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Introduction 
It is well known, that the movement of bodies pressed against each other inevitably 
causes a loss or relocation of material in the contact zone. Such reactive environments, 
like a high temperature oxidative atmosphere or an aqueous media, can intensify a wear 
rate of tools in service. A tribo-corrosion phenomenon occurs, when simultaneous 
environmental caused corrosion and sliding caused wear leads to a transformation of a 
material at a contact surface. A formation of a rust or a segregating oxide layer often 
leads to a devastating impact on the performance of the metal-based tool products. 
Therefore, a physical vapour deposition (PVD) of a thin, penetration reducing, and a hard 
coating is a way of the protection of a steel-based equipment with a minor influence on 
the final dimensions of a coated product. 

An application of such coated parts often requires a relatively basic knowledge about 
the lifetime of a selected combination of a steel substrate and a PVD coating. Such 
situations are common in a case of well-developed technologies with an avoided or 
reduced number of unfavourable wear or corrosion causing factors, like a low speed 
electrical sliding contact with a mild tribo-corrosive wear mode. 

However, products from automotive, aerospace, cutting or drilling tool production 
industries more commonly meet an unexpectable combination of corrosion modes 
causing events, due to the operation under drastically changing environmental 
conditions and uneven applied working parameters. 

A deep scratch in the coating of a steel car body is an example of a commonplace 
event. A passive type coating cannot resist corrosion when a substrate is uncovered, 
while an anodic coating, like Zn, not only protects more cathodic Fe based steel 
substrate, but also can sufficiently heal the scratch by covering affected place with Zn 
corrosion products. This, well known protection method, is a good example of the 
reliability of a coating in service, which caused an innovative idea of the new 
experimental method for reliability estimation of the tested AlCrN PVD coating 
demonstrated in the present thesis. 

Today’s trends and demands require a coating to play the role of “prime reliance”. 
Therefore, a predictable life of operation is a part of the reliability of the coating. Intrinsic 
variabilities of the coated material and operational environment affect “prime reliance” 
(Dwivedi et al., 2010). 

Static and sliding affected (tribo-corrosive) tests in the aqueous corrosive 
environment allows in-situ estimation of a PVD coating reliability with electrochemical 
methods (Ricker et al., 2008). 

An incorporation of aluminium into the first generation Ti-based PVD coatings leads 
to improved oxidation resistance of a coating at elevated temperatures up to 600 °C 
(Chim et al., 2009). Even better performance can be reached when a presence of Ti is 
completely avoided. An improvement in the wear resistance of PVD coatings has been 
found effective by the application of a gradient or multilayer architecture (Antonov  
et al., 2009; Liew et al., 2013). 

Therefore, the motivation was to estimate the reliability of three different types of as 
received PVD coatings (gradient TiCN and TiAlN, and multilayered AlCrN) under aqueous 
solution; to find the most durable coating for high temperature sliding applications; and 
to estimate the main reliability influencing factors under corrosive and tribo-corrosive 
environmental conditions. 
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Scientific novelty 
Several laboratory scale testing methods were developed and applied to assess and to 
determine the reliable environmental conditions and sliding parameters for PVD coated 
stainless steel in a tribopair with a ceramic counter-body. Researchers often report 
standardized test methods for estimation of repeatability and reproducibility of created 
PVD coatings under the well-known predefined conditions in laboratory scaled 
experiments. However, only the very limited number of research papers contain 
production methods and test results concerning the reliability of different coatings and 
applied working conditions. It is also not easy to find publications about the testing of 
the preliminarily affected coatings as the general objective mostly is to “sell” results 
promoting superior properties of a material obtained from selected specimens with the 
highest quality. This fact is very surprising when knowing that reliability engineering itself 
takes the important role in the industrial field. It is understandable that huge databases 
about tested properties of coatings characterizing their reliability are collected at 
industrial level as commercial secrets, therefore, not published in open access databases. 

