carbon composition and the presence of dopants. Like DLC there is a range of coatings 

referred to as graphitic-like carbon (GLC) if the graphitic content is greater 131. Thus, the 

terminology plays a deterministic role in the proper identification of the type of DLC coating. The 

following classification is applicable to the family of amorphous carbon compounds 132, 133.  

− a-C – hydrogen free (H content is less than 1%) [134] amorphous carbon films having a 

greater proportion of sp2 bonding. The letter "a" denotes an amorphous coating. 

− a-CH – amorphous hydrogenated films having a modest sp3 fraction. The letter "H" 

denotes hydrogenation in the coating. They are subdivided into further three categories, as 

follows: 

• a-CH films with the highest H content (40-50%) having about 60% sp3 bonds. They 

are soft materials with low density called polymer like a-CH (PLCH) 135, 136. 

• a-CH films with intermediate H content (20-40 %) having lower sp3 content than the 

PLCHs. They are called diamond-like a-CH (DLCH). 

• a-CH with low H content ( 20 %). These coatings have high sp2 content and sp2 

clustering known as graphite-like a-CH (GLCH). 

− ta-CH – tetrahedral amorphous hydrogenated films containing a significant sp3 bonding 

fraction ( 70%). These films have 25% hydrogen content, high density (up to 2.4 g/cm3), 

and high Youngs modulus (up to 300 GPa). 

− ta-C – tetrahedral amorphous carbon. Non-hydrogenated, having high sp3 content 

providing them high hardness.  

The most convenient way to represent the various forms of bonding in the amorphous C-H alloys 

is to use a ternary phase diagram as shown in Figure 13. 
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Figure 13. Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys 137 

Thus, there is a wide range of amorphous carbon coatings having different structures, and varying 

mechanical and tribological properties. The tribological behaviour of these films depends largely 

on their microstructure, composition, and surface chemistry.  

2.4.1. Tribology of DLCs 

A special feature of the DLC coatings is that they behave like a solid lubricant which helps to 

minimise the friction coefficient between the rubbing surfaces. The mechanism favourable to 

reducing the  depends on the relative humidity, normal load, sliding velocity, the structure of 

DLC, temperature, and counterpart features. For hydrogenated DLC coatings, the  decreases with 

the decrease in relative humidity. In this regard, Yoon et al. 138 suggested the formation of a 

friction layer due to the reaction between oxidized DLC film with ferrous oxide (substrate). The 

humidity helps in the formation of carboxylic acid which leads to the creation of a friction 

layer139, 140. In the case of (a-C) DLC coatings, the adhesive forces between the two interacting 

surfaces hinder the motion during sliding as there is no hydrogen to react. Here, humidity works 

as a lubricant. For ta-C coatings,  decreases with increasing humidity as the water molecules 

intercalate between the graphite layers resulting in slipping over one another 141. The roughness 

of the substrate also has a deterministic role in the wear behaviour of DLC coatings 142. 

Tribofilm formation in DLC coatings due to tribochemical reactions  

The low friction behaviour of the DLC coatings is extensively investigated by the researchers. The 

lubrication mechanism, which is obviously experienced, is however, differently explained. The 

two most suggested hypotheses for the lubricious nature of the DLC is the "friction induced 

graphitization" mechanisms [143, 144]  and the "passivation mechanism" [141, 145]. 

According to the first theory, a mechanochemically induced tribofilm formation occurs by 

graphitic transformation of the DLC, which is a load-force and velocity-dependent process. The 
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second theory assumes that elementary particles are bonded to the dangling bonds of carbon atoms 

at the sliding interface resulting a passivation of the surface. 

Considering that in the literature there are several and occasionally confusing conclusions on the 

lubrication mechanism of the different DLC layers, the theoretical findings reported in the 

literature, taken with criticism, and combining the existing theories with the own test experiences, 

the suggested explanation of the physical background of the lubrication behaviour of the DLC 

coatings is summarized as follows. Three main processes, competing with each other are 

passivation, graphitization, and tribofilm formation mechanisms. 

The graphitization mechanism 

Friction induced graphitization process is highly reported in the literature [146, 147, 148.] however 

no clear evidence of the crystalline graphite structure has been provided [149, 150] by the different 

advanced structural characterisation techniques. Thus, it is supposed that graphitization occurs at 

the level of dimensions of the aromatic domains (< 2 nm) and full graphitization of the DLC cannot 

be achieved by rubbing [151]. The observed graphitization process leads to the formation of a 

basically amorphous carbon structure, hence the lamellar-crystalline carbon structure of graphite 

being the precondition of the near-frictionless shearing condition, is not achieved.  

Another important characteristic of the graphite that it exhibits low friction in the presence of 

humidity and not occur in vacuum or other dry or inert environment. Thus, the friction induced 

graphitization theory fails to account for the superlow friction behaviour observed for 

hydrogenated DLC coatings in high vacuum, or dry N2 [141, 145]. Though the degree of 

graphitization of the DLC films seems to be influenced by the normal load and the sliding rate 

[146 152, 153] however, the latest studies performed in inert atmosphere and vacuum also support 

the theory of passivation mechanism [147, 154]. 

Some authors – based on experiments with varying sliding velocity and vacuum pressure on low-

H content DLC film –, claim that friction coefficient value in an inert atmosphere depends on the 

ratio of the ambient pressure to the rotating speed, and take this as evidence of the passivation 

mechanism responsible for the lubrication. [155] They, and other authors also found that "higher 

friction coefficient is accompanied with a higher degree of graphitization", i.e., changing the DLC 

structure from sp3-to- sp2 [154], and this is triggered by, first of all, the shear induced strain-energy 

introduced into the sliding surface [156]. It follows that a higher loading force can induce a higher 

degree of graphitization, consequently it cannot be responsible for a low friction phenomenon.  

The passivation mechanism 

Passivation of the sliding surface occurs in a different way in the different types of DLCs. 

In the case of non-, or low hydrogenated DLCs: 

− passivation of the carbon dangling bonds is provided by H of the water molecules present 

in the surrounding; 

− in the absence of active species, like water, the friction-induced carbon dangling bonds 

cannot be neutralized and high friction coefficient above 0.3 under low f= P/n conditions 

is expected [155, 157].  

In the case of highly hydrogenated DLC coatings:  
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− the surface is already in a self-passivated condition [158] due to the weak van der Waals 

forces controlling the friction behaviour [ 159 ], and the friction coefficient value is 

characteristically low, 0.010.1; 

− oxidation of the surface C–H bonds by the oxygen from the air or water can further increase 

the amount of hydrogen bonds on the sliding interface, resulting in a more highly 

passivated surface layer, and reducing the friction coefficient more [160, 161]. This 

oxidation can also modify the wettability of the DLC surface changing it from somewhat 

hydrophobic to hydrophilic (OH-terminated) [162], which further improves its capability 

to adsorb species from the surrounding. 

In dry sliding conditions (vacuum, or RH < 2%) [159] the sliding speed influences the friction 

coefficient rather through the passivation mechanisms (via the time available for the reactions) 

than the graphitization of the DLC layer. With increasing the sliding speed, the passivation 

mechanism is decreasing, and the friction coefficient is increased.  

The passivation-tribofilm formation concept and superlow friction 

A modified surface layer of the coating, which forms in a mechanochemically induced 

tribochemical reaction, can be considered a lubrication film, i.e., tribofilm providing to reach the 

low/superlow friction coefficient range of 0.0010.01, that represent a hydrodynamic lubrication 

condition. Since such kind of tribo-oxidation reaction requires activation energy that must be 

supplied by the strain energy of the friction process, it is assumed that ultralow friction behaviour 

can appear, when a special combination of the loading/environmental conditions, (e.g., critical 

loading force, surface temperature, relative humidity, P/v ratio, etc.) exist. This kind of tribofilm 

formation by water adsorption is well known, e.g., for certain ceramic materials [174, 163, 164]. 

These tribochemical reactions can be triggered by mechanical energy, explained by the so-called 

triboplasma theory [165] according to which the activation of a tribochemical reaction does not 

requires the preceding break of the atomic bonding, due to the mechanochemically induced 

triboemission of low energy electrons, and formation of active sites (e.g., positive ions) on the 

surface [166]. During friction the shear strain energy may cover the activation energy of a phase 

transformation or chemical reaction that can proceed this way athermally [167].  

According to the model of Dickrell et al., a low relative humidity and high substrate temperature 

at the interface of the sliding counterparts decrease the friction coefficient [168]. They found that 

the superlow friction phenomenon can be achieved at RH <1-2%. However, the question is still 

open for the researchers on the mechanism of the interaction of the carbon films (e.g., a graphitized 

DLC layer) with water [169, 170]. The answer was given by Fontaine et al. [171], who proved that 

superlow friction of DLC coatings involves the formation of tribofilm, i.e., a transfer layer that 

can prevent adhesion between the sliding counterparts and allow the worn surface to be healed. 

The key issue is to avoid interactions between the π-orbitals of the carbon atoms of sp2 bonds. 

They define two main preconditions for developing superlow friction: H content must be high 

enough to avoid sp2 carbon interactions, and transfer film of viscoplastic deformation behaviour 

should be continuously supplied between the friction counterparts. 

They also explain the role of the oxygen, which can remove the sp2 carbon atoms, preventing this 

way the adhesion. This process is highly pressure-dependent, and at high oxygen pressures may 



31 

even lead to the complete removal of the protective film accompanied by a considerable increase 

of the friction coefficient up to 0.2-0.3. 

Scharf et al. provided a detailed description of the kinetics and conditions of the superlow friction 

phenomenon introducing the VAM – velocity accommodation mode – concept [172]. A very 

important finding of them consists in that the friction and wear processes are controlled by the 

sequential events of the formation/adhesion/detachment of the transfer film, i.e., the "third-body-

processes" and not the properties of the pristine counterpart materials. The developing friction 

coefficient highly depends on the load in terms of the Hertzian contact pressure, and relative 

humidity affecting the tribofilm formation. 

Until transfer film is not formed and attached to the ball counterpart – e.g., in the running-in period 

– the friction coefficient is high (0.6), and the VAM is interfacial sliding (Figure 3) between the 

original surface of the friction counterparts. In the early stage of transfer film formation, while it 

is easily detached from the sliding counterpart the friction coefficient is changing at a somewhat 

lower level (0.2-0.4). 

 

Figure 4. Velocity accomodation modes during tarnsfer film formation between the sliding parts [172] 

In the steady-state period the tribofilm developed on the coating and adhered to the counterpart, 

separates the friction couples from each other, similarly as in the case of elasto-hydrodynamic 

lubrication, resulting in a significantly lower friction coefficient (1-5×10-2) and wear rate (lower 

by two orders of magnitude). In this case, the VAM is interfacial sliding realized between the 

adhered transfer layer and the worn DLC coating. 

The adherence of the tribofilm can be purposefully modified by metal dopants and humidity. E.g., 

the WC/a:C-H coating rubbing against to Al2O3 ball, shows low efficiency of the transfer film 

formation, since W does not react with Al2O3 and adherence of the transfer film to the ball is 

difficult. Since in the work [155] the sliding rate is not indicated, a direct comparison of the results 

with those reports, where sliding rate is specified, is not possible. However, the loading rate 

dependence of the friction coefficient is suggested to be incorporated into the factor f =P/n, based 

on the following consideration. The coefficient of friction of the rubbing surfaces is controlled by 

several factors, and can be interpreted as the sum of the following contributions [173, 174 ]: 

   ;ad pl e d    = + + +   (5) 

where 

− μad – is the contribution due to adhesion, (playing role first in case of metals); 

− μpl – is the contribution due to plastic deformation; 

− μe – is the contribution due to elastic deformation occurring mainly under the tribofilm; 

Shear/Extrusion of 
third body material 

Interfacial sliding 
counterface/ Coating 

Interfacial sliding along 
transfer film/Track interface 

Interfacial sliding along transfer 
film/Track interface 



32 

− μd – is the contribution due to the third body debris particles. 

The first contribution can be neglected in the studied (PhD) case due to the highly hydrogenated 

condition of the applied multilayer DLC coating, possessing probably high repulsion forces against 

the counterpart. Increasing the normal load, the different contributions will be changed, e.g., the 

elastic and plastic deformation is increased, which will directly increase the induced strain energy 

initiating the graphitization process. If the substrate strength is high enough to reach the critical 

load supplying the necessary energy for the tribochemical reaction, and the relative humidity is 

low the favourable set of conditions will initiate a tribofilm formation by the above-mentioned 

oxidation processes. If the substrate hardness is low, the critical load, required for tribofilm 

formation will cause plastic deformation in the substate, which is not accommodated by the hard 

ceramic coating, thus it will break and delaminate. This case the hard wear debris of coting origin 

will cause a third-body abrasive wear with high friction coefficient. 

In conclusion, it can be established that there are several concepts on the possible mechanism for 

the lubrication behaviour of the different DLC layers. The best practice during analysing the result 

obtained for a given type of coating, at a specified set of loading conditions of tribological test is 

to consider the applicability of the existing theories to the studied case and decide on the most 

likely explanation based on the observed phenomena, supporting it as thoroughly as possible by 

multidirectional test results. 

2.5. CrN coating 

TiN coating was applied in the early stages of development in the field of surface coatings. CrN 

coating replaced TiN in the 1990s, owing to its superior wear behaviour in dry and lubricated 

conditions175, high temperature oxidation resistance, thermal stability and corrosion resistance 

176. CrN coatings usually deposited by PVD are a good candidate to provide good chemical, 

mechanical and tribological properties. CrN is an interstitial compound in which nitrogen atoms 

occupy the octahedral position in the chromium lattice. The physical elaboration of the properties 

of this coating has been reported extensively. CrN coatings is characterised as a fine grained, low 

stress structure, non-porous which allows thick coating (10-25 m) deposition as compared to few 

m in conventional PVD processes. They are successfully applied to most metals to enhance 

surface characteristics and also to ceramics and plastics. There are several deposition techniques 

for CrN coatings like-multiarc ion plating, reactive ion plating, hollow cathode discharge, 

magnetron sputtering. The produced coating possesses high hardness, extremely high corrosion 

resistance, and excellent abrasive wear resistance 177, 178. 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. They exhibit low friction coefficient 

against carbides, TiN, ceramics however with steels the  can increase significantly depending on 

various other factors. CrN coating is electrically conducting and non-oxidizing, non-toxic material 

(used in medical surgical devices and food processing), offering high chemical resistance 179, 

180.  

They find wide applications in high-temperature loading conditions, wear resistance on precision 

components, moulds and dies, and automotive parts such as shafts 181. CrN coating is suggested 

for machining of Al and Cu, high temperature die casting, and tooling for PVC moulding. These 

coatings often experience high friction coefficient depending on the parameters of executed test, 



33 

substrate hardness and composition and coating deposition technique. This limits the wide range 

applicability of this coating. The solution to this problem is- modifying the microstructure of the 

coating by changing the substrate bias voltage or elemental doping. The most recent trends in the 

development of CrN coatings involve doping with elements like C, Al, Nb, Si, Zr, Ni, V to enhance 

the adhesion strength, oxidation, wear and corrosion resistance 182 reduce friction 183. 

2.6. Tribological characterisation of coatings (Methods) 

Glow discharge optical emission spectroscopy (GDOES) 

Glow discharge optical emission spectroscopy (GDOES) is an analytical technique which gives 

both surface/depth profile and bulk elemental composition of solid materials and layers with high 

sensitivity to all elements. It involves controlled sputtering at a particular section in the sample by 

GD plasma and simultaneous OES observation of the sputtered species. It is a destructive 

technique as a crater is created on the sample surface after analysis. 

2.6.1. Hardness testing 

Hardness is the property of a material that enables it to resist deformation, however, is not an 

intrinsic material property. The indenter is pressed into the surface of the sample using a specific 

force. Either the depth or size of the indent is measured to determine a hardness value. Four major 

hardness testing methods are the Rockwell, Brinell, Vickers, Microhardness (microVickers, 

Knoop, Berkovich).  

Vickers Hardness test- or microhardness test method, is generally used for small parts, thin films, 

for ceramics, metals, and composites. It is based on an optical measurement technique. The 

Microhardness test procedure, ASTM E-384, specifies a range of light loads using a diamond 

indenter to make an indentation which is measured and converted to a hardness value. This test 

consists of applying a force (or “load”) on the test material using a diamond indenter, to obtain an 

indentation. The depth of indentation on the material gives the value of hardness for the specimen. 

The penetrator consists of a four-sided diamond pyramid, the angle of which is 136 between the 

sides facing each other. The depth of the specimen should not be less than 1.5 times the diagonal 

of the impression.  

2.6.2. Coating thickness measurement 

There are several methods to determine the thickness of the deposited coating. The main methods 

are summarized as follows: optical methods (metallography, SEM, holography), removal methods 

(Feeler guage, Coulometric, ball cratering), electromagnetic methods magnetic flux, eddy current, 

capacity), excitation methods (X-ray fluorescence), scattering methods (beta backscattering, 

ultrasonic) 

Calotest ball cratering method is used to evaluate the thickness of the deposited ceramic coatings 

184, 185. With this technique interlayers thickness can also be determined. It involves rotating a 

large diameter steel or WC ball against the surface of coated sample until the top layer is worn 

away. During the test, drops of SiC suspension is used to aid in the wear as ceramic coatings are 
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hard. After the test, with the help of optical microscopy dimensions of the crater is measured 186, 

187 and the coating thickness (tcoat) is calculated by Eq. (6). 

 ( )2 2 2 21
4 4

2
coatt T h R d R D= − = − − −  .  (6) 

where 

− R – diameter of the ball; 

− T – total thickness of the crater; 

− h– depth of the crater in the substrate; 

− D – outer diameter of the crater 

− d – diameter of the crater in the substrate. 

2.6.3. Instrumented scratch test 

Scratch test is a quick and reliable method of assessing the adhesion of coating/substrate systems 

188. It consists of a diamond stylus moving over the surface of the sample under a normal force 

(constant, or progressively increasing) till a critical normal force Lc is reached 189. The coating 

failure is then analysed with optical microscopy, acoustic emissions (AE) and friction force 

measurements 190. The tester uses a standard diamond stylus having Rockwell C geometry with 

a 120 cone and a spherical tip of 200 m in radius (defined by ISO Standard 6508-11999) 191. 

Scratch tests are used for two main purposes: to measure the adhesion of a coating or film on a 

surface, or to measure the resistance of a surface to damage from a hard-sharp indenter. 

Early developments in the field of scratch testing came in 1950s with the work of Heavens 192, 

Benjamin and Weaver 193. The developments in automated scratch test was brought by Laeng 

194, Steinmann 195, Valli 196, Burnett and Rickerby 197 in 1980s. 

Adhesion of the coating on the substrate is due to the mechanical bond or chemical bond or a 

combination of both. When exposed to high intensity loading condition, plastic deformation begins 

in the vicinity of the coating-substrate interface. The applied coating can get damaged at this 

interface due to the poor adhesion to the substrate or if the cohesion is poor. It has been investigated 

that first a large plastic zone develops in the substrate followed by initiation of plastic deformation 

in the coating. The substrate properties play a vital role in improving the load bearing capacity of 

coating-substrate system. The results of scratch test depend on several extrinsic and intrinsic 

factors such as substrate mechanical properties, coating thickness, interfacial bond strength etc. 

and on scratch testing parameters like scratch speed, applied load, type of indenter, tip radius etc. 

The morphology of the scratch track and transverse cracks provide information on damage 

mechanisms such as cohesive, adhesive, interfacial, conformal, and brittle chipping. 

The investigated DLC coating exhibits severe adhesion problems when deposited on metallic 

substrates because the carbon diffusion delays the DLC nucleation. Also, the incompatibility of its 

thermal expansion coefficients (DLCs and steel) leads to poor adhesion. This is a real industrial 

problem which limits the application of DLCs 198, 199. 

In order to get acquainted with the extrinsic and intrinsic factors, damage modes and different 

DLC+ substrate combination a comprehensive literature search was realized 200, 201, 202, 203, 
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204, 205, 206, 207, 208, 209, 210, 211, 212. This helped to present novel findings and use 

different combination of parameters in scratch test. 

2.6.4. Ball-on-disk test 

The various types of wear testing configurations are shown in Figure 14. The pin-on-disk or ball-

on-disk tribometer serves for the determination and simulation of friction and wear processes 

under sliding conditions. According to the standard test (ASTM G99) principle a stationary test 

specimen (pin or ball) with a defined normal force is pressed against the surface of another test 

specimen placed on the rotary disc. 

  

Figure 14. (left) Principle of the Scratch test, (right) types of wear test configurations 213 

Linear Wear mode allows tribometer to reproduce linear movement typical from a high variety of 

real mechanisms. The entirely option allows the measure of frictional movement in that specific 

movement as well. This technique ("reciprocating") results very useful for the study of frictional 

coefficient variation in time compared with frictional coefficient measured it pin-on-disk 

disposition. The Tribometer is driven by servo motor which is more advantageous than DC motor 

with very precise movements that can be well performed use in hard drives and automation. 

The two important states of the test are the-running-in period and steady state period. During the 

running-in the surface topography changes, chemical reactions take place till the steady -state is 

attained. The test can be performed in either dry or lubricated conditions. After the test, the wear 

scar, debris, thickness of track are analysed by OM and SEM. The analysis is completed by surface 

profilometry which helps to calculate the wear volume and wear rate. Wear resistance of DLC is 

widely reported in the literature 214, 215, 216, 217, 218, 219, 220, 221, 222, 223. 

2.6.5. Auxiliary tests applied in tribological studies 

Optical microscopy (Light microscope) 

The human eye can distinguish two points in space 0.2 mm apart without the aid of any additional 

lenses. This distance is the resolving power or resolution of the eye. A lens or an assembly of 

lenses (a microscope) can be used to magnify this distance and enable the eye to visualise points 
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much closer together than 0.2 m. Optical or Light microscope uses light to visualise the specimen. 

The light passes through the lens which focuses the light onto the specimen. Then the light passes 

through the objective lens which magnifies the image from 4 to 100 times its original size. Next, 

the light travels through the tube of the microscopy and the eyepiece which further magnifies the 

image by a factor of 10 or 15 before it can be visualised.  

Scanning Electron microscopy (SEM) 

SEM uses a focused beam of high-energy electrons to generate a variety of signals at the surface 

of solid specimens. The signals obtained from electron-sample interactions provide information 

about the sample like external morphology (texture), chemical composition, crystalline structure 

and orientation of materials. The accelerated electrons carry significant amounts of kinetic energy, 

and this energy is dissipated as a variety of signals produced by electron-sample interactions when 

the incident electrons are decelerated in the solid sample. The signals include secondary electrons 

(SE) (that produce SEM images), backscattered electrons (BSE), diffracted backscattered electrons 

(EBSD that are used to determine crystal structures and orientations of minerals), photons 

(characteristic X-rays that are used for elemental analysis and continuum X-rays), visible light 

(cathodoluminescence-CL), and heat. Secondary electrons and backscattered electrons are 

generally used for imaging samples: secondary electrons are beneficial for showing morphology 

and topography on samples and backscattered electrons are valuable for illustrating contrasts in 

composition in multiphase samples (i.e., for rapid phase determination). 

Energy dispersive X-ray spectroscopy EDX 

EDX technique is used for qualitative (type of elements) as well as quantitative (the percentage of 

the concentration of each detected element) analysis. The operating principle depends on the 

capacity of high energy electromagnetic radiation (X-rays) to eject 'core' electrons of an atom. This 

principle is known as Moseley's Law, which states that there is a direct correlation between the 

frequency of light released and the atomic number of the atom.  

The number of electrons in an atom under normal conditions stay in a specific position known as 

shells, which possess different discrete energies. X-rays are generated in a SEM by a two-step 

process. First, the beam of electron hits the sample and transfers part of its energy to the atoms of 

the sample. This energy can be utilised by the electrons of the atoms to “jump” to an energy shell 

with higher energy or be knocked-off from the atom. If such a transition occurs, the electron leaves 

behind a hole. Holes have a positive charge, and, next in the second step, these holes attract the 

negatively charged electrons from higher-energy shells. When an electron from such a higher-

energy shell fills the hole of the lower-energy shell, the energy difference of this transition can be 

released in the form of an X-ray. The energy of the X-ray is characteristic of the energy difference 

between these two shells. It depends on the atomic number, which is a unique property of every 

element. Thus, X-rays are a “fingerprint” of each element and can be used to identify the type of 

elements that exist in a sample. 

XRD 

XRD is a powerful, versatile technique utilised for the determination of crystallographic phases, 

grain size, residual stresses and texture of the samples. Crystals have regular arrangements of 

atoms, whilst X-rays can be considered as waves of electromagnetic radiation. These crystal atoms 

scatter incident X-rays, primarily through interaction with the atoms’ electrons. This phenomenon 
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is elastic scattering. A regular array of scatterers produces a regular array of spherical waves. In 

the majority of directions, these waves cancel each other out through destructive interference, 

however, they add constructively in a few specific directions, as determined by Bragg’s law: 

2dSin  = n  (where d is the spacing between the diffracting planes,  is the incident angle, n is 

an integer and  is the beam wavelength. X-rays are used to produce the diffraction 

pattern(reflections) because their wavelength, λ, is often the same order of magnitude as the 

spacing, d, between the crystal planes (1-100 angstroms). 

Surface profilometry 

Profilometry is a technique used to extract topographical data from a sample surface. This can be 

a single point, a line scan or even a full 3D scan. The purpose of profilometry is to get surface 

morphology, step heights and surface roughness. This can be done using a physical probe or by 

using light. 

3D non-contact surface profilers use a range of optical acquisition methodologies to obtain surface 

topography information from a product, including confocal and electron microscopy. These 

methods typically scan a surface with an incident light source and measure the emissive, reflective, 

or refractive light to acquire information about the product’s surface topography. 
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3. EXPERIMENTAL WORK 

During the experimental work, I investigated the tribological behaviour of two wear-resistant 

ceramic – CrN and DLC – coating systems applied to X42Cr13 tool steel, which is 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 having traditionally a precipitation hardened condition, but 

with a supplementary nitriding operation, applied before the coating. 

In addition, based on my experiences getting during the basic research work, I also wanted to get 

information on the followings:  

− What is the difference between the wear resistance of the as-nitrided samples produced at 

different nitriding temperatures – 520 C/ 8 h, 550/ 8 h and 525 C / 24 h?  

− How the higher temperature and the longer exposure time applied during nitriding can 

influence the structural characteristics of the high Cr content steel.  

In the course of my experimental work, several difficulties were encountered relating to the 

efficient nitriding technology of the high Cr content steel material, so in addition to the originally 

planned 2 sets of substrates – un-nitrided vs. nitrided – I studied an additional one set produced by 

a different bulk and surface-treatment processes, used also in the industry for the given steel 

material. 

3.1. Test materials and samples 

3.1.1.  Substrate material 

The investigated material is a high-alloy plastic mould tool steel DIN X42Cr13, Nr 1.2083. The 

given steel grade has a high chromium content (13%) with other alloying elements. The material 

is bought from the producer in the form of an annealed steel rod. The nominal chemical 

composition is as follows: C=0.4, Si=0.4, Cr=13.5%, Mn=0.3% and the balance is Fe [224]. 

3.1.2. Substrate processing, applied treatments 

In the different stages of the research work, three sets of substrate samples – Set A, Set B, Set C – 

having different bulk and surface treatments were prepared with the aim of investigating the 

influence of the technological parameters, industrially applied during precipitation hardening and 

plasma nitriding, on the substrate properties, and selecting the most suitable set for the deposition 

of ceramic coatings to be studied.  

Sample preparation steps can be summarized as follows 

− Samples were cut from steel rod (sawing operation). This was followed by grinding to 

make the surfaces parallel then drilling a hole for hanging the samples during nitriding, 

then sample denotation for proper identification.  

− Samples after these operations are contaminated with dirt and grease, hence thorough 

cleaning with acetone, washing with water, sonication, and drying was applied.  
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− All the samples were bulk heat treated according to the parameters listed in Table 3. Set A 

and B samples were volume treated at the Csepeli Fémművek Rt., Budapest (CSF), 

whereas Set C samples were heat treated at Voestalpine High Performance Metals Hungary 

Kft., Dunaharaszti (VHPM).  

− After the bulk heat treatment, the surface of the samples was ground using SiC grinding 

papers grade P120, P400, P800 and P1500 followed by polishing using aluminium oxide 

suspension with grit size of 0.3 m. 

− Plasma nitriding for Set A and Set B was accomplished in the heat treatment laboratory of 

Institute of Materials Science and Technology, University of Miskolc (ATI, UM), the 

equipment type was Nitrion 10, producer: SC PLASMATERM SA. The technological 

parameters are-gas composition-25% N2+75% H2, voltage 600 V, pressure 2 mbar  

The Set C was nitrided at the VHPM, equipment type was Rübig PN 100/180-DUO, gas 

composition 25% N2+75% H2, voltage 500 V, pressure 2.7 mbar. Sputtering process in gas 

composition H2: N2: Ar = 40: 1: 5, voltage 550 V, pressure 1 mbar, time 2 h:15 min. 

Table 3. summarizes the geometrical characteristics and technological parameters of processing 

of the three differently produced sets of precipitation hardened and nitrided substrate materials. 

Table 3. Heat - and surface treatment characteristics of the investigated sets of substrates 

Sample 
set 

Dimensions,  

h, mm×mm 

Bulk heat treatment 
Surface preparation 

before plasma 
nitriding 

Plasma nitriding 

Per-
former 

Aust.+ quench* Tempering 2 
Performer T, °C / t, h 

T, °C t, h T, °C t, h 

Set A 30  10  
CSF 

1030 0.5 580 2 Grinding + polishing ATI, UM 520 / 8 

Set B 50  10  1020 0.5 580 2 Grinding + polishing ATI, UM 550 / 8 

Set C 33  10  VHPM 1030 0.5 525 2 Grinding + polishing VHPM 525 / 24 

* Oil quenching for Set A and Set B, quenching in pressurized N2 gas for Set C samples 

The most important characteristics like hardness, particle size, and amount of residual austenite as 

a function of austenitisation and tempering temperature are illustrated in Figure 15 for steel 

product Uddeholm “STAVAX ESU” of similar composition. Those produced by CSF will be 

designated as PH Set A, and Set B, and produced by VHPM designated as PH Set C.  

  

Figure 15. Influence of the heat treatment conditions on the properties of the DIN 1.2083 steel [225] 

3.1.3. Surface coating 
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For surface coating samples of Set A type was selected. The reason will be discussed in the section 

3.4.2.4. dealing with the microstructural characterisation of the different sets of samples. Two 

different conditions of the substrate material were studied. One part of the samples was just 

precipitation hardened, the other part was precipitation hardened and plasma nitrided. The latter 

combination of treatment is known as duplex treatment.  

Two different ceramic coating systems, i.e., multilayer-DLC and monolayer-CrN coatings are 

investigated in the present research work. Multilayer-DLC was prepared using PECVD technique, 

whereas CrN layer was produced by PVD. The samples are washed in an ultrasonic washing line 

followed by wiping with alcohol before placing in the coating equipment.  

3.1.3.1. Technological parameters during processing the DLC coating 

The DLC coating is a multilayer, hybrid system consisting of CrN + WC+ a-C:HW + a-C:H layers 

moving from the direction of the substrate to the top layer. It is deposited by a combination of 

physical vapour deposition (PVD) and plasma enhanced chemical vapour deposition (PECVD) 

techniques in one process. EquipmentTSD 550. The initial process in the furnace is the ion-

etching. This process helps further reducing the thickness of compound layer formed during 

nitriding. The ionised ions of argon are bombarding the substrate for 60 min with 65 sccm argon 

(purity of  99.95 %) under vacuum (pressure = 1  10-3 Pa). During this step we used microwave 

generator as an auxiliary plasma booster with 1000 W and 2.45 GHz frequency. The first step of 

the coating process is the deposition of the underlayers which are CrN and WC-Co. 

Deposition of CrN underlayer- the deposition temperature is 150 °C. The gas flow of N2 is 

controlled by PLC via light measurement of plasma (luminosity of plasma). The power sputtering 

the Cr target is 6.5 kW, and deposition time is 30 min. Then the power is reduced to 0 kW. 

Deposition of the second sub-layer of WC-Co, done in a similar manner i.e., using magnetron 

sputtered (PVD). The targets used is solid, WC and 6% of Co which is a typical hardmetal known 

as CERMET. The power is kept constant-5.3 kW but increasing acetylene C2H2 from 0 to 200 

sccm. For the deposition of a-CH toplayer, acetylene gas with 200 sccm of flow rate is used. 

During this step, microwave generator as an auxiliary plasma booster with 500 W and 2.45 GHz 

frequency is used.  

3.1.3.2. Technological parameters during processing the CrN coating 

Chromium nitride coatings were deposited using a PVD magnetron sputtering, assisted by 

microwaves technique. We used microwaves to increase the quantity and the kinetic energy of Ar 

ions. The equipment is the same as for multilayer DLC (TSD 550). First, a Cr adhesion layer was 

deposited to improve the coating adhesion. Then, the CrN layers were deposited from a Cr target 

(99.99%) in Ar (60 cm3/min) and N2 flow was controlled by light measurement (luminosity), the 

chamber working pressure of 3-5× 10−3 mbar by using a pulsed DC sputtering power source, which 

was held constant at 6 kW. A bias voltage of −100 V was applied to the substrates. The thickness 

of the CrN layers was controlled by adjusting the deposition time. The substrate temperature was 

approximately 400 K, resulting from the bombarding species only. The deposition rate for the CrN 

films was 1.5 m/h. 
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3.1.4. Surface preparations 

Surface preparation – in addition to the ones shown in Table 3 – was applied several times until 

the final test specimens were prepared. The purpose of the different surface preparations and the 

applied types of equipment, tools, and parameters are summarized, as follows: 

− Before the plasma nitriding  

• Grinding (G) is needed to make the surfaces parallel and of uniform quality. 

• Polishing (P) is required to clean the surfaces, producing a surface that is plain, 

scratch-free, and mirror-like in appearance. It involves the use of abrasives, 

suspended in a water solution, on a cloth-covered electrically powered wheel. 

− Before the coating 

• (G+P) is applied before the coating to remove the compound layer formed during 

plasma nitriding. This compound layer (white layer) can cause severe problems of 

adhesion of the coating.  

− Before the optical and scanning electron microscopy 

• To reveal the microstructure the cross section of the samples, must be ground, 

polished, and etched. In addition, compressed air spray was regularly used 

immediately before the tests to remove the surface contaminants. 