The reliability factors of the PVD coatings in sliding tribopair with a ceramic  
counter-body under 3.5 wt% NaCl aqueous solution and under high temperatures are 
illustrated with schemes, results of Raman spectroscopy analysis and SEM images in 
Paper I, Paper II and Paper III. A combination and confirmation from previous scientific 
reports about the correlation between hydrolyzation or oxidation of the reactive 
compounds and subsequent passivation of the corrosive compound penetration and 
solid lubrication effect in the sliding contact zone at the same time is provided in the 
present PhD thesis. Sliding tests with a ball type counter-body against preliminarily 
scratched PVD coated stainless steel combines two different testing standards for the 
first time and is a novel method for determination of the reliability (sensitivity to effects 
of defects) of coatings with predefined defects, fulfilling the scope of the present  
PhD thesis. 
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Abbreviations 
AISI American Iron and Steel Institute 
CE Counter electrode 

CoF Coefficient of friction 
DLC Diamond-like carbon 
EDS Energy-dispersive X-ray spectroscopy 

GPES General Purpose Electrochemical System 
ISO International Organization for Standardization 

MML Mechanically mixed layer 
OCP Open circuit potential 
PID Proportional–integral–derivative 
PVD Physical vapour deposition (-ed) 
RE Reference electrode 

R&D Research and development 
sccm Standard cubic centimetres per minute 
SEM Scanning electron microscope 
SS Stainless steel 

Ta-C Amorphous tetrahedral carbon 
TalTech Tallinn University of Technology 

TR Calculated rise of bulk/flash temperature 
UMT Universal Materials Tester 
WE Working electrode 
XRD X-ray diffraction 

 

Symbols 
icorr Corrosion current density (µA·cm-2) 
K1 3.27·10-3 mm·year-1 (constant value) 
ρ Alloy density, g·cm-2 

EWalloy The alloy equivalent weight (dimensionless) 
Rpm, Rp Polarization resistance (V·cm-2) 
Ecorr calc Calculated corrosion potential (V) 

|βa| Anodic Tafel slope (V·decade-1) 
|βc| Cathodic Tafel slope (V·decade-1) 
CR Corrosion rate or penetration rate (mm·year-1) 
Pi Protective efficiency (%) 

Popen Open porosity (%) 
F Normal load (N or kgf) 

E1, E2, 
E3… E18 

Tribological sliding events observed on the preliminarily scratched 
coating (E is used in the text only). 
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1 THEORETICAL BACKGROUND 
Tribology is the field of science and engineering of interacting surfaces of bodies in 
relative motion (Wood, 2007). It includes the study and application of the principles of 
friction, lubrication, wear and any other types of surface deterioration (Jost, 1966). 

As a branch of mechanical engineering, tribology may get interdisciplinary, when a lot 
of other fields of engineering meet in any new technological solution by setting many 
specific durability requirements for an invention. As every aspect of tribology impacts 
product reliability, the lifetime of automotive and aerospace parts, production systems 
and machines must be predicted more accurately (Holmberg, 2001). Therefore, reliability 
engineering deals with the role of the tribology in the large and complex scope. 
Sustainable development and increasing demand for green technologies (Tzanakis et al., 
2012) require an improved component lifetime, reliability of the design, selection of 
materials (Ashby, 2011), diagnostics, aesthetics estimation and monitoring of conditions. 
These are just a few examples of reliability engineering aspects indicated that makes 
application of tribology more complicated nowadays, as shown in Figure 1. 

Figure 1. Tribology interaction towards global sustainable development and global green 
market technologies, adopted and combined from Ref. (Nirmal et al., 2015) and OPS A La 
Carte, LLC presentation (Silverman, 2012) with author’s update. 

Different geometrical scales from nano- up to tera-tribology can be used for 
experimental methods and for an expression of observed effects. Researchers are 
accustomed to apply more linear approaches in nano- and micro-tribology level due to 
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the strict reductionism (Holmberg, 2001). It is often required a task to scale up this 
knowledge to more non-linear approaches when applying a selected tribo-system in real 
operational conditions. It causes the demand for application reliability. 

1.1 General reliability aspects of PVD coatings in tribological 
applications 
Reliability of surfaces in contact: 

• Reliability of mechanical elements in contact is related with wear 
characteristics or other tribological phenomenon’s; 

• Each wear regime leads to different failure modes; 
• Reliability engineering establishes an advanced application of mechanical or 

electrical components, like roller bearings, electromagnetic relays, etc. 
Key aspects of tribology: 

• Friction and wear, solid lubrication and corrosion resistance; 
• Surface properties, characterization and contact mechanics; 
• A type of tribological systems, like seals, gears, bearings, artificial joints, and 

lubricants; 
• Design and manufacturing technology of parts affected by tribological wear; 
• Aesthetic property preservation in service (maintenance of design features). 