− Before the Calotest, hardness tests and other tribological tests 

• For the best visibility of indentations created during these tests, as well as increasing 

the accuracy and reliability of the optical microscopic determination of the size of 

the indentations, samples must be thoroughly cleaned with acetone, wiped with a 

cotton pad, and dried in air. At times, trapped dirt must be removed by blowing air 

using a sprayer. 

The applied equipment, consumables and parameters of the listed surface preparation procedures 

are summarized in Table 4. 

Table 4. Parameters of the applied surface preparation operations 

State of the sample Opera-tion Equipment Wheel type Grain Abrasive grain in 
suspension 

Coolant-
lubricant liquid Time  

Annealed (as received) Cleaning Ultrasonicator       Alcohol 20 min 

Precipitation hardened Cleaning Ultrasonicator           

Before         Alcohol 20 min 

After Grinding Metasinex MD Piano P120   water 40-50 min 

      MD Piano P400       

      MD Piano P800       

      MD Piano P1500       

  Polishing Streurs 
LaboForce-3 MD Allegro   Diamond, 9 mm Struers Green 20-30 min 

      MD largo   ZrO2, 0.04 mm Struers Green   

      MD NAP   Diamond, 3 mm Struers Green   

Plasma nitriding Grind+Pol same as above           

Surface coating Cleaning Ultrasonicator       alcohol 10 min 

Before OM, SEM Etching         5 % Nital 3-5 min 

Before HV test Cleaning         wiping with alc. 2-3 min 

Before tribo-tests cleaning         wiping with alc. 2-3 min 

  



42 

3.1.5. Tribological test samples 

Varying the chosen two substrate conditions and the two types of coating material (Section 3.1.3) 

four groups of the tribological test samples, according to the structure and quality of the 

investigated surface coating system, were compiled. In the subsequent sections, the following 

nominations of these samples are used: the sign of “simply coated” refers to precipitation hardened 

+ coated samples, while “duplex treated” refers to precipitation hardened + plasma nitrided + 

coated samples. Table 5. shows the applied bulk and surface treatment conditions for each group 

completed with the surface preparation operations, accomplished after certain treatments.  

Table 5. Technological parameters of the applied bulk- and surface treatments 

Surface coating 
group 

Bulk heat treatment 
Surface 

preparation 
before 

nitriding 

Plasma 
nitriding 

Surface 
preparation 

before 
coating 

Coating 
Austenitisation 

+ oil quench 
Tempering 2 

T, °C t, h T, °C t, h 

Simply coated DLC 
1030 0.5 580 2 

Grinding + 
polishing 

− − 
multilayer DLC 

Simply coated CrN monolayer CrN 

Duplex treated DLC 
1030 0.5 580 2 

Grinding + 
polishing 

520 °C, 8h 
Grinding 

+polishing 

multilayer DLC 

Duplex treated CrN monolayer CrN 
 

 

 

All the executed operations can influence the tribological behavior, therefore, knowing all of them 

is equally important when evaluating tribological test results. 15-15 samples of each combination 

were prepared with the purpose of sample characterization and tribological tests. 

3.2. Sample characterization 

3.2.1. Compositional analyses 

3.2.1.1. Wet chemical analysis 

The chemical composition of the steel samples, – except for the C and S content – have been 

determined by ICP-AES (Inductively Coupled Plasma Emission Spectrometry) following the wet-

chemical sample preparation. This is done at the Institute of Chemistry of the University of 

Miskolc. The ICP spectrometer we used in the course of the analysis was made by Varian Inc., its 

type is 720 ES, which is a simultaneous multielement axially-viewed device. For calibration and 

check of the accuracy the following certified reference materials have been used: Nr 177, Nr 103, 

Nr 109, Nr 141, Nr 166, (manufacturer- ASMW), BAS 456/3 (BAS), B15, B98 (Ferroetalon Ltd.) 

The sample preparation consisted of the dissolution and oxidation of the sample chips in 

hydrochloric acid and nitric acid. In order to dissolve silicon small hydrofluoric acid was also 

added to the mixture. The C and S content of the samples were determined using non-dispersive 

infra-red absorption method following the combustion of the sample chips in pure oxygen. As for 

the instrument, the CS 125 C, S analyser made by LECO Corporation was used. For calibration 

and check of the accuracy certified reference materials manufactured by LECO Corporation and 

Alpha Resources Ltd. were used. 

 



43 

3.2.1.2. GDOES measurements 

GDOES technique is used to characterize the distribution of the chemical elements in the ~100 m 

thick subsurface layer of precipitation hardened and the nitrided samples. The test is performed 

using GD-Profiler2, (producer HORIBA Jobin Yvon, France) at the Institute of Foundry, UM. A 

radiofrequency generator operating at 13.56 MHz and glow discharge source having internal 

diameter 4 mm is pre-installed in the equipment. The parameters of the tests were, as follows RF 

Generator, flushing time5 s, pre-integration time 60 s, depth 66.966 m, pressure 500 Pa, power 

25 W, module 6 V, phases 5 V. 

3.2.2. Microstructural characterization 

3.2.2.1. Microscopic investigations 

Optical microscopy type Zeiss, Axio Observer D1m (ATI, UM), and scanning electron microscopy 

equipped with energy dispersive X-ray spectroscopy Zeiss Evo MA10 Scanning Electron 

Microscope (IPMMN, UM) was used for the following purposes 

− to reveal the microstructure of the samples of different – annealed, precipitation hardened, 

nitrided, and coated – conditions; 

− utilizing the technique of secondary electron (SE) imaging and backscattered electron 

(BSE) imaging during SEM to provide detailed morphological information about the 

surface (SE), and to visualize more clearly the microstructural features, and compositional 

variations of the nitrided surface, the scratch grooves, and the wear tracks (BSE);  

− to define the depth and diagonal of the indentation during the hardness tests and in case of 

determining the nitrided layer profile for getting the nitrided layer depth;  

− to measure the coating thickness (SEM) and to evaluate the crater diameter obtained from 

Calotest (OM); 

− to identify the subcritical and critical damage mechanisms in the scratch grooves, and to 

perform morphological analysis of the wear tracks (OM, SEM); 

− to compare the amount of the certain constituents in the surface layer of the scratched and 

worn surfaces (SEM-EDX). 

− The microscopic images for CrN coating with 5 N loading force is taken by Keyence 

Digital Microscope VHX-5000 series. The composition analysis is done using Laser 

Induced Breakdown spectroscopy. This technique helps in rapid chemical analysis using a 

short laser pulse to create a micro-plasma on the sample surface. 

3.2.2.2. Phase analysis 

X-ray diffraction technique was used for phase analysis of samples of Set A, Set B, and Set C in 

precipitation hardened and nitrided states. The XRD investigations were performed with a Bruker 

D8 Discover XRD equipment, using Cu Kα(1,2) source (40 kV and 40 mA generator settings), 

Bragg-Brentano geometry in the range of 2θ = 30-120°, an increment of 0.005 °(2θ) and a counting 

time of 0.30 s using a LynxEye X-ET energy dispersive detector with linear 2° opening in high 

energy resolution mode. The evaluation was performed using the Bruker EVA 5.0 software, a 
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PDF2 database for the identification of phases, and the Bruker TOPAS 6.0 software for Rietveld 

refinement. In the Rietveld refinement method, the measured diffraction curve is approximated by 

a calculated curve, which is the cumulative curve resulting from the curves of each phase. During 

the procedure, the difference between the measured and the calculated curve is minimized. The 

instrument was aligned with SRM NIST 1976b corundum standard and calibrated with SRM NIST 

640d silicon powder standard. Measurements were made in the 3DLab Fine Structure Analysis 

Laboratory of the University of Miskolc. 

3.2.3. Hardness tests 

Hardness tests of various aims were accomplished using a microVickers tester type Mitutoyo 

MVK-H1. The purpose of the tests and the applied test parameters are summarized in Table 6. 

Table 6. Test parameters applied during the hardness tests 

Features to be obtained 
Loading  

Number of 
measurements 

Notation of 
hardness number 

force, N time, s by sample in total  

HB of the annealed samples 1 10 12 2 HB 

HV of the precipitation hardened samples 0.25 10 32 6 HV0.025 

Hardness profile for getting the nitrided layer depth 0.25 10 32 6 HV0.025 

Composite hardness of coated layer system 0.5  10 43 12 HV0.05 

Coating hardness without the substrate effect 0.1  10 43 12 HV0.01 

3.2.4. Calotest 

The coating thickness was determined by the ball-cratering method (Calotest). The equipment used 

was model-CAT2, (producer Anton Paar) and the test parameters were, as follows: instrument: 

quenched steel ball, the rotational speed, 2000 (1/min) test time, t = 500 s. The lubricant used is 

water-based diamond suspension (0.5-1 ) bought from CSM instruments. Two samples of each 

coating group were tested creating 3 craters by samples. The coating thickness was calculated by 

using Eq. (6). The coating thickness of one group is represented by the average of 6 measurements. 

3.2.5. Profilometry 

The purpose of the test was to measure the surface roughness of the samples in different 

conditions-precipitation hardened, plasma nitrided and coated. The worn cross section after the 

ball-on-disk wear test was measured along four mutually perpendicular cross section of the wear 

track, and the average cross section in each test was used to determine the area of hole, maximum 

depth. Profile scanning were performed on wear tracks created by loading forces of 25 N, 60 N 

and 120 N in case of the multilayer DLC coating, and by loadings of 5 N, 10 N and 25 N in case 

of CrN coating. For accuracy the test was repeated three times using the same parameters. The 

average of the results is used to calculate the volume of material loss and hence the wear rate. The 

equipment used is AltiSurf 520 surface tester at the Institute of Manufacturing Science, UM. The 

equipment uses a confocal head. For surface roughness measurements the parameters set in the 

software (Altimet) were- length of scan in X and Y direction = 4 mm, scan speed 250 m/s and 

for worn cross section evaluation parameters were- length = 10 mm and scan speed 250 m/s. 



45 

3.3. Tribological tests 

3.3.1. Instrumented scratch test 

Scratch test is performed to study the adhesion of the multilayer DLC and CrN coating to the 

substrate (X42Cr13) and to determine the scratch resistance for the two coatings deposited on 

differently treated substrate- precipitation hardened and duplex. Furthermore, it gives useful 

information regarding the subcritical/critical damage modes for the investigated coatings. 

Instrumented scratch tests in progressive loading mode were accomplished using a custom 

designed equipment (type SP15, producer: Sunplant) developed uniquely for ATI, UM  

(Figure 16.) Scratch tests parameters were identical for all the test cases, which are 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. 15 mm; 

− Scratching instrument: Standard Rockwell C diamond (tip radius: 0.2 mm). 

During the test, the friction coefficient is recorded as a function of scratching distance. The noise 

and sample characteristics are noted which gives useful information regarding subcritical/critical 

load. After the test, the OM and SEM images are taken for the scratch track and cohesive/adhesive 

failure modes are presented. For reliability and accuracy, we tested 2 samples from each batch 

(sample 1, sample 2, sample 3 and sample 4) and three scratches on them were performed. For 

each test we carry out the analysis determining LC1, LC2 and LC3 and then the average is taken to 

provide a conclusive report.  

The Round-Robin test in collaboration with our industrial partner Rtec instruments in Switzerland 

was performed. The purpose was to test our samples with industrially accepted and verified 

parameters. This gives an elaborate and higher degree of accuracy for the prepared coating-

substrate combination. The progressive loading scratch tests were carried out on a Universal 

Scratch Tester (UST-2) as shown in Figure 16 .  

 

Figure 16. (Left): The instrumented scratch tester at IMST, UM. (Right): The UST-2 scratch tester with 

load cell (200 N), displacement sensor (capacitive 1 mm) and imaging system (confocal) at Rtec 

instruments, Switzerland. 
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This 3D scratch tester combines the benefit of the next generation scratch tester’s head and a high 

resolution, integrated 3D profilometer, allowing the unique in-line analysis of failures while 

scratching. At the end of the scratching, UST-2 automatically moves the sample under the optical 

profilometer to create a full 3D panorama picture of the scratch and scratch groove profile with 

roughness data at a chosen scratch length. The measured data and the 3D images are combined 

automatically allowing to correlate adhesion to surface roughness and topography, as well as to 

analyze the morphology of the scratch track showing the locations of characteristic damage and 

failure points. The parameters used for the test are given in Table 7. We planned 3 scratches per 

sample for each category for this measurement. 

Table 7. The test parameters applied during the 3D scratch testing. 

Test parameter 
Sample 1 

Simple DLC 
Sample 2 

Duplex DLC 
Sample 3 

Simple CrN 
Sample 4 

Duplex CrN 

Loading range, Lmin – Lmax, N 1-60 1-100 1-60 1-120 

Loading rate, dL/dt, N/min 120 200 120 240 

Scratching speed, dx/dt, mm/min 6 6 6 6 

Load gradient, dL/dx, N/mm  20 33 20 4 

Total scratch length 3 mm 

Scratching instrument Standard Rockwell C diamond (tip radius: 0.2 mm) 

3.3.2. Ball-on-disk wear test 

The purpose of the test is to evaluate the wear resistance of the as nitrided samples at different 

nitriding temperatures and study the wear mechanism of the two ceramic coatings deposited on 

differently treated substrate. The test equipment is UNMT-1 (producer CETR) with ball-on-disk 

sliding test configuration. (Figure 17.)  

 

 

 

 

Figure 17. The ball-on-disk wear 

tester (right) at IMST, UM. 

 

 

 

The ball material used is Al2O3 (6 mm diameter), velocity- 30 mm/sec, time- 1 h, three different 

loading forces 25 N, 60 N and 120 N for multilayer DLC and 5 N, 10 N and 25 N for CrN coating 

was used. The friction coefficient is recorded as a function of sliding distance. Similar to scratch 

test, noise and behaviours of sample under the effect of different loading gives useful information 

about the wear resistance and loadability. After the test, the wear track, debris is analysed by OM 

and SEM to study the damage modes and characterize the wear mechanism. Additionally, the worn 

cross section is analysed by profilometry to determine the wear rate. For the as-nitrided samples, 
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2 wear tracks with loading force 25 N, Al2O3 ball, time 1 h, velocity 30 mm/sec are created. For 

the coated samples- 3 wear tracks are created for each loading force on 2 samples from each 

coating batch. Based on several trial tests and literature data the applied test parameters during the 

ball-on disc tests were as follows:  

− The friction counterpart was an Al2O3 ball with diameter of 5,93 mm. 

− Loading force was F= 25 N for the as nitrided samples, while it was F = 25, 60 and 120 N 

for DLC coated samples, and F= 5, 10 and 25 N for CrN coated samples. 

− The rotational speed was n=159.2 1/min in all cases which resulted in v=30 mm/s sliding 

rate in the centerline of wear track having a radius of R=3 mm. 

− The tests were executed in the ambient air, with slightly varying temperature of 25  3 °C 

and relative humidity of RH = (45  6) %. 

− The total sliding distance Lsl was 108.5 m excepting some special cases of the 

investigations, specified in the appropriate part of the description of the experimental work. 

The number of the performed test were 2-2 for the as-nitrided samples, and the CrN coated 

samples, while it was 3-3 for the DLC coated specimens. 

The specific wear rate (k) is calculated using the Eq. (7): 

 
3
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A C mm
k

N s Nm

 
=  

  
 , (7) 

where A is worn cross section obtained from profilometry [mm2], C length of the wear track 

centerline [m], stotal is the total sliding distance during the wear test [m]. Based on the k value we 

can differ the mild and severe wear modes [226˙, 227 ]. In case of k = 10−9 to 10−6 mm3/(Nm) the 

wear type is mild, while in case of  k = 10−6 to 10−2 mm3/(Nm) it is a severe wear. 

3.4. Results and evaluation 

3.4.1. Chemical composition of the substrate material of different conditions 

The result of the wet chemical analysis of the applied X42Cr13 substrate material is presented in 

Table 8. Since the composition was measured additionally by GDOES (characterizing the 60 μm 

depth surface layer of the sample), therefore these values as well as the standard composition are 

also presented in the table. Comparing the amount of the constituents based on the standard and 

measured values it can be established, that C, Cr content fall to the standard range, while the Mn 

content is somewhat lower, and the Si and the V content is significantly lower. 

Table 8. The measured chemical composition of the applied X42Cr13 substrate steel material 

Method C Si Cr  Mn V P S Cu Ni Mo Fe 

Chem. 
an. 

0.40 0.42 13.1 
 

0.38 0.030 0.021 0.002 0.12 0.17 0.023 bal. 

GDOES 0.43 0.30 13.0  0.25 0.05 0.009 0.001 0.10 0.22 0.04 bal. 

Standard 0.038-0.45 0.7 12-14.5  0.45 0.20 0.030 0.030 ... ... ... ... 
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Ni, Mo and Cu, not mentioned by the standard, were also found in the test material, alluding to an 

intentionally added amount of these elements. Cu is added to the alloy steel to improve the 

atmospheric-corrosion resistance  228 . The presence of Ni and Mo improves the sample 

nitridability at higher temperatures without any distortions, and Mo prevents temper embrittlement 

caused by aging during tempering [229]. Also, it should be considered that the high carbon and 

chromium content of this material makes it an ideal candidate for producing supermartensitic 

structural steel 230. The amount of such harmful impurities, like P and S, is significantly lower 

than the allowable one, improving the strength and toughness of the investigated material. 

3.4.2. Elemental distribution in the subsurface layer (GDOES) 

The elemental distribution of the constituents in the surface layer of the different sets of samples 

were defined by GDOES measurements. The crater formed on samples is shown in Figure 18. 

 

Figure 18. GDOES measurements traces on the investigated test samples 

3.4.2.1. Precipitation hardened samples 

GDOES spectrum of the substrate in the precipitation hardened state for the Set A sample was 

measured to identify the elemental distribution preceding the nitriding operation. It can be seen 

from Figure 19 that there is a high Cr content (13 %) in the steel matrix. The amount of the other 

elements – C, Si, P Mn, Mo, V– detected are also consistent with that of wet chemical analysis. 

 

Figure 19. Elemental distribution vs. depth from the surface for the precipitation hardened sample; 

Up: all elements with considerable overlapping; down: the seven main constituents in a magnified detail 

3.4.2.2. Nitrided samples 

The distribution of N and Cr – being the most decisive alloying elements in the nitrided layer – is 

illustrated in Figure 20 and Figure 21, respectively. It is seen that at depths higher than 8 m, the 

distribution of N for the Set B and Set C samples is identically 5-6%, while for Set A sample it 
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shows a sharp decrease at depth of 1 m and approaching 0% the deeper region. The higher values 

are explained by the higher nitriding temperature for Set B sample, and the longer holding time 

for the Set C sample, while the sharp decrease for Set A sample is in accordance with the low 

temperature and short holding time. In the near surface region, the amount of nitrogen is the highest 

for the sample nitrided at 550 °C/8 h (orange curve in Figure 20) and somewhat lower for that one 

nitrided at 525 °C/ 24 h (pink curve). In the sample nitrided at 520 °C, 8 h (blue curve), the nitrogen 

content near the surface, up to 1 m depth is also high, however, there is a sharp decrease in the 

amount of nitrogen with increasing depth, and exceeding the 2 m depth, the N content 

approaching the zero. This is in agreement with the treatment parameters, resulting in a relatively 

low penetration depth of the nitrogen atoms. The magnified subsurface transient zone in the inset 

of the upper right corner of Figure 20, shows different locations and broadening of the highest 

value regions, in harmony with the applied time/temperature parameters. Similarly, the differences 

in chromium distribution in the three nitrided samples, too (Figure 21) can be explained in terms 

of the nitriding parameters. 

 

Figure 20. GDOES spectra showing the nitrogen distribution for the three samples nitrided at  

520 C /8 h, 550 C /8 h, and 525 C /24 h. 

 

Figure 21. GDOES spectra showing the chromium distribution for the three samples nitrided at  

520 C /8 h, 550 C /8 h, and 525 C /24 h. 
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The distribution of Cr is almost similar for the three samples at depths higher than 8 m depth, 

while the major differences with some local Cr peaks can be observed at a depth lower than 1 m, 

as shown in the inset in Figure 21. The highest Cr peak is observed in the case of the sample 

nitrided at 520 C/ 8 h (blue curve) at 0.8 m depth. It can be explained by the N distribution that 

shows a very strong gradient in this region, and at higher depth, there is no significant N content 

that would attract the Cr atoms; therefore, Cr is accumulated in the very thin, high-N content 

subsurface region. 

The sample nitrided at 525 C with an increased exposure time of 24 h (Set C), shown by the pink 

curve, has an expressed Cr peak in accordance with the local N peak at the same depth. As it is 

supposed, the three times longer nitriding time led to a more uniform distribution of Cr and N, 

compared to that in the Set A sample. 

The sample nitrided at 550 C/8 h (Set B) presented in orange has the most uniform Cr distribution 

that is in harmony with the highest N content and the least gradient of its distribution in the near-

surface region, obtained for this sample. 

The Cr content (neglecting the local peaks) shows a decreasing character approaching the free 

surface of the as-nitrided samples. The reason is not obvious, whether it is a characteristic of the 

nitrided surface layer or is a consequence of some technical aspects of the GDOES measurements. 

3.4.2.3. Microstructure 

The as received, annealed substrate  

There is no information about the exact heat treatment history of the commercially available 

substrate material. As discussed in Chapter 2.2.3, it is supposed that the steel was spheroidize 

annealed. This is supported on the one hand by the microstructure illustrated in Figure 22, where 

relatively large spheroidal carbides in high amount can be seen in a ferrite matrix, on the other 

hand, by the measured hardness – i.e.,  200 HB – as indicated for the annealed state of this steel 

on the material datasheet [225]. The homogeneously distributed, disperse spheroidal precipitates 

can be various types of alloy carbides. 

 

Figure 22. Optical microscopic image of the substrate material in the annealed state (etchant: Nital 5%) 
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The most probable type of carbide in this steel is the M23C6 type one, which is a chromium-rich 

carbide having a face-centered cubic (fcc) crystal structure. It has a high solubility for Fe and much 

less for other carbide forming elements like Mo or W 39. 

The precipitation hardened substrate 

Figure 23 shows the SEM image of the substrate material Set A after the bulk heat treatment, i.e., 

precipitation hardening (Table 3) along with the EDX spectrum showing the average composition 

of various elements in the selected area. The microstructure consists of a martensitic matrix with 

some possible residual austenite containing Cr23C6 and (Cr, Fe)23C6 carbide precipitates, as 

described in Chapter 2.2.3 . Besides, prior-to austenite carbides – e.g., M7C3 type Cr rich carbide 

with very low amount of other carbide forming alloy elements – may be present that were not 

dissolved during the austenitisation. These undissolved primary carbides with the martensitic 

matrix are favourable from the point of view of wear resistance. The average composition is in 

good agreement with the data given in Table 8. The measured high N content is the residue of the 

Nital etchant used during sample preparation for microscopic investigations.  

 

Figure 23. SEM image of the precipitation hardened substrate along with the EDX spectrum of the Set A 

sample (etchant: Nital 5%) 

Figure 24. shows a magnified SEM image of the microstructure and the results of the 

compositional analyses by EDX in two spots. Spot 1 is taken in the tempered martensitic matrix, 

whereas spot 2 in the precipitate. The high Cr content of the steel means high tendency for Cr-rich 

Cr23C6 carbide precipitation. By using the EDX spot analysis we can distinguish between the 

amounts of Cr in the precipitate and in the tempered martensite region. The analysis shows 36.32 

% Cr content in the precipitate, i.e., three times higher than that of the tempered martensite region 

confirming the possible presence of Cr23C6 carbides, which is also supported by the C peak in the 

spectrum of spot 2. The high amount of Fe in spot 2 comes from the neighbouring matrix. 

Microstructure of Set B samples, produced in a different stage of the research work, using 10 °C 

lower austenitisation temperature, was not investigated but supposed to be very similar. The 

temperature difference may result in a lower amount of solved C and alloying elements in the 

austenite, consequently a slightly lower amount of the precipitates in the tempered martensite, 

moreover a slightly lower grain size and less residual austenite, as suggested by Figure 15/a. 

Fe

Cr

MnSiN

Element Wt% At%

N K 0.42 1.64

SiK 0.54 1.04

CrK 14.03 14.65

MnK 0.24 0.24

FeK 84.77 82.43

Total 100 100
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A more significant difference can be mentioned comparing the microstructure of the Set A and Set 

C samples. The reason for it is the 55 °C lower tempering temperature (i.e., Ttemp=525 °C) in the 

latter case, when smaller precipitates of larger amount are formed resulting in a higher substrate 

hardness with simultaneously higher amount of residual austenite.  

 

Figure 24. The magnified SEM image of the precipitation hardened substrate and the EDX spectra in the 

indicated two spots of the Set A sample 

Altogether, in all types of samples the main constituent of the microstructure is tempered 

martensite with some possible residual austenite containing Cr23C6 and other carbides. However, 

there might be slight differences in the strength and toughness parameters for Set A and Set C due 

to 55 C difference in tempering temperature.  

The precipitation hardened + nitrided substrate materials 

The microstructure of the Set A sample nitrided at 520 C for 8 h 

Figure 25 shows the SEM cross-sectional image of the nitrided layer produced at 520 C, for 8 h 

holding time. The image is taken with the backscattered electron (BSE) mode to visualize the 

microstructural features and compositional variations in the nitrided surface. In the SEM 

photograph no clearly defined boundary between the diffusion zone and substrate is seen.  

Close to the surface, i.e., in area 1, the Cr content is high, as proven by the related EDX spectrum. 

It is evident, as well, by the presence of the CrN precipitates along the grain boundaries  

Figure 26 – , which is a characteristic feature of high Cr content alloy steels nitrided at temperature 

greater than 500 C [110, 112]. At region 2 in the nitrided layer there is still a higher Cr content as 

compared to the base material. This reflects the extent of CrN precipitation during plasma 

nitriding. Similar to that of the Cr, the N content is also high close to the surface and decreases 

towards the core. The CrN precipitates prevent the nitrogen atoms diffusing deep into the surface 

which results in a flat rather than diffused 108] hardness profile (right upper inset in Figure 25). 

The depth of the nitrided layer is elaborated by means of determining the hardness profile below 

the surface, based on which it is 40 m (Figure 25). The depletion of the steel matrix in free 

chromium, due to CrN precipitation, may result in reduced corrosion resistance. In Figure 26, 
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showing a higher magnification picture of the nitrided zone, elemental analysis by EDX in three 

characteristic points has been made. 

 

Figure 25. SEM image of the cross section and hardness profile of the nitrided Set A sample along with 

the EDX spectra taken in three characteristic regions: 1– near-surface layer; 2 – diffusion zone; 3 – core 

region below the diffusion zone  

Chemical composition at point 1, close to the spherical precipitate, and at spot 3, which is taken in 

the middle of grain, at a somewhat higher depth (3 m) below the surface, is almost identical. 

 

Figure 26. Magnified SEM image of the nitrided zone of Set A sample with the EDX spectra taken in three 

characteristic locations of the layer: 1– close to a precipitate in the near surface region inside the grain,  

2 –a grain boundary precipitation, 3 – grain volume at a slightly deeper region below the surface 
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The increased Cr and N content suggest the presence of nitrides which appears as dark grey areas 

around the spherical precipitation and at spot 3 in the BSD imaging mode. Spot 2 taken along the 

GB region shows higher Cr, N content as compared to spots 1 and 3 which gives strong evidence 

of the path of CrN precipitation along the GB.  

In Figure 26 the grain boundaries are quite evident due to the heterogeneous deformation among 

the grains which is a result of the compressive residual stresses generated by the diffusion of 

nitrogen from the surface to the core, accompanied by simultaneous nitride precipitation 231. 

The microstructure of the Set B sample nitrided at 550 C for 8 h 

Figure 27 shows the SEM cross-sectional image along with the hardness profile of the Set B 

sample nitrided at 550 C for 8 h. The depth of the nitrided layer is strikingly higher, 260 m, 

compared to the sample nitrided at 520 °C with the same holding time.  

The nitrided layer depth is increased with the increase in nitriding temperature due to the 

significantly higher diffusivity of the interstitial elements 232. EDX analysis at three different 

selected areas in the surface layer gives an estimation of the varying amount of the constituents 

which helps to study the microstructure. The three characteristic regions are: 1– near-surface layer; 

2 – diffusion zone; 3 – core region below the diffusion zone. 

 

Figure 27. Cross sectional SEM image and hardness profile of the nitrided Set B sample along with EDX 

spectra taken in three characteristic spots: 1– near-surface layer; 2 – diffusion zone; 3 – core region 

below the diffusion zone 

The Cr and N content is the highest in area 1, and it decreases with the depth, i.e., in region 2 and 

3. This shows the possibility of an intense CrN precipitation close to the surface. Region 2 in the 

diffusion zone contains higher Cr and N as compared to region see 3, i.e., the core region. At 

higher nitriding temperatures, the chromium atoms have greater mobility, segregating from the 

tempered martensitic matrix and precipitating mostly as CrN. The problem of the high temperature 

nitriding of the investigated steel will be discussed in detail in section 3.4.2.5.   
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The microstructure of the Set C sample nitrided at 525 C for 24 h 

The applied combination of the time/temperature parameters is widely used during industrial 

plasma nitriding of tool steels. The objective behind this nitriding regime was to analyse the effect 

of the increased exposure time on the microstructure and the characteristics of the nitrided layer. 

Figure 28 shows the cross-sectional SEM image, the hardness profile of the nitrided layer along 

with the corresponding EDX spectra in the three different regions of the nitrided layer. The depth 

of the nitrided layer is 80 m in harmony with those of the former to sets of samples regarding the 

applied lower temperature and longer time. From the surface to the core, there is a sharp decrease 

in the hardness resulting in a flat-type hardness profile, similarly to that of the  

Set A sample. The higher nitrided layer depth compared to Set A sample, is the consequence of 

the three times longer holding time, while the higher core hardness is the result of the lower applied 

tempering temperature during the PH treatment.   

Close to the surface, area 1 is selected to characterize the average composition of the matrix in the 

near surface region. Here, the high nitrogen and chromium content alludes again to the presence 

of Cr and N containing precipitations. Region 2 selected in the nitrided layer shows high Cr content 

as compared to region 3, which is in a region in the substrate below the nitrided layer.  

 

Figure 28. Cross sectional SEM image and hardness profile of the nitrided Set C sample along with EDX 

spectra taken in three characteristic spots: 1– near-surface layer; 2 – diffusion zone; 3 – core region 

below the diffusion zone 

Figure 29 shows the high magnification SEM image of microstructure inside area 1 in Figure 28, 

i.e., area at 10 m depth from surface with a needle-type morphology of the tempered martensite. 

Comparing the composition in the three different spots selected for EDX analysis the highest 

amount of Cr and N is found in the precipitate (spot 3) as compared to spots 1 and 2. Due to the 

increased exposure time during the nitriding process, the microstructure becomes more 

homogeneous, as compared to that of the Set A sample.  
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Figure 29. The magnified SEM image of the precipitation hardened and nitrided Set C sample along with 

the spectra obtained from EDX spot analysis at three different locations 

3.4.2.4. Phase composition analysis by XRD technique 

The Set A sample in the precipitation hardened condition 

The phase analysis of the Set A sample in the precipitation hardened state is shown in Figure 30.  

 

Figure 30. XRD spectrum for the PH sample showing the -Fe, and -austenite phases  

The microstructure consists of tempered martensite (-Fe), austenite (-Fe), and complex 

chromium carbides. The presence of these carbides – due to their large size– can be easily detected 

by the applied high resolution XRD. Also, due to the relatively high amount of carbon in this steel 

(0.4%) the reaction between Cr and C took place readily resulting in the formation of (Cr, Fe)23C6) 

dissolving a considerable amount of iron. 

The Set A sample in the precipitation hardened + nitrided (520 °C, 8 h) condition 

Figure 31 shows the XRD spectrum for the samples nitrided at 520 C for 8 h after PH treatment.  
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Figure 31. XRD spectrum characterizing the phase composition in the near-surface region of the sample 

nitrided at 520 C / 8 h. 

The XRD pattern confirms the presence of -Fe, (Fe4N), (Fe2-3N), chromium nitride (CrN), 

chromium-iron complex carbide, manganese carbide and manganese nitride phases. The broad 

peak of CrN and weak peak of (Fe3N) is detected at 37.7 consistent with literature reports 233. 

The peaks at 37.7, 43.8 and 63.5 indicate and confirm the presence of CrN precipitation.  

Set B sample in the precipitation hardened + nitrided (550 C, 8 h) condition 

Figure 32 shows the XRD spectrum of the Set B samples nitrided at 550 C for 8 h.  

 

Figure 32. XRD spectrum for the sample nitrided at 550 C / 8 h. 

The detected phases are -Fe, , CrN, chromium carbide, and magnetite phases. With the increase 

in nitriding temperature, there is an increase in the depth of the nitrided layer, as well as in the 

amount of  in the layer. At this high temperature, due to the increased diffusional rate, there is 

accelerated reaction between Cr and N to form CrN precipitates detected in the spectrum. This 

leads to a reduction in the amount of nitrogen in the solid solution. 

The broad peaks of the () iron nitrides indicate the nitrogen incorporation in the crystal lattice at 

the high nitriding temperature.  
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Set C sample in the precipitation hardened + nitrided (525 °C, 24 h) condition  

Figure 33 shows the XRD spectrum of the subsurface region of the sample nitrided at 525 C for 

24 h. The phases detected are -Fe, , CrN, Cr2N, chromium carbide and manganese nitride. Fe4N 

type nitrides are also present since they are characteristic phases appearing in the diffusion zone, 

but the related peaks are overlapping with that of the Fe3N [255].  

Due to the increased exposure time, there is no compound layer as can be seen in the SEM image 

(Figure 28). The long exposure time (24 h) leads to the formation of Cr2N phase. 

 

Figure 33. XRD spectrum for the sample nitrided at 525 C / 24 h          

3.4.2.5. Elaborating the heat treatment problem at the high temperature nitriding 

processes 

High temperature plasma nitriding (HTPN) of high Cr content steel is a challenging task [234, 

235] because of the reduction in the chromium content in solid solution due to CrN and/or Cr2N 

precipitation 235, 236, 237. The solution to deal with this problem is generally to reduce the 

plasma nitriding temperature below 400 C in order to avoid the CrN precipitation 234] in order 

to preserve the corrosion resistance of the steel. The present research work deals with the 

possibility of enhancing the tribological performance of surface layers produced by duplex 

treatment, i.e., plasma nitriding + ceramic coating on plastic mould tool steel having high Cr 

content, that requires higher nitriding temperatures. Therefore, the selection of the suitable 

nitriding temperature after the bulk heat treatment, was a key factor during this research. In doing 

so, a number of aspects had to be taken into account, which in some cases would have led to a 

contradictory solution, i.e., different nitriding temperatures. For example, it is important to avoid 

any cracks, distortions, or embrittlement of the microstructure, while providing strong support to 

the coating. Experiences during my previous research work investigating the X42Cr13 steel, 

showed that better scratch resistance, i.e., stronger adhesion between ceramic coating (DLC) and 

substrate can be realized if the nitriding temperature is 520 C as compared to 550 C 238. It was 

shown in the literature review (Chapter 2.3.2.2) that during HTPN and at long exposure times the 

intense nitride precipitation causes embrittlement of the treated layer 239, 119 240, 241, 242. 