1.1.1 History of reliability of coatings in tribological applications 
An ancient history of a material lifetime closely associates with an art. There is an 
evidence of artistic activity dating as far back as about 500 000 years ago performed by 
Homo erectus (Joordens et al., 2015). A zig-zag line was found etched by a shark tooth 
into a shell of a fossilised freshwater clam in Trinil, Indonesia, in the 1890’s by Dutch 
geologist Eugene Dubois. It is by far the oldest engraving ever found. However, as a first 
coating, 40 800 years old prehistoric dots and crimson hand stencils on Spanish cave 
walls are now the world's oldest known cave art, probably performed by Neanderthals. 
These two prehistorical artefacts demonstrate an impressive reliability of objects 
selected and used by the human being, carrying information through thousands of years. 
The reliability which was not expected. 

The evolutionary process facilitated to understand that the purpose of applying the 
coating may be a decorative, functional, or both. Science and an industrial development 
caused a wide variety of available coatings nowadays with a set of specific technical 
parameters not always included in data sheets. Nevertheless, the prediction of a lifetime 
and a failure-free coating product is still a challenge for reliability determination. 

The word ‘reliability’ can be traced back to 1816 and any test was considered "reliable" 
if the same satisfactory results would be obtained repeatedly. However, only in the 
1940’s the modern use of the word ‘reliability’ was defined by United States (U.S.) 
military, characterizing a product that would operate when expected and for a specified 
period. Further activities on statistical control in systems engineering led to new  
sub-discipline named ‘reliability engineering’ applied in many fields of engineering (e.g., 
tribology, materials science, chemical engineering, etc.) (IEEE, 1990). A new development 
method and general approaches for reliability estimation were created almost every 
decade and findings were based on a great variety of different techniques and expert 
knowledge in several fields. Great efforts led to more standardized, faster and more 
effective computer-assisted hybrid physics-statistics and theoretical reliability 
simulations instead, or in addition to recent testing method (Tan et al., 2017). 
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1.1.2 Repeatability, reproducibility and reliability 
Specific issues with respect to a process and reliability of a PVD coating should be clarified 
with appropriate nuances and terminologies. Variabilities can be found in the 
performance of any PVD coating as a result from different temporal and time-dependent 
variations caused by any failure in production-related processes internally (mechanical 
component, electronics, software and even human-caused errors, etc.) and externally 
(environment, feedstock, etc.). International Organization for Standardization (ISO) 
defines failure as “termination of the ability of an item to perform a required function” 
(ISO, 2012). In research level, variations usually cause variables within a single PVD booth 
(cathode, chamber, electrical supply, etc.). However, spatial variations arising from 
multiple PVD booths within various locations in the same address and around the world 
can be found more frequently at an industrial level. 

Repeatability, reproducibility, and reliability usually have different approaches 
customised for exact goals as demonstrated in Table 1. Unlike repeatability and 
reproducibility, a reliability is a system level definition encompassing all the aspects of 
the process and coating highlighted during monitoring to meet the required performance 
goals (Dwivedi, 2010). 
 
Table 1. List of typical approaches to achieve repeatability, reproducibility and reliability 
(Dwivedi, 2010; Friedrich et al., 1999; Holmberg, 2001). 

 Repeatability Reproducibility Reliability 
Level Usually R&D Usually R&D Mainly industrial 
No of persons 
involved Usually one Two or more Usually group of 

persons 
No and type of 
measured 
attributes 

Usually one and the 
same 

Usually one and the 
same 

From systematic 
selection during 
monitoring 

Number of 
measurements One or multiple Multiple According to 

monitoring results 
Measuring 
equipment and 
technique 

Usually the same and 
standardized 

Usually the same and 
standardized May be customized 

Possible 
enhancements 

By setting a standard 
procedure for the 
measurements 

By setting a standard 
procedure for the 
measurements 

By setting specified 
environmental and 
other test conditions 

Booth Usually single Usually multiple Usually multiple. 