This leads to a weaker tribological and tribo-mechanical behaviour of the samples 243. Also, 
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these treatment conditions enhance the sensibility of the nitrided layer to temper embrittlement– 

due to CrN precipitation – which further reduces the corrosion resistance 244, 245. 

The sample nitrided at 550 C shows an intense CrN precipitation and a surface relief is created 

as seen in the SEM image shown in Figure 34. This leads to cracks, distortion, and limited adhesion 

of the substrate to the coating. The cracks may further propagate and become denser that leads to 

limited load bearing capacity of the substrate, thus sample nitrided at higher temperature was not 

selected for coating. 

 

Figure 34. The SEM (BSE) images of the near surface region of the Set B sample nitrided at 550 C 

showing an intense CrN precipitation; a) lower magnification, b) higher magnification image 

Moreover, the HTPN samples showed clear indication of cracks as indicated by the circles in the 

Figure 35. These cracks were observed in the microstructure 36-40 months after the nitriding, 

while no evidence of cracks was found in the Set A samples nitrided at 520 C for the same holding 

time. Spot 1 close to the surface shows intense CrN precipitation along the grain boundary (white 

network like region in the SEM image) while at spot 2 a moderate Cr and N content has been 

measured by the EDX.  

 

Figure 35. SEM image showing the cracks along with spot analysis by EDX at the two indicated points 
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In the nitrided layer the macro-stresses are compressive ones due to the formation of nitrides and 

the lattice distortion caused by the interstitially solute nitrogen 116. However, as analysed by 

Loh and Siew 123, 246  tensile stresses may be present around the precipitates. For the samples 

nitrided at 550 C, we observe high amount of precipitation, thus we predict high tensile stresses 

around these precipitates which could have led to the observed cracking. The magnitude of these 

stresses can be relaxed by a delayed micro-cracking process after a certain incubation time. In this 

regard, O Brien et al. 247 concluded that the double-phase layer is prone to fracture due to two 

characteristics, i.e., the weak interphase bonding between the compound and diffusional layers and 

the presence of phases with different thermal expansion coefficients. Since the tensile residual 

stresses are the highest normal to the specimen surface [116], the most probable plane of the crack 

formation and propagation are those crystal planes, where the shear stresses and consequently 

strains are the highest, i.e., parallel with the maximum shear stresses, having 45° to the principal 

stresses. This is reflected by the cracks observed in Figure 35. 

Crystal defects also play a key role in the diffusion of nitrogen during plasma nitriding. This is the 

reason why an increasing temperature – at which the equilibrium vacancy concentration is 

increasing – results in a stronger nitrogen diffusion and large case depth. Small grain size and high 

dislocation density also accelerate the nitrogen diffusion due to the higher chance of the grain 

boundary- and pipe-diffusion mechanisms characterized by a higher diffusional rate compared to 

volume diffusion [248] 

When we increase the nitriding temperature (Set B 550 C, 8 h) or the time (Set C 525 C, 24 h), 

grain coarsening of the precipitates – i.e., they can have a lower density and a higher size – occurs 

that plays an important role in the final characteristics of the nitrided case. The hardness is closely 

related to the density and size of the precipitates. E.g., in the martensitic stainless steel, the matrix 

continues to temper and get softer during tempering, which results in the lower hardness of both 

the surface and the core. Thus, regarding the next step of sample processing, i.e., coating 

deposition, the Set B sample was excluded, as its durability is questionable. There are also high 

chances that adhesion of the coating and substrate may weaken after a certain time as the crack 

propagates reducing the load-bearing capacity of the substrate.  

With the increase in nitriding temperature, the intensity of -Fe peaks decreased whereas the 

intensity of the nitride peaks progressively increased. Thus, the nitriding temperature above 525 C 

or the nitriding time greater than 8-10 hours may lead to the reduction of the quantity of the -

nitride phase because of the formation of CrN. Wang et al. 249 reported that when the nitriding 

temperature exceeds 450 C, the equilibrium solubility limit of N is excessively increased and 

because of the mobility of Cr atoms, CrN precipitation starts. Therefore, at T  450 C formation 

of CrN and Cr2N phases is favoured as they have more negative formation free energy compared 

to that of iron nitrides  250 , 251 . This results in chromium nitride precipitation from the 

expanded-martensite matrix, i.e., phase transformation of N into CrN and -Fe at high 

temperatures occurs 252, 253, 254, 255.  

Furthermore, during high temperature tempering (580 C) Cr23C6 precipitates is formed. This 

precipitation continues during nitriding and Fe gets solved resulting in the formation of (Fe, Cr)3C 

and chromium carbides. The high resolution XRD results shown are novel findings as these 

precipitates were not detected in previously reported literature with similar chemical composition.  
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Why to select finally the Set A sample instead of the Set C samples for coating purposes? 

Both the plasma nitriding and the subsequent coating deposition (duplex treatment) are expensive 

processes hence, the selection of technological parameters resulting in lower costs is a key issue. 

On the one hand, applying an exposure time of 24 h leads to significantly higher costs, 

unfavourable especially in the industrial processes of mass production. On the other hand (delayed) 

crack formation in the nitrided layer of a long time nitrided Set C sample is very probable. 

Thus, despite the more homogeneous microstructure of the sample nitrided at 525 C for 24 hours, 

the sample nitrided at 520 C for 8 hours was selected for depositing the ceramic coatings to be 

studied taking into consideration of both the technological and the economic aspects. 

3.4.3. Mechanical and other tests 

3.4.3.1. Hardness test 

The results of the hardness test are presented in Table 9. 

Table 9. Hardness test results characterising the different conditions of the investigated samples 

Type and condition of the test 
item 

Loading 
force, N 

Number of 
tests 

Hardness 

Average, HB St. dev. Var. coeff., % 

Annealed (HB) 1 10 200 4.7 2.4 

Substrate in the precipitation hardened state       (HV 0.025) 

Set A 

0.25 10 

289 17.2 6.0 

Set B 318 8.8 2.8 

Set C 336 16.2 4.8 

Samples in the plasma nitrided state       (HV0.025) 

Set A 

0.25 10 

416 20.1 4.8 

Set B 851 65.0 7.6 

Set C 701 39.9 5.7 

Surface coatings           

Coating + substrate together (composite hardness)     (HV0.05) 

Simply coated DLC 

0.5 10 

1332 88 6.6 

Duplex treated DLC 2100 236 11.2 

Simply coated CrN 628 67 10.7 

Duplex treated CrN 1237 216 17.5 

Coating (without substrate effect)       (HV0.01) 

DLC top layer 0.1 10 2802 368 13.1 

CrN monolayer 0.1 10 1372 114 8.3 

The hardness of the sample in the annealed condition is 200 HB (based on the average of  

10 measurements). This hardness is low which makes the material suitable for machining. In the 

precipitation hardened state i.e., after austenitisation and tempering for Set A the hardness is 289 

HV0.25, for Set B it is 318 HV0.25 and for Set C it is 336 HV0.25. The reduction in tempering 

temperature from 580 C /2 h (Set A and B) to 525 C /2h (Set C) cause the increase in the hardness. 

The surface hardness of all the samples improved after plasma nitriding. The improvement due to 

PN for Set A is 44% for Set B it is168% (due to higher nitriding temperature 550 C) and for  

Set C it is 109% (due to long exposure time 525 C/24 h). After the coating deposition on 
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differently treated substrate (PH+ coating = simply coated) and (PH+PN+coating= duplex 

treatment) the hardness value is higher for duplex sample because of the nitrided layer. Thus, the 

hardness of composite system (substrate+coating) - duplex DLC case is 2100 HV0.5 while for 

simple DLC it is 1332 HV0.5. Similarly, for CrN duplex it is 1237 HV0.5 and for simple CrN it 

is 628 HV0.5. We attempted to measure the coating hardness without substrate effect, but due to 

the limited capacity of the machine we could only approximately measure the coating hardness, 

for DLC 2802 HV0.1 and for CrN 1372 HV0.1. 

3.4.3.2. Determining the coating thickness by Calotest and SEM investigation 

The average value of coating thickness based on 6-6 measurements for the simple DLC coating 

was 3.59 ± 0.07, while it was 3.36 ± 0.13 for the simple CrN coating and was 3.96 ± 0.05 and 

3.82 ± 0.17 for the duplex treated DLC and CrN coating, respectively. There was certain scattering 

in the coating thicknesses (0.3−0.6 m) due to their different position in the coating chamber. The 

coating thickness determined by SEM are in good agreement with those obtained by Calotest 

method (Figure 36). 

 

Figure 36. SEM image showing the coating thickness for the different test samples 

3.4.3.3. Surface roughness 

After the PH treatment Ra vales of the samples were about 1 m. This value was decreased by 

about two orders of magnitude to Ra=0.03 m after surface preparation (grinding+polishing). 

Nitriding increased the surface hardness differently depending on the temperature and holding 

time. For Set A samples it was characteristically 0.4 m, for Set B it was 1.3 m and for Set C it 

was 0.23 m (note that surface preparation was somewhat different for the latter case). Coatings 

provided smoother surfaces with Ra values of 0.07 m and 0.09 m for DLC and CrN coating 

respectively. 
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3.4.4. Tribological tests : Instrumented scratch test 

3.4.4.1. Scratch tests realized in the laboratory of the IMST, UM 

The applied test conditions are described in Chapter 3.3.1. 

Scratch test on the simple DLC coating (IMST, UM Lab) 

Figure 37 shows the friction coefficient () vs. scratching distance (l) curve for a simply coated 

DLC sample. During the progressive loading scratch test as the indenter contacts the coated 

surface, plastic deformation of the substrate begins soon. The initial micro-cracking in the form of 

lateral cracks referred to as cohesive failure appears at a scratching distance of 0.68 mm (Figure 

38/a) that belongs to the first subcritical loading of LC1 = 9.4 N. The next subcritical event, i.e., the 

adhesive failure between the coating and substrate occurs in the form of spallation at l=1.01 mm 

and LC2 =13 N, which develops into the damage mode of wedging spallation (Figure 38/b and c). 

It is a periodically spaced, annular shape damage that extends beyond the edges of the groove. 

 

  

 

Figure 37. Scratch test diagram for the simply coated sample (green curve) combined with SEM images 

(a)-(f) illustrating the characteristic damage mechanisms at the subcritical and critical loadings. 

This type of damage mode is extensively reported for hydrogenated DLC (a-CH) coatings [217, 

220]. The value of  continues to increase and partial delamination is observed (confirmed by 
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EDX analysis). The reason behind the increasing value of  is that subcritical loads remove small 

particles of the coating, which cling in the vicinity of the stylus creating additional resistance to 

the motion of the stylus and thereby increasing the  value. At l=4.9 mm under the main critical 

load of LC3 = 50 N the coating is completely delaminated from the substrate (Figure 37/d). Since 

the indenter continues to move on up to the pre-set value of the total scratch distance of 15 mm, 

the ductile steel substrate stripped of its coating will strongly deform and crack. The traces of 

detached coating can be found as indicated in Figure 37 (e).  

Scratch test on the duplex DLC coating (IMST, UM Lab) 

Figure 38. shows the  vs. l diagram for the duplex DLC coated sample. The first subcritical event 

is a cohesive failure of the coating appearing in the form of lateral cracks that is accompanied by 

the formation of forward chevon cracks at lc1= 0.68 mm, and LC1=16.1 N. The second subcritical 

damage is an adhesive failure at lc2=6.1 mm, LC2=61 N in the form of flaking and chipping. 

 

 

 

Figure 38. Scratch test diagram for the duplex DLC coating (red curve) combined with OM (a)-(c) and 

SEM (d)-(f) images illustrating the characteristic damage mechanisms at subcritical and critical loads 

Chipping is a characteristic damage mode that can be observed as rounded regions of coatings, 

which get removed and extend laterally from the edges of the scratch groove. Ultimately the 

coating abruptly delaminates at lc3=12.1 mm, LC3=117.2 N. The cracks appearing in the substrate 

are shown in Figures 46 (e and f) indicating the brittle failure of the nitrided layer under the action 

of a high loading force. These findings were also reported in one of my recent works [256]. 
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Scratch test on the simple CrN coating (IMST, UM Lab) 

Figure 39 shows the  vs. l diagram for the simply coated CrN coating along with the microscopic 

images of the characteristic damage modes (in the (a)-(d) insets). The first damage is a cohesive 

failure of the coating in the form of lateral cracks that are seen at lc1=0.6 mm scratch length and a 

subcritical load of LC1=9 N. With increasing loading, the failure mode is changing to an adhesive 

type and at lc2 = 3.5 mm distance and subcritical load of LC2=36.6 N recovery spallation is 

recognized on both sides of the groove. In this region, arc tensile cracks in the coating can also be 

observed, and partial delamination starts. Finally, at the critical load of LC3=49.7 N, belonging to 

lc3= 0.6 mm distance, the coating is delaminated by gross spallation a damage mechanism typical 

of coatings with low adhesion strength. The rapid increase in  is caused by the small particles 

getting torn off the coating and sticking to the groove around the moving indenter creating a larger 

and larger obstacle to its motion. A new damage mode of the coating referred to as SAS wings 

was identified here and reported in a recent work [257] shown in Figure 39/(c-d).  

 

 

Figure 39 Friction coefficient/load vs. scratch length diagrams for simple CrN coating. The SEM, OM 

images in the a), b), c) and d) shows the characteristic damage mechanisms at the LC1, LC2, and LC3 loadings 

Scratch test on the duplex CrN coating (IMST, UM Lab) 

Figure 40 shows the  vs. l diagram for the duplex CrN coated sample. The damage mechanisms 

observed for the duplex sample are very similar to those of the simply coated sample. The 

difference consists in the magnitude of the subcritical and critical loadings at which these 

characteristic damage mechanisms are initiated. The initial cohesive failure starts at LC1 = 22.5 N 

in the form of lateral cracks and arc tensile cracks. The adhesive failure, i.e., the recovery 

spallation appears at LC2= 40.8 N and is followed by partial delamination. In this region lateral 

and dense tensile cracks can be observed. The coating ultimately delaminates by gross spallation 

at the loading of LC3=66.5 N. The EDX analysis (Figure 40/h) at the numbered spots helps to 

analyse the compositional differences. At spots 1a and 1b (a denotes the intact, b denotes a spalled 

region of the coating) high Cr and N content are found indicating the presence of the CrN coating 
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layer. At spot 2 a high amount of Cr, N, and Fe is found alluding to the presence of the mixture of 

the ceramic coating and the exposed substrate. In spot 3 a very high amount of Fe and a 

significantly lower amount of Cr and N implies that the coating has been delaminated and the 

substrate is directly exposed.  

 

 

Figure 40. Friction coefficient vs. scratch length diagrams for duplex coated sample. The SEM pictures in 

the a) - d) insets show the characteristic damage mechanisms at the LC1, LC2, and LC3 loadings. 

Discussion of the scratch test results obtained in the IMST, UM Lab 

Mechanism of delamination (Simply coated DLC) 

It was shown that hydrogenated DLCs are hard and inherently possess low friction coefficient 

mating with ceramic counterparts (Chapter 2.4). During the progressive loading scratch test the 

friction coefficient is continuously increasing. After the plastic deformation of the substrate, a 

layer-by-layer delamination mechanism of the coating can be observed, i.e., first, the top layer is 

getting removed, which is followed by the damage and detachment of the WC layer, and finally 

the CrN underlayer is lost. This means the coating can provide the necessary scratch resistance 

until the last underlayer is intact, though the mechanism of the delamination depends on the 

magnitude of external load applied. These observations are confirmed by SEM investigations 

supplemented with EDX spot analyses in three different spots (Figure 41). The results indicate that 

instead of the abrupt delamination of the whole coating, a gradual detachment of the interlayers 

occurred at the distinct spots. The image is taken at a region where the coating is delaminated. The 

Spot 1 is selected in the substrate, Spot 2 in the DLC toplayer, and Spot 3 in the interlayer region.  

Specialty of mechanism of delamination in the duplex treated DLC coating 

Plasma nitriding of the substrate before the coating deposition is advantageous, as it changes the 

mechanism by which the coating is delaminated. The strong adhesion which is significantly 

improved by the duplex treatment does not permit layer-by-layer delamination (as the in case of 

the simply coated sample) but leads to an instantaneous removal at a significantly higher load. 
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Figure 41. SEM image of the scratch groove in the simple DLC coating with EDX spectrum at three 

distinct regions near to coating delamination  

When the external load becomes excessively high, the load-bearing capacity of the substrate is 

exhausted, it is plastically deformed, and the coating delaminates. This is evident from the SEM 

image and EDX analysis shown in Figure 42. 