Aspects 
Usually one or more 
the most important 
ones 

Usually one or more 
the most important 
ones 

All highlighted to 
requisite performance 
goals 

Goal Successful steps for 
achieving outcome Outcome 

Reliability 
(performance) of 
product 
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1.1.3 Reliability of substrate 
It is well known that PVD coatings on machine components are quite rare as compared 
to tools. 

A properly prepared substrate can provide an outstanding performance of PVD hard 
coatings (Sheikh-Ahmad et al., 2001). Such substrate must provide a metallurgical 
bonding for a coating. Researchers in their papers indicate an importance of proper 
substrate selection and preparation process in detail, however, a role of set parameters 
(e.g., adhesion and bonding strength, final roughness, residual stress distribution, etc.) is 
often neglected. For example, in a case of sliding wear applications, a too high surface 
roughness of a substrate can cause a shear off a coating and subsequently can expose a 
substrate material to a tribo-corrosive environment. However, in some applications, a 
mirror finish can also be unfavourable and may cause high adhesion and bonding 
between sliding parts. Therefore, a micro-rough finish is usually preferable. Out of that, 
coaters, producers of PVD units and researchers usually propose, but not limit several 
main requirements for reliability estimation of a substrate, as demonstrated in Table 2. 

 
Table 2. Examples of aspects and solutions for substrate to improve the reliability 
(Dwivedi, 2010; Friedrich, 1999; Holmberg, 2001; Sheikh-Ahmad, 2001). 

Aspect Requirement Possible enhancements 

Aspect 1. 
Substrate 
durability 

Entire component must be compatible 
with high vacuum conditions. 
Materials that outgas in vacuum 
conditions (e.g. high vapour pressure 
metals, porous materials) should be 
avoided. 

Component can be partially 
masked with various methods 

Aspect 2. 
Composition of 
component 

Entire component must be compatible 
with coating process temperatures 

The coating process 
temperature can be adjusted 
according to specific properties 
of substrate 

Aspect 3. 
Design of 
component 
(substrate) 

A component must be designed to 
achieve required coverage with PVD 
coating 

An effective communication 
between coater and user must 
be provided to create a proper 
holder for component in PVD 
chamber 

A component must be designed precise 
enough to achieve the benefit of thin 
coating in selected applications 

Operator must follow the 
requirement and 
recommendations for coated 
component 

Aspect 4. 
Preliminarily 
preparation of 
the substrate 

Oxides or other impurities affecting 
adhesion 

Operator must follow 
recommendations for 
preparation of component 

Imperfections (e.g. slivers and 
overlapped material caused by 
aggressive grinding) on functional areas 
should be removed (Ipaz et al., 2012) 

Operator must accurately 
estimate and provide a quality 
of the substrate 

A component must be free of surface 
contaminants like grease, paint, etc. 

Operator must follow 
recommendations for cleaning 

A combination 
of aspect 3 and 
aspect 4 

The roughness of the component 
surface must not be much greater than 
the coating thickness 

Operator must follow 
recommendations for surface 
grinding and polishing 
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1.1.4 Reliability of PVD process 
Researchers often receive coated components with different dimensions and geometry 
for testing. These parameters of any specimen usually depend on the type of the PVD 
unit and a potential application of coated material. It is obvious that in most cases 
researchers test idealized small samples from one laboratory scale deposition unit to 
achieve the specific goal. However, such an approach not always provides a total 
reliability achievement of PVD process for industrial level needs. In some cases, 
researchers affect a PVD process according to possible aspects as demonstrated in Table 3. 
One of the most important aspects is the hidden process instability during the coating 
process (Friedrich, 1999). Such an approach often helps to initiate an appearance of local 
specific change or defect in coating properties. Real components in the mechanical 
engineering often has dimensions much larger than 100 mm and complicated shapes. 
Therefore, it often causes a difficulty to provide a complete estimation of local coating 
defects on simplified shape small specimens (Friedrich, 1999). 

 
Table 3. Examples of aspects and solutions for reliability of PVD coating process 
(Friedrich, 1999). 

Aspect 1 
Coating unit and procedure 

design 

Aspect 2 
Component geometry and 

dimensions 

Aspect 3 
Hidden process 

instability 

Instable or improper gas 
supply near the target rim 
affects composition of 
coating. 
Excluded or too low rotation 
speed of substrate causes 
varying distance from the 
electrode surface to the 
target. 