 

Figure 42. SEM image with the EDX spectra of three distinct regions near to coating delamination 

A new damage mechanism,"SAS wings" identified in the simple CrN coating 

At the level of loadings close to the critical one (i.e., to LC3, causing the total delamination) a new 

form of the coating damage was observed outside the scratch groove that I called: "SAS-wings" 

(Figure 43). This damage is supposedly due to a special plastic deformation mechanism of the 

coating, i.e., a grain boundary sliding of the columnar grains – a peculiarity of CrN ceramic 

coatings at high compressional stresses 258, caused by the plastic shear deformation of the 
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underlying soft substrate. The three selected points in Figure 44/a represent different phases of the 

delamination process. In Spot 1 the coating is almost intact in the region recovery spallation, Spot 

2 is the region where the broken CrN coating and the substrate material are simultaneously present, 

while in Spot 3 the coating has already delaminated. Thus, the appearance of the "SAS-wings" is 

a forecast of the critical condition when the load-bearing capacity of the substrate is exhausted. 

 

 

Figure 43. (a) SAS wings in SEM image with the EDX spectrum at three selected spots, (b high 

magnification SEM image, and (c-d) OM images at two different loadings of the SAS-wing region 

These SAS-wings were not observed under the same loading in case of the duplex CrN coatings; 

hence it is concluded that duplex treatment is beneficial in improving the scratch resistance of the 

coated system. In Figure 43/c and d it is seen that with the increase in the loading the density of 

the wings is increasing. The peculiarity of these wings in OM images is their quite evident white 

appearance thus it is easy to qualitatively distinguish them from any other type of damage 

mechanism. 
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Based on the results of the scratch tests accomplished on the simple and duplex treated DLC and 

CrN coatings, my main findings are summarized, as follows. The critical load (LC3) at which the 

coating delaminates is 49 N for the simply coated DLC (average of 3 measurements) and 108 N 

for the duplex treated DLC (Figure 45).  
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 a) b) 

Figure 44. Comparison of subcritical/critical forces obtained for simple and duplex coatings (IMST) 

This means that the scratch resistance of the DLC coating – in terms of critical load – has been 

improved to an extraordinary extent, i.e., by 121% due to duplex treatment, while for the CrN 

coating the improvement due to DT is altogether 24% as shown in Figure 44. The duplex treatment 

also significantly increased the subcritical load capacity of the DLC coatings, while the 

improvement, in this respect, was less characteristic for the CrN coatings. 

3.4.4.2. 3D Scratch Tests at the Rtec Instruments (RI) 

The scratch test parameters accomplished in the framework of a Round-Robin test in the foreign 

material testing laboratory are given in Chapter 3.3.1. An important difference in the test 

conditions was that (due to technical reasons) the loading rate was not constant. This must be taken 

into account during evaluating the results. 

Scratch tests on the simple DLC coatings (RI Lab) 

Figure 45 shows the friction coefficient () and the normal load (L) vs. scratch length (l) diagrams.  

 

Figure 45. Scratch test diagram registered for the simply coated DLC layer. 

The panorama image of the scratch track reveals the regions where subcritical and critical damages 

occur (Figure 46). The first cohesive failure in the form of lateral cracks (Figure 46/a) appears at 
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the subcritical load of LC1 = 13.6 N. As the indenter progresses, the propagation of crack continues 

and buckling spallation at LC2 = 19.8 N is observed (Figure 46 b). This is a characteristic damage 

mechanism identified by the regions formed due to detached coating along both sides of the 

groove. The spallation occurs as buckling takes place first ahead of the stylus, followed by the 

cohesive cracking in the coating behind the stylus. Finally, at a critical load of LC3 = 40.4 N, the 

coating is delaminated from the substrate. Gross spallation is observed towards the end of the 

scratch showing sections of detached coating within and extending beyond the groove. The value 

of  shows a sharp increase from 0.12 at LC1 up to 0.33 at LC3.  

 

Figure 46. Panorama photograph of the scratch groove on the simply coated DLC sample revealing the 

connection between the different subcritical/critical loads and the related damage mechanisms 

Scratch tests on the duplex DLC coatings (RI Lab)  

The scratch test diagram for the duplex DLC coating and the related panorama image of the scratch 

groove with magnified images of the characteristic damage modes are shown in Figure 47 and 

Figure 48, respectively.  

 

Figure 47. Scratch test diagram obtained for the duplex coated DLC layer 
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The damage mechanisms observed for the duplex sample are very similar to those of the simply 

coated DLC, but the point of distinction is represented by the higher critical load at each 

characteristic damage mechanism, i.e., LC1 = 25.1 N, LC2 = 45.2 N and LC3 = 92.4 N. It must be 

noted that the load gradient was 1.7 times higher during testing of the duplex sample, compared to 

that of the simply coated one, which can increase the critical loads [259, 260, 261]. Considering 

the results reported here, it was proven, based on detailed analyses, that the observed increase in 

the critical loads cannot be attributed exclusively to the change in loading rate, but also to the 

beneficial effect of the duplex technology on scratch resistance [262].  

 

Figure 48. Panorama photo of the scratch track in the duplex treated DLC layer revealing the connection 

between the different critical loads and the related damage mechanisms 

Scratch tests on the simple CrN coatings (RI Lab) 

Figure 49 illustrates scratch diagram for the simple CrN coating.  

 

Figure 49. Scratch test diagram obtained for the simply coated CrN layer 
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The initial micro-cracking (arc tensile cracking) occurred at the loading force of LC1 = 33 N and 

the delamination of the coating started at the LC3 = 53.9 N load. The magnified details of the 

scratch groove help to identify the main damage mechanisms, that were arc tensile cracking at LC1 

(Figure 50/a), and conformal cracking between LC1 and LC2 = 39.7 N (Figure 50 b). Both these 

damage mechanisms are characteristics of a cohesive failure. The irregularly shaped arcs, as shown 

in Figure 50/(a and b) are opening toward and away from the direction of scratching, respectively. 

This occurs in brittle coatings on a ductile substrate.  

 

Figure 50. Panorama photo of the scratch track in the simply coated CrN layer revealing the connection 

between the different critical loads and the related damage mechanisms 

This type of damage is followed by mild buckling between LC2 and LC3 (Figure 50/b, right side) 

and towards the end of the scratch (Figure 50/c) wedging spallation takes place at LC3 and beyond. 

These latter two damage mechanisms are characteristic of an adhesive failure. 

Scratch tests on the duplex CrN coatings (RI Lab) 

The LC3 critical load of the duplex CrN coating was 82.7 N (Figure 51). 

 

Figure 51. Scratch test diagram measured for the duplex coated CrN layer 
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This value is significantly higher, than that of its simply coated version reflecting an increased 

adhesion and higher fracture resistance of the duplex treated CrN coating. The main damage 

mechanisms (Figure 52/a, b and c) were identical with those observed in the case of the simple 

coated CrN samples. Altogether, the duplex treatment had negligible effect on the subcritical 

damage sensitivity of the CrN coating, while it favourably (by 53%) improved the critical load, 

responsible for the total coating failure. 

 

Figure 52. Panorama photo of the scratch track in the duplex treated CrN layer revealing the connection 

between the different critical loads and the related damage mechanisms 

Discussion of the scratch test results obtained in the RI laboratory 

The duplex treatment didn’t influence neither the subcritical or the main damage mechanisms, 

while significantly increased the scratch resistance in terms of both the subcritical and critical 

loadings in case of the DLC coating, that is seen from Figure 53. The improvement of the adhesion 

resistance represented by the ΔLC3 values is 53% for the CrN coating, while it is 138% for the DLC 

coating. In contrast, the advantageous effect of DT was manifested itself in the improved coating 

adhesion of the CrN coating (see ΔLC3), while loading forces initiating subcritical events were 

basically unchanged (ΔLC1 and ΔLC2). 

          

Figure 53. Comparison of subcritical/critical forces obtained for simple and duplex coatings (RI) 
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Summary and conclusions derived from the parallel scratch tests performed in the laboratory 

of the IMST (UM) and Rtec Instruments  

Comparing the results reported in Figure 44 for the IMST Lab, and Figure 53 for the RI Lab it can 

be established that the results of standard scratch tests performed with increasing loading in the 

two laboratories showed high similarities. The observed differences in the case of the CrN coating 

can be reasoned by the different load gradients applied in the different laboratories. The load 

gradient effect was more pronounced for the CrN results showing less improvement due to the 

duplex treatment. In the case of the DLC coatings for which the scratch resistance was improved 

much significantly by the DT, the effect of this influencing factor is negligible. 

In addition to the traditionally used scratch test characteristics regarded in the previous analyses, I 

compared the obtained results based on another important characteristic of the coated systems 

called scratch toughness. The term was suggested recently by Zhang et al. 263 who introduced a 

term known as "resistance to scratch crack propagation (RSCP)", and defined by Eq. (8). 

 ( ) 2 SCP Ci Cf CiR L L L N =  −   ,  (8) 

where LCi is the lowest subcritical force, representing the resistance of the coating to crack 

initiation, and LCf is the highest critical load leading to the total failure (delamination) of the 

coating, denoted by LC3 in my former analyses.  

In the tribology community, this characteristic is also known as scratch toughness [263], which 

indicates the resistance to crack initiation and propagation throughout the scratch test which gives 

a metric for the toughness of the coated material system. It should be emphasized that this 

characteristic has no correct physical meaning, as also reflected by the measuring unit, and has no 

relationship with the well-known fracture toughness characteristics defined by fracture mechanical 

tests. Nevertheless, it is useful to assess the engineering applicability of coatings and is correlated 

with the toughness of the coated system in an empirical way.  

The crack propagation resistance, i.e., scratch toughness of the investigated coated systems 

calculated by Eq. (8), is illustrated in Figure 54. The results strengthen my hypothesis on the 

beneficial effect of duplex treatment also in terms of the scratch toughness of the investigated 

coated systems which was more than 4 times for the DLC coating, and more than 2 times for the 

CrN coating compared to the simple coatings. 

    

Figure 54. Scratch toughness for the coatings based on the results obtained in the two laboratories 
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3.4.5. Tribological test I ball-on-disk wear tests 

3.4.5.1. Wear tests on the as-nitrided samples 

The test condition is given in Chapter 3.3.2. The friction coefficient curves of the as-nitrided 

samples are shown in Figure 55 – Figure 57, while high magnification OM images of the worn 

tracks are seen in Figure 58, the worn surface of the discs and the balls are compared in Figure 59. 

Samples nitrided at 520 C / 8h (Set A) 

Figure 55 shows the friction coefficient () vs. sliding distance (s) for the samples nitrided at 

520 C for 8 h. After a short, 10 m running-in period, the friction coefficient shows a steady state 

value of =0.79.  

 

Figure 55. Friction coefficient vs. sliding distance curve for the sample nitrided at 520 C / 8 h.  

Optical microscopic analysis of the wear track revealed a combination of the oxidative and 

abrasive wear mechanisms. A high amount of debris on the two sides of the wear track is visible 

in the left upper inset of Figure 59, containing both red hematite (-Fe2O3) and black magnetite 

(Fe3O4) particles. The latter one, i.e., the magnetite has an intermediate hardness and acts as a 

lubricant whereas hematite possesses high hardness leading to an abrasive wear 264, 265. These 

oxides particles are seen in large amount, stacked to the alumina ball surface, too. 

Samples nitrided at 550 C / 8h (Set B) 

Figure 56 shows the friction coefficient curve for the samples nitrided at 550 C / 8 h.  

 

Figure 56. Friction coefficient vs sliding distance curve for the sample nitrided at 550 C / 8 h 

The "drop-to-zero" friction behaviour at the very beginning of the running-in period was 

characteristic for all Set B samples. This stick-slip type phenomenon can be explained by the very 

different surface quality of these samples, i.e., their one order of magnitude higher Ra values  

(1.3 m) compared to that of the Set A samples(0.3 m), and the surface relief (Chapter 2.3.2.2), 
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which characterizing these HTPN samples. The steady state friction coefficient, ss = 0.76, is 

similarly high, as in case of the Set A samples, suggesting an abrasive wear mechanism, due to the 

hard debris particles that generates during wearing, and form as a transfer film on the ball surface, 

too. However, the OM images of the wear track and the ball counterpart (Figure 58 and Figure 

59), shows less debris and significantly lower width of track and smaller wear scar on the ball, as 

compared to those of the Set A sample. Besides the higher hardness and larger case depth, the 

higher nitriding temperature provided better wear resistance, than that of the Set A samples.  

Samples nitrided at 525 C / 24h (Set C) 

Figure 57 shows the friction coefficient vs. sliding distance diagram for samples nitrided at 525 C 

for a holding time of 24 h. Compared to Set A and Set B the samples, the Set C samples exhibit 

still high, but systematically lower  values with a steady state value of ss = 0.71. The wear track 

width, the ball scar size and the amount of the debris are the smallest here (Figure 58 and Figure 

59). The black traces inside the wear track allude to the formation Fe3O4 which forms a transfer 

film on the ball, covering almost the whole surface of the wear scar, while the amount of the red 

Fe2O3 is the lowest both on the disk and ball surface. 

 

Figure 57. Friction coefficient vs sliding distance curve for the sample nitrided at 525 C / 24 h 

 

Figure 58. Section of the wear track of the nitrided samples. (left) Set A, (middle) Set B and (right) Set C 

Discussion  

The width of the wear track gives a clear indication of the material loss, which is the highest in the 

case of the Set A sample, and the lowest in the case of the Set C sample. Considering the amount 

of the accumulated debris, and size of the wear scar, the same tendency was observed. In addition, 

in the case of the Set C samples, the formed lubricating black iron-oxide transfer film is found in 

the highest amount, while the abrasive red iron-oxide debris appears in the lowest amount adhered 

to the surface of the ball counterpart (right bottom inset of Figure 59). 
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Figure 59. (left) Wear track on the sample and worn counterpart for the Set A sample, (middle) Set B 

sample, (right) Set C sample  

Defining the worn cross section by profilometry, the calculated wear rate was the lowest for the 

Set C sample (Figure 60). Thus, the wear resistance of samples nitrided at 525 C / 24 h gives the 

most promising results in the case of unlubricated sliding, under the applied loading conditions. 

Thus, if the application of this X42Cr13 material is required directly, in the as-nitrided condition 

without any coating, under a wear type loading, the use of this set of heat treatment parameters is 

recommended.  

 

Figure 60. The steady state friction coefficient and wear rate for the three differently nitrided samples 

The importance of this observation is given on the one hand by the fact, that the problem of the 

embrittlement of high Cr steels (due to CrN precipitation and cracking) at high temperature 

nitriding has not been solved yet, though some examples on the efficiency of the duplex treatment 

can already be found [71]. On the other hand, the wear behaviour of such kind of high Cr steels 

are very little investigated and reported, and only establishments on their poor wear resistance can 
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be found [115], without any suggestion to solve the problem. Therefore, my findings and 

suggestion besides providing a possible solution represent novel scientific results in the related 

field. i.e., when this type of steel in high toughness condition is applied. However, if high strength 

condition is the primary application requirement, then a lower tempering temperature with a 

shorter holding time, and a lower nitriding temperature (e.g., T  390 C [117]) are suggested to 

apply in order to avoid CrN precipitation and keep the good corrosion and wear resistance. 

3.4.5.2. Wear tests on the simple DLC coating 

The test conditions applied during wear test of the DLC coatings are given in Chapter 3.3.2. 

Force = 25 N 

Figure 61 shows the recorded friction coefficient () curve vs. sliding distance (s) for the simply 

coated sample with multilayer DLC coating. The steady state friction coefficient was 0.109, a 

characteristic value of the hydrogenated DLC coatings. The smooth profile indicates a very early 

stabilization of the friction process.  

The reason for the low  value, in case of DLC, is the effective self-passivation of the surface by 

the H atoms in the coating (Chapter 2.4.1.) which is chemically inert, due to the saturation of open 

dangling bonds of the carbon atoms by hydrogen atoms (CH). This prevent the interactions 

between the π-orbitals of the carbon atoms of sp2 bonds reducing the tribochemical wear and 

friction and creates a non-adhesive sliding surface since the low electronegativity of hydrogen, the 

hydrogenated surfaces are positively charged which generates repulsive forces causing a low  

value.  

 

Figure 61. Friction coefficient vs. sliding distance curve for the simple DLC coating, F=25 N 

Further insights into the wear mechanisms involved can be obtained by analysing the morphology 

of worn cross section with an EDX-equipped SEM technique. Figure 62 shows the SEM image of 

the worn track along with the magnified image of the selected region. The morphology of the wear 

track is consistent, indicating mild wear, with traces of delamination in certain regions which is 

not characteristic for the whole circumference of the track. Only small regions were found where 

the top layer and the next sublayer (a-CHW) were removed and the CrN underlayer was exposed 

due to repetitive cyclic loading. The broken particles of the top coating get chopped and randomly 

distributed in the form of debris along the wear track.  

The EDX analysis in the indicated spots gives a clear interpretation of the amount of damage and 

exposure of interlayers. EDX spectrum is taken at four characteristic points indicated in Figure 62 

that are as follows: 1 – the intact surface of the DLC coating (as a reference); 2 – inside of the wear 

track; 3 – deformed layer or exposed CrN underlayer; 4 – the area covered by debris, outside the 

wear track. EDX spectra of spots 1, 2, and 4 give evidence of the presence of the (a-CHW) 
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interlayer + DLC toplayer, whereas the composition of spot 3 indicates a combination of the a-

CHW and CrN interlayer (Figure 63).  

Thus, it is concluded that under a loading force of 25 N the coating is partially broken but its 

integrity and functionality as an anti-wear coating are still held. 

Further, insight into the damage and material transfer is elaborated using a higher magnification 

image of the region 3 in Figure 62, and spot analysis in characteristic smaller regions of the broken 

and plastically deformed coating. 

 

Figure 62. SEM image of the wear track morphology of DLC coating sliding against Al2O3 counterpart 

under F=25N (left); the magnified image of the exposed CrN interlayer (right) 

 

 

Figure 63. EDX spectra at four characteristic spots in the simple DLC coating, F=25 N 

In Figure 64 spots 1 and 3 show the deposition of Al-containing film from the alumina ball onto 

the top worn layer of DLC due to adhesive wear. The higher the degree of deposition the darker 

the region under SEM as seen in spot 3. The reason for this material transfer is a 

mechanochemically induced dissolution of Al by the CrN underlayer. At spot 2 (lighter area) 

mostly CrN interlayer is found with some Al content as proven by the related EDX spectrum.  
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Figure 64. Magnified SEM image taken at the deformed or exposed CrN interlayer. The three 

characteristic spots showing the difference in material transfer 

Force = 60 N 

The objective behind increasing the load was to analyse the effect of loading rate on the wear 

mechanism of the coating.  

The running-in period starts with a high peak (Figure 65) in the friction coefficient curve, due to 

the initial static, dry friction between the Al2O3 ball and DLC coating resulting from the higher 

contribution due to the elastic deformation (Chapter 2.4.1). Then in a very short, s   8 m run-in 

period, the friction coefficient falls to 0.1, realized by interfacial sliding between the counterpart 

and the coating while they are accommodated in terms of roughness and surface chemistry.  

 

Figure 65. Friction coefficient vs. sliding distance curve for the simple DLC coating, F=60 N 

Already in this stage tribofilm formation is started, the activation energy of which is supplied by 

strain energy introduced into the surface layer under the given loading conditions. In this region 

mixed lubrication develops. Then, the µ gradually decreases to 13×10-3 over the next 10 meters 

reaching an average of 0.016 representing superlow friction in the steady state region. This 

suggests a gradual tribofilm formation over the whole sliding distance and reaching an equilibrium 
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in terms of the formation and removal of the lubricating film, furthermore its adherence to the ball 

counterpart resulting in a so-called self-coat transfer layer on the ball, which will separate the 

sliding contacts. This condition is equivalent to that called elasto-hydrodynamic lubrication. 

Figure 66 shows the morphology of the wear track in different magnifications. The low 

magnification inset (Figure 66/a) shows that the coating is partially covered by tribofilm, while 

higher magnification pictures reveal that besides the characteristic traces due to the ploughing wear 

mechanism caused by the hard alumina ball counterpart, the wear track is covered by plastically 

deformed tribofilm (Fig. 72/b) containing broken and compacted debris mixture of the top-coat 

and interlayers. Dense cracks also appear in the highly deformed tribofilm due to the repetitive 

sliding motion Figure 66 (c). The EDX spot analysis (Figure 67) reveals the interlayers participated 

in the film formation, as well as Al deposition of ball origin in the wear track.  

 

Figure 66. The worn track in different magnifications (simple DLC coating, F=60 N) 

At spot 1 and 3 in Figure 67 mostly the (a-CHW) toplayer, and some Al deposition on the top of 

the overlapping deformed tribofilm layers is observed, where Al debris get trapped by the cracks. 

 

Figure 67. SEM image taken in the deformed worn coating along with three EDX spots. Spot 1 at the 

outer circumference of the wear track, spot 2 in the CrN layer and spot 3 at a-CHW layer 
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The BSD-SEM image separates clearly the grey (a-CH:W) DLC toplayer and the white CrN 

underlayer, which is identified by the high Cr content at spot 2. The measured extremely low 

coefficient of friction assumes the presence of a coherent lubricating film, which is not evidenced 

by the SEM images (Figure 66), or the OM image (Figure 74, right) of the wear track while, 

examining the worn surface of the ball counterpart (Figure 68, left), the presence of the coherent 

transfer layer is already clearly visible. 

 

Figure 68. OM image of the wear scar on the Al2O3 ball (left) and the worn track on the simple DLC 

coated disc (right); (F=60 N) 

Force = 120 N 

Figure 69 shows the friction coefficient curve of the simply coated sample tested with a normal 

load of 120 N. The run-in period is similar to the case of F=60 loading, however, the friction 

coefficient never falls below 0.1 and has a steady state value of μss=0.127. This suggests that the 

wear mechanism has changed with the increase of the load. The appearance of the huge peak at 92 

m sliding distance was accompanied by a large noise indicative of the complete delamination of 

the coating. This shows the limited load-bearing capacity of the simply coated sample. At such a 

high loading the brittle ceramic coating can no longer be able to adapt to the increasing 

deformation of the substrate, it breaks and results in the exposure of the substrate.  

 

Figure 69. Friction coefficient vs. sliding distance curve for the simple DLC, F=120 N 

Figure 70 shows the SEM image of the worn cross section along with the EDX spectra taken at 

3 spots. At spots 1 and 2 a considerable amount of Cr and N alludes to the broken CrN underlayer, 

i.e., the total delamination of the coating. The high Fe contents found here, are indicative of the 

exposed substrate. The significantly higher oxygen content at Spot 1 suggests that iron-oxide 

formed. At Spot 3, i.e., at the outer edge of the wear track, the presence of the (a-CHW) interlayer 

is proven by the higher C and outstandingly high W content. Al of counterpart origin was found 

at all three locations, in the higher amount at Spot 1. The most probable explanation is that after 

delamination of the coating iron (III) oxide (Fe2O3) was formed in the wear track and took part in 
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a thermite reaction with the Al content of the Al2O3 ball in a mechanochemically induced, athermal 

tribochemical reaction [165 166 167] for which the small debris particles of high surface  

(Figure 77/left) provide high driving force. The severe crack formation in the coating due to the 

very high (F=120 N) loading is visible in the right inset of Figure 77. 

 

Figure 70. SEM image of the wear track along with the EDX specta in three characteristic spots  

 

Figure 71.(Left) SEM image of the exposed substrate with the plastically deformed tribofilm, the inset 

shows higher magnification of the compacted debris particles. (Right) Edge of the wear track with the 

accumulated coating particles and the conformal cracks due to the high loading 

F=120 N, t=38 min 

To investigate the damage mechanism responsible for the failure of the coating at this load, the 

executed test was repeated and stopped at 52 min. The wear test was performed in identical 

conditions, and the friction coefficient was recorded till we see an abrupt change in  accompanied 

by large noise. As indicated in Figure 72 after the running-in period the value of μ stabilizes around 

0.1 over the first 15 m then it is gradually decreasing and shows the second region of stabilization 
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at ~0.06. Based on the previous measurements with F=25 N and 60 N, it is assumed that the first 

value characterizes the friction behaviour of the intact hydrogenated DLC toplayer, while the 

second one suggests a tribofilm and transfer layer formation acting as lubrication. At 62 m sliding 

distance, a strong acoustic emission event indicated a sudden crack initiation and loss of coating 

integrity resulting in a small peak on the friction coefficient curve. This acoustic emission activity 

was further increased as the test progressed, and the sound was even more amplified. Ultimately, 

at 97.5 m (after 52 min running) a high peak appeared again on the curve accompanied by a large 

noise, and the test was stopped as the coating was completely removed. 

 

Figure 72. Friction coefficient vs. sliding distance curve for the simple DLC, F=120 N, t=38 min 

The reason for the delamination is the limited load bearing capacity of the substrate. The cracks 

appeared densely on the coated surface under 60 N load (Figure 71/right) became even denser and 

longer under 120 N loading, resulting in cleavage and ultimate removal of the coating. The very 

high loading caused plastic deformation and a subsequent cracking of the substrate steel, too. 

 

Figure 73. The worn surface of the simple DLC coating with increasing magnifications (F=120 N) 

3.4.5.3. Wear tests on the duplex DLC coatings 

F=25 N 

Figure 74 shows the friction coefficient curve obtained with F=25 N load for the duplex treated 

sample. The smooth profile, taken without any noise during testing, indicates a very good wear-

resistant behaviour of the coating showing no damage or cracks in the track (Figure 75/a). The 

surface topography of the almost intact worn coating consists of homogeneously distributed, 

densely packed nanosized (ϕ 300-400 nm) DLC grains (Figure 81/b) with debris particles of  

1-2 nm size inside outside the wear track. The chemical composition, tested by EDX analysis was 

identical in both the unworn and worn areas. 
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Figure 74. Friction coefficient vs. sliding distance curve for the duplex DLC, F=25 N 

 

Figure 75. (a) SEM image of the worn cross section and (b) high magnification SEM image showing the 

topography of the DLC coating 

F=60 N 

The friction coefficient curve obtained with F= 60 N normal load and wear track morphology are 

shown in Figure 76 and Figure 77.  

 

Figure 76. Friction coefficient vs. sliding distance curve for the duplex DLC, F=60 N 

With the increase in the loading force, unlike the simply coated sample, the duplex treated DLC 

coating showed no evidence of interlayer exposure. The very smooth surface (Figure 78/a) 

suggests that tribofilm was formed, and plastically deformed, which is also seen from the cracked 

surface shown in the higher magnification details (Figure 78/b). EDX analysis inside (Spot 1) and 

outside (Spot 2) the wear track confirmed the existence of an almost intact DLC layer in both 

regions (in terms of the C and W content) but showed less Cr, N, and Fe from the CrN underlayer 

of the coating, and from the substrate, respectively. This can be explained also by the presence of 

a thin tribolayer on the surface resulting in fewer detectable signs arriving from the deeper zones 

during EDX. The more than 2.5 times higher Al content in the wear track region indicates that 

some amount of transfer layer of ball origin adhered to the worn surface. Al found outside the wear 

track is the consequence of the surface preparation of samples during which suspension with 

alumina abrasive grains was used. As compared to the F=25 N loading case, the one order of 
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magnitude lower, i.e., 0.024 steady state friction coefficient obtained for F=60 N loading also 

suggests that a lubricating layer developed between the sliding surfaces.  

 

Figure 77. (a) SEM image of the wear track with EDX result for the worn and unworn areas, (b) high 

magnification SEM image showing the cracks (F=60 N) 

Comparing the steady state friction coefficients (0.0016 vs. 0.024) and wear track morphologies 

(coating sublayers are damaged vs. intact), obtained under F=60 N loading for the simple and 

duplex coated samples, suggests that not only the uppermost DLC layer but also the underlayers 

must be involved in the tribochemical reaction – i.e., their partial damage is required – to form an 

adequate film thickness leading to a superlow friction condition. 

F=120 N 

Figure 78. shows the  vs. s diagram for the duplex DLC sample tested with a loading force of 

120 N. The smooth profile of the curve and superlow value of the steady state friction coefficient, 

ss = 0.0044 indicates an effective and stabilized conditions for formation and removal of the 

tribofilm under the applied loading and also assumes that a transfer layer has formed on the surface 

of the frictional counterpart. This superlow friction behaviour of the multilayer DLC coating under 

high loading at ambient air is a unique observation with the Al2O3 counterpart, not reported yet in 

the literature. This is because under unlubricated conditions such a low  can only be observed if 

a high loading force provides the relevant activation energy triggering the chemical reaction 

leading to the formation of a fluidic (viscoplastic) substance which facilitates this behaviour.  

 

Figure 78. Friction coefficient vs sliding distance curve for the duplex DLC, F=120 N 

Unfortunately, the high normal load necessary to achieve these conditions usually is not tolerated 

by the substrate without significant plastic deformation and overloading causes a complete failure 

of the coating. The duplex treatment applied to the tested steel, however, can ensure the integrity 

of the coating system and continuous maintenance of the superlow friction state even under such 
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high loads by increasing the strength and support capacity of the substrate. SEM image of the worn 

cross section (Figure 79) shows the appearance of cracks in the top layer of the coating that is of 

larger periodicity than in the case of F=60 N loading. At a certain portion of the wear track, CrN 

interlayer is found (detected by EDX) indicating that sublayers are exposed. But altogether the 

coating is functional and bonded to the substrate, unlike the simply coated sample where this 

loading results in total delamination.  

 

Figure 79. SEM image of the worn cross section along with images of the cracks formed along the 

circumference of the cracks in different magnifications 

The characteristic wear mechanisms are the equilibrium tribofilm formation, plastic deformation, 

and partial delamination, providing a steady state lubrication all over the total sliding distance.  

Discussion 

Based on the executed ball-on disc wear tests on the investigated hydrogenated simple and duplex 

DLC coatings, the main characteristics of their tribological behaviour can be summarized, as 

follows. 

The applied DLC coating has a coefficient of friction of about 0.12-0.15, at low (F = 25 N) loading, 

rubbing with the given alumina counterpart (Figure 80/left; F=25 N). In this case, the velocity 

accommodation mode (VAM) is interfacial sliding between the sliding pairs. Under this load the 

simple DLC layers are slightly damaged, which results in the formation of a transfer film  

(Figure 81/a) resulting in a slightly lower coefficient of friction compared to that of the duplex-

treated samples, which remains completely intact, thus, their friction behaviour is controlled by 

the self-passivating hydrogenated DLC layer, and the µ value is somewhat higher. The wear rate 

calculated by Eq. (7) indicates mild wear for both types of coatings but it is less than half for the 

duplex treated tribosystem (Figure 80/right). 

As the load is increased (F=60 N), after minor damage to the DLC coating, an athermal 

tribochemical reaction is initiated, the activation energy of which is provided by the critical amount 

of strain energy introduced to the coating. This results in the formation of a low viscosity interlayer 

that easily adheres to the frictional counterpart (Figure 81/b, and d), separating the sliding disc 

from the ball. This creates a hydrodynamic lubrication condition, resulting in one or two orders of 

magnitude decrease of the friction coefficient to µ=10-2-10-3 (Figure 80/left; F=60 N). The VAM 

is interfacial sliding realized between the adhered transfer layer and the partially worn DLC 

coating. The controlling wear mechanisms are a consecutive tribofilm formation, plastic 

deformation (viscoplastic shear of tribofilm), and delamination that can lead to even a superlow 

2 m
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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. The wear rate at this level 

of load falls to 69 ×10-7 mm3/Nm (Figure 80/right; F=60 N), representing still a mild wear regime. 

In spite of the higher friction coefficient the wear rate is 35% lower for the duplex treated sample. 
 

 

 

  

Figure 80. Overview of the friction coefficient and wear rate values obtained during ball-on-disk wear 

tests of the simple and duplex DLC coated systems; The numerical data in the diagrams represent 

averages of 3-3 measurements, thus differ from the individually mentioned values in the above analyses 

 

At extremely high loading (F=120 N) the load bearing capacity of the simple DLC coated sample 

exhausts, and the multilayer DLC coating suffers severe damage. Though conditions of the 

tribofilm formation is still kept, however the high plastic deformation of the soft substrate cannot 

be accommodated by the brittle coating that intensively breaks.  

 

Figure 81. The wear scar on the alumina ball counterparts covered by transfer film after ball-on-disk test 
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The high amount of debris containing chopped particles from the CrN, WC, and a: C-H layers of 

coating, leads to third-body abrasive wear resulting in a very high friction coefficient (0.22) for 

the simply coated samples (Figure 80/left; F=120 N). 

The beneficial effect of the duplex treatment on the tribological performance of the tested DLC 

coating is the most obvious in these loading conditions, providing occasionally (not in all tested 

cases) superlow friction, and a strikingly high improvement of the wear resistance – 95% lower 

wear rate (Figure 80/b, F=120 N) – as compared to that of the simply coated system. 

3.4.5.4. Wear tests on the simple CrN coatings 

F=25 N  

Ball-on-disk tests on CrN coated specimens were planned to accomplish with test parameters 

identical to those used for DLC coated samples. However, 25 N loading force caused premature 

failure of the coating during ball-on-disk test using Al2O3 ball counterpart in unlubricated 

conditions at ambient air. The harsh acoustic noise experienced during testing gave a clear 

indication that the load-bearing capacity of the CrN/substrate system is exceeded already at the 

beginning of the test.  

The friction coefficient (Figure 82/a) readily increases above 0.6 where coating failure starts, then 

reaches 0.9 at s=18 m sliding distance, indicating the complete removal of the coating, making the 

substrate visible to the naked eye. 

   

 a) b) 

Figure 82. (a) Friction coefficient curve vs. sliding distance for simple CrN coating, F=25 N 

(b) OM image of the worn track containing large amount of debris 

The worn track is covered by a large amount of debris originating from the coating and substrate 

(Figure 82/b). Hence, in the second series of the test, the loading force was reduced to 10 N  

F=10 N 

At the loading force of 10 N, the friction coefficient curve is very similar (Figure 83/a). After a 15 

m-long run-in period, during which the coating integrity is gradually lost, µ increases quickly up 

to 0.78 a high steady state value indicating that the ball counterpart reached the metallic substrate. 

Like in the case with the F=25 N loading, the worn track is covered again by strongly deformed 

debris particles (Figure 83/b) forming a mixture consisting of the broken ceramic coating, 

plastically deformed metallic substrate, and presumably segments torn from the ball. 

The executed tests proved that the investigated CrN coating has an even lower loadability among 

the applied wear test condition, therefore the next test series was performed by 5 N normal load.  
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 a) b) 

Figure 83. (a) Friction coefficient vs. sliding distance curve for simple CrN coating, F=10 N; (b) OM 

image of the worn track with a considerable amount of debris  

F= 5 N 

The friction coefficient diagram in Figure 84/a shows a continuously decreasing character of the 

µ, starting with 0.6 and stabilizing at µSS=0.18 after s=80 m sliding. The sharp peaks are not 

characteristics of the material behaviour but reflect the difficulties of the force control on the 

UNMT-1 test machine at low loadings that are greatly influenced by geometric irregularities of 

the samples. At the same time, the decreasing tendency of the coefficient of friction is 

unambiguously recognizable, which indicates a kind of tribofilm formation. It is proven by the 

OM image of the wear track (Figure 84/b) showing plastically deformed black debris. 

  

 a) b) 

Figure 84. (a) Friction coefficient curve vs. sliding distance for simple CrN coating, F=5 N; 

(b) OM image of the worn track containing plastically deformed black debris particles 

3D OM examination combined with profilometry (Figure 85) demonstrated that the wear track 

depth (11.9 m) exceeds almost three times the coating thickness (4.1 µm, indicated by the pale-

yellow band in the profile diagram), i.e., the coating is totally removed by the 5 N loading force. 

The black debris, presumably Fe3O4 iron oxide, entrapped in the wear track can function as a 

lubricant leading to the observed low friction coefficient. The controlling wear mechanisms is 

abrasive wear combined with tribofilm formation/delamination and plastic deformation. 

The LIBS (Laser Induced Breakdown Spectroscopy) compositional analysis proved that the CrN 

coating was strongly damaged, in the middle of the wear track. At Spot 1 the substrate was 

identified, while on the black area at Spot 2 the presence of Fe3O4 iron-oxide debris was confirmed. 

At the edges of the wear track at Spot 3, the CrN coating was identified. Since the LIBS analyser 

built in the microscope has detection limits in terms of the N element, therefore 100% Cr is 

reported by the test machine at this point. In addition, CrN and Fe2O3 in traces were found 

throughout the wear track. 
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Figure 85. (top left) 3D OM image of the wear track on simple CrN coating (F=5 N); and (left down) the 

wear profile shows a wear depth exceeding the coating thickness; (right) 2D OM image with the selected 

trace of profile scan, and locations chosen for compositional analyses in three characteristic spots 

3.4.5.5. Wear tests on the duplex CrN coating 

F=25 N and F=10 N 

Regarding the friction coefficient vs. sliding distance curves, the duplex treated CrN coated 

samples showed wear behaviour under 25 N and 10 N loading force, very similar to the simply 

coated ones, as illustrated in Figure 86/a, and Figure 87/a, respectively. The friction coefficient is 

still high, i.e., it is 0.88 and 0.67, respectively, which are somewhat lower compared to those for 

the related simply coated cases, thus indicating abrasive wear. 

  

 a) b) 

Figure 86. (a) Friction coefficient curve vs. sliding distance for duplex CrN coating, F=25 N; (b) OM 

image of the worn track containing a high amount of black, smeared debris particles 

  

 a) b) 

Figure 87. (a) Friction coefficient curve vs. sliding distance for duplex CrN coating, F=10 N; (b) OM 

image of the worn track containing plastically deformed black debris particles 
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The OM images of the wear tracks (Figure 92/b, and Figure 93/b), show a considerable amount of 

black debris, presumably iron oxide, due to the severe damage and plastic deformation of the 

substrate. The wear track is narrower this time, suggesting that the substrate reinforced by nitriding 

before the coating deposition provides better support for the hard coating, making it less sensitive 

to damage. 

F=5 N  

The coefficient of friction diagram at 5 N load shows a very similar character to that obtained with 

the same load on the simply coated sample (Figure 88/a). It shows rapidly decreasing and then 

stabilizing µ values with increasing sliding distance. A noticeable difference is that the 

stabilization takes place at a much shorter sliding distance of 5 m, and – neglecting the sharp peaks 

due to the force control instability –, a µSS = 0.18 is obtained. The OM image in Figure 88/b shows 

a smooth profile, and a remarkably narrower wear track, as compared to the one obtained with a 

higher load on the same coating or the one got with the same load on the simply CrN coating. 

There is a significant difference also in the amount of wear debris generated, which is significantly 

lower here than in all other cases. This is necessary due to the higher strength of the support 

provided by the duplex treatment. 

 

 a) b) 

Figure 88. (a) Friction coefficient curve vs. sliding distance for duplex CrN coating, F=5 N; (b) OM 

image of the worn track with few black debris adhered to the worn surface 

The 3D OM combined with profilometry (Figure 89) showed that the maximum depth of the wear 

track is 5.2 µm which is somewhat greater than the coating thickness (4.2 µm).  

 

Figure 89. (top left) 3D OM image of the wear track on duplex CrN coating (F=5 N); and (left down) the 

wear track profile showing slightly higher wear depth than coating thickness; (right) 2D OM image with 

the line of profile scan, and locations chosen for compositional analyses in two characteristic spots 
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However, it is also seen, that almost the total cross section of the worn profile falls into the yellow 

band representing the coating thickness, i.e., the coating remained practically intact. The wear 

mechanism is controlled by the tribofilm formation and delamination, combined with micro-

abrasion. 

The LIBS compositional analysis taken in the darker and lighter areas of the wear track region in 

Figure 90, could not make difference in terms of the Cr and Fe content, thus the black debris could 

not be identified as iron-oxide in the former way (the surface material is slightly evaporated at the 

given spot, and the vapour is optically analysed by the tester). Therefore, we performed the test 

repeatedly, consecutively 10 times in the same spot, and then analysed the variation of the 

measured amount of the elements. For this, we selected that region of the wear track covered by 

the black "smoke" the most intensively that was anyway not characteristic for the entire surface of 

the worn ring. As seen from the measured data, the first analysis indicated 88.4% Cr that comes 

from the CrN coating, and some 11.6% Fe originating from the substrate below the coating. During 

the repeated evaporation of the surface material the substrate steel was readily exposed and from 

the third measurement, the composition practically did not change. 

 

Figure 90. Compositional analysis by the LIBS method consequtively 10 times at the samepoint of the 

surface to reveal the origin of the black film in the wear track 

These results prove that the black film seen visibly on the top surface of the coating is a very thin 

chemical formation, probably a Fe3O4 compound, but due to the extremely minor damage of the 

coating, it could be formed in very small quantities, thus it is not detectable by the applied LIMS 

test method. This also proves that the integrity of the coating is highly retained during the entire 

wear test. 

Discussion 

Ball-on-disk wear tests performed on the simple and duplex treated CrN coated systems prevailed 

that the loadability of this ceramic coating is far less than that of the investigated multilayer DLC 

coatings on the X42Cr13 steel substrate of identical heat treatment conditions. Both the simple 

and duplex coated samples showed severe wear damage at normal loads of 10 N and 25 N, 

controlled by abrasive wear and complete and quick removal of the coating layer. The 

accompanying friction coefficient was continuously increasing during the whole sliding distance, 

100 m

No. Cr Fe No. Cr Fe

1 88.4 11.6 6 14.5 85.5

2 28.2 71.8 7 16.1 83.9

3 17.6 82.4 8 13.6 86.4

4 14.4 85.6 9 14.0 86.0

5 13.9 86.1 10 17.0 83.0
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and finally was higher than 0.8 for the simple coated and were about 0.7 for the duplex coated 

samples (Figure 97/a; F=25 N and 10 N) that providing information on the wear resistance of the 

naked substrate material in its precipitation hardened, or subsequently nitrided condition. The 

related wear rate (k) values falling into the range of (1.32.9) × 10-4 mm3/Nm, represent severe 

wear (Figure 97/b; F=25 N and 10 N). 

Reducing the normal load to 5 N and avoiding this way the excessive overloading of the substrate 

material, the coating was damaging only to a milder extent providing the possibility for an 

advantageous tribofilm formation involving the participation of the Fe content of the substrate. 

This modified the character of the friction coefficient curve changing into a monotonically 

decreasing one over the entire sliding distance, having a steady state value of 0.18 for both types 

of coatings (Figure 91/a; F=5 N). The controlling wear mechanisms of the CrN coating in these 

cases was an oxide-type tribofilm formation involving the production of different iron oxides, of 

which the Fe3O4 compound was found to be favourable from the point of view of friction 

behaviour, as functioning as a solid lubricant, thus decreasing the friction coefficient. It is 

important to note that while the wear mode was still severe wear (k=9×10-5 mm3/Nm) for the 

simple CrN coating, the duplex treatment led to a 79% decrease in the wear rate (k=1.9×10-5 

mm3/Nm) approaching the border of the mild/severe wear regimes that is k= 10-6 mm3/Nm. 

       
Figure 91. Overview of the friction coefficient and wear rate values obtained during ball-on-disk wear tests 

of the simple and duplex CrN coated systems; The numerical data in the diagrams represent averages of 

2-2 measurements, thus may differ from the individually mentioned values in the former analyses 

Morphological analysis of the alumina ball counterpart supports the findings established above 

based on the evolution of the friction coefficient and the analyses of the OM images of the wear 

tracks. In Figure 92. the OM pictures of the worn scars are visible showing a large amount of 

transfer film containing red and black iron oxides. The debris particles have been strongly adhered 

to the surface of the alumina ball, covering the contacting area by a compacted powder almost 

entirely in the case of F= 10 N and 25 N loading of both the simple and duplex coated samples. In 

the case of F= 5 N load, the thickness of the adhered transfer film is lower and the surface of the 

mating pair of the duplex treated sample is mostly covered by a thin plastically deformed layer 

with a low amount of compacted powder in the contact zone. 

Unfortunately, more accurate structural and compositional analyses, i.e., SEM combined with 

EDX, like in the case of the DLC coated system, were not possible to perform on the CrN coatings. 

However, the executed wear test, completed with profilometry and optical microscopy provided 
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sufficient information for establishing some important characteristics of the wear behaviour of the 

CrN coatings. 

 

Figure 92. Wear scars covered by a large amount of compacted debris and transfer film on the surface of 

the ball counterparts of the CrN coated samples 

It is concluded that the duplex treatment did not change basically the wear mechanisms for the 

CrN coating at the different loading forces in the tested 525 N range, however, it could be proven 

that the nitriding treatment can be advantageously applied for the improvement of the load bearing 

capacity of the CrN coated X42Cr13 stainless steel among low load operating condition. 

   

a) Simply coated − F = 5 N b) Simply coated − F = 10 N c) Simply coated − F = 25 N

e) Duplex treated − F = 10 Nd) Duplex treated − F = 5 N e) Duplex treated − F = 25 N
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4. THESES 

THESIS – 1 

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). 

THESIS – 2 

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).  

THESIS – 3 

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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THESIS - 4 

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). 

THESIS – 5 

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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5. SUMMARY 

Tool steels have played an important role in the progress and advancement of the metal-mechanical 

industry. Plastic mould tool steels have particularly been investigated due to exponential growth 

in the application field from the automotive industry to aviation. Owing to the excellent 

mechanical, tribological, and corrosion resistance properties of plastic mould tool steels the 

research in this field has seen exponential growth in the last decade.  

The desired requirements of applicability of this material are two-fold high hardness, high strength 

or high toughness, and good dimensional stability. The suggested techniques to obtain the desired 

properties and to meet the ever-changing requirements principles of surface engineering are 

particularly utilised. Surface engineering is a vast and dynamically developing field, which can be 

categorically divided into the surface modification and surface coating. The former technique may 

or may not alter the chemical composition whereas the latter involves adding a new layer to the 

substrate. 

Surface modification involving heat treatment results in the change of mechanical properties in 

order to meet the desired requirements. Plasma nitriding is a versatile treatment for improving the 

surface hardness, wear - and fatigue resistance by diffusing nascent nitrogen into the surface of the 

steel. In the present research, the investigated material is X42Cr13 plastic mould tool steel which 

has a high (13.5% Cr content).  

The basic aim of my research work was a complex tribological analysis of two different types of 

hard ceramic coatings, a monolayer CrN and a multilayer-DLC coating, which were deposited on 

an X42Cr13 type tool steel on the one hand, directly on it in a precipitation hardened condition, 

on the other hand, in precipitation hardened and nitrided state. For tribological analysis of DLC 

and CrN coated systems in the duplex treated condition the Set A samples (precipitation hardened 

+ plasma nitrided at 520 °C for 8 h) have been selected.  

The tribological tests were realized by progressive loading instrumented scratch tests and ball-on-

disk wear tests with the aim of proving convincingly the hypothesis relating to the beneficial effect 

of the duplex treatment on the improved scratch and wear resistance of the selected tool steel. 

DLC is particularly criticised to have poor bonding strength with steel substrate because of high 

residual tensile stresses. To avoid this and obtain enhanced adhesion we prepared a multilayer 

DLC consisting of aCH + aCHW + WC + CrN by the PECVD method. Monolayer CrN was 

prepared using PVD.  

Based on the experimental results derived from the instrumented scratch tests supplemented by 

detailed optical microscopic, scanning electron microscopic analyses of the scratch morphology, 

and using EDX compositional analyses of the characteristic regions in the scratch grooves, the 

following conclusions have been drawn. 

− Duplex treatment resulted in a systematically better scratch resistance for both types of 

investigated coatings, i.e., for both the monolayer CrN and the multilayer DLC coatings. 

This manifested itself in a higher critical and subcritical forces, and higher scratch 

toughness as well as less damage sensitivity, as compared to those of the simply coated 

specimens. The improvement was strikingly high, more than 120% for the DLC coated 

systems, due to a modified damage mechanism of the coating during final failure.  
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− In the case of the simple coated CrN coated systems a novel damage mechanism, referred 

to as "SAS-wings" has been identified, which can be useful as a tool for forecasting the 

threshold of the load-bearing capacity of the substrate material. 

The amount of wear on any component has a great influence on its lifetime and maintenance or 

repair costs. Wear is thus a characteristic parameter of the entire tribosystem whose analysis forms 

the basis of various wear theories and related practical applications. Based on unlubricated ball-

on-disk tests at ambient for characterizing the wear performance of the investigated materials, the 

following conclusions have been derived. 

− CrN coated systems prevail far less wear loadability compared to that of the investigated 

multilayer DLC coatings and in investigated test conditions the normal load cannot exceed 

5 N without immediate loss of coating, due to severe abrasive wear. Duplex treatment does 

not change the wear behaviour basically; however, it can reduce the wear mode from the 

severe to mild wear regime.  

− The highly hydrogenated DLC coatings showed mild wear and load-dependent wear 

behaviour under the normal loads of F= 25 N, 60 N and 120 N changing the velocity 

accommodation mode from interfacial sliding to plastic shearing of the athermally formed 

tribofilm, and interfacial sliding between the transfer film on the ball and the partially 

damaged coated surface. The low viscosity transfer layer led to the hydrodynamic 

lubrication condition, resulting in one or two orders of magnitude decrease of the friction 

coefficient approaching the superlow friction condition under F= 60 N.  

− Nitriding the substrate steel material resulted in an enhanced wear resistance at each 

loading case that was 55%, 35%, and 95% for the 25 N, 60 N, and 120 N loads, 

respectively. The enhancement is the consequence of the combined effect of the 

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

the nitrided substrate 

− The beneficial effect of the duplex treatment on the tribological performance of the tested 

DLC coating was the most expressed under the F= 120 N loading, providing occasionally 

(not in all tested cases) superlow friction, and an extremely high improvement of the wear 

resistance (95% lower wear rate), as compared to that of the simply coated system. 

However, the high normal loads usually are not tolerated by the steel substrate and 

overloading causes its plastic deformation followed by failure of the coating. The duplex 

treatment applied to the tested steel, however, can ensure the integrity of the coating system 

and continuous maintenance of the superlow friction state even under such high loads by 

increasing the strength and support capacity of the substrate. 

The results in the case of the multilayer DLC coating provide new avenues of research considering 

the observed load-dependent wear mechanism with superlow friction.  

I am aware that duplex treatment is an expensive technique, but the degree of its efficiency in the 

improvement of the tribological performance of coated systems obtained is very persuading for 

choosing this technique for increasing the durability of the components. 
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6. FUTURE WORK  

Detailed investigation of ion energies during depositing coatings is planned to be studied by 

analysing the structure (sp2/sp3 ratio) at the surface of the coating and comparing it at various 

depths. This is done using XPS, Raman spectroscopy, and electron energy loss spectroscopy 

(EELS).  

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. Different wear tests i.e., 

reciprocating wear test, microfretting test for analysing these coatings is planned.  

Finite element modelling of the principal stresses during the indentation and scratch test. In order 

to model the coating deformation and stress distribution within the layer structure softwares like 

ANSYS or COMSOL Multiphysics is planned to be used. 

7. INDUSTRIAL APPLICATION POSSIBILITY OF THE RESEARCH WORK 

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, uptill now 

the suggested method is the low temperature plasma nitriding to avoid CrN precipitation. With our 

research findings in collaboration with industrial firm Voestalpine High Performance Metals 

Hungary Kft we successfully demonstrate a novel pathway i.e., applying a unique set of parameters 

during tempering and plasma nitriding (525 C/ 2h and 525 C/ 24 h) and obtaining a homogeneous 

microstructure and good wear resistance. This is a major contribution to the field as it opens new 

avenues of research and development which is different from the traditionally accepted convention 

nitriding = tempering-(3050 C). For structural steels and cryogenic applications where the 

toughness is of prime consideration, the following treatment is suggested to 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. We achieved significant improvement in the 

scratch resistance of the investigated multilayer DLC. The efficiency and improvement because of 

duplex treatment are persuading and fascinating for industrial firms to apply this technique. Also, 

for hard ceramic coating CrN monolayer we 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. 
List of Appendices 
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