Substrate with the complicated 
(e.g. rounded) geometry causes 
a varying angle between the 
electrode surface and the target 

Disturbed transmission 
from power supply to 
rotating substrate. 
Low control speed of 
bias voltage. 
Lags in a computer 
software. 
Contaminant particles 
(dust) in the working 
chamber. 

Solution: the sample must be 
monitored at more than one 
position by characterizing the 
deposition unit 

Solution: an effective 
communication between coater 
and producer of component 
must be provided to ensure the 
required thickness and quality of 
the coating at the most 
significant areas of coated parts 

Solution: coater must 
check and must exclude 
such hidden effects in 
the deposition unit 

 

1.1.5 Reliability of substrate-PVD coating characterization 
The first aspect, a characterization of the properties of a PVD coating is closely tied to 
the characterization of the selected substrate and deposition process. Therefore, a lot of 
effort has been made worldwide to provide standardized methods. However, often only 
the test cycle is standardized due to the difficulty to set specific requirements for test 
parameters, evaluation, deviations and comprehensive information flow (Friedrich, 
1999). These requirements then must be selected by the operator of the test unit. 

The second aspect, a result of PVD coating characterization test can often 
demonstrate the significant difference between different measurements. These 
differences can be found in different locations on the same sample or on different 
samples obtained from the same coating unit or obtained from different coating units 
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set for the same target coating. As an example, in addition to inhomogeneity, roughness 
and mechanical oscillations of a coating and a substrate, a crystallographic coating 
structure can also cause such deviation in local hardness distribution of the coated 
sample. These irregularities must be assessed in a scale of numerical quality. 

The third aspect, selected test parameters influence the test result. The operator of 
the test unit should follow rules of selected standards. However, in many cases, they are 
not defined, or application of existing standardized rules leads to a failure of the test or 
collected data gives insufficient information about limits of the coating under potential 
work conditions. 

Therefore, a PVD coating characterization is one of the most important parts in the 
total reliability estimation scheme which helps to determine important deviations and 
irregularities in the properties of a tested coating. All relevant test parameters for 
characterization must always be documented. 

1.1.6 Reliability improvement of a stainless steel in sliding contacts 
Highly corrosion resistant austenitic stainless steels (SS) generally exhibit reduced 
resistance to tribological sliding contacts due to their strong adhesion and transfer 
tendency to the surface of the counter-body (Saketi et al., 2017; L. Wang et al., 2008).  
A face-centred cubic crystalline structure dominates in such SS. As SS AISI 316L was used 
as a substrate in the present PhD thesis, it should be noted that austenitic structure of 
300 series SS is achieved primarily by a nickel addition. Above mentioned crystalline 
structure limits a hardenability of SS by heat treatment (Laroudie et al., 1994). Therefore, 
a hard PVD coating can improve the environmental friendliness and longer service life of 
300 grade SS in sliding contacts (Dinu et al., 2018). It is well known that the high ratio of 
hardness and Young’s modulus may cause adhesion problems in sliding contacts due to 
the “egg-shell” cracking effect (Beake et al., 2014). Therefore, austenitic SS with a low 
hardness (≈200 HV) limit an application of PVD coatings due to the deformation under 
high loads and due to the possible critical softening of SS substrate at temperatures 
above 500 °C (Saeidi et al., 2017). 

Sufficiently high Young’s modulus at higher temperatures can be provided by the  
high-temperature oxidation resistant SS, like 253 MA (155 and 120 kN·mm-2 at 600 and 
1000 °C, respectively). Such substrate can be successfully applied as the support for 
harder PVD coatings in tribological applications at temperatures up to 800 °C (Roy et al., 
2004).  

1.2 Corrosive and tribo-corrosive data for reliability estimation 
A degradation of materials through high-temperature or chemical processes, such as 
oxidation (Mo et al., 2009), corrosion, abrasive and erosive wear cause enormous costs 
for the European industry. Mechanically induced interactions with electrochemical or 
chemical processes are involved in tribo-corrosion (Wood, 2017). It is crucial to avoid a 
failure of machines and components, which can entail catastrophic accidents. Most of 
the high temperature and/or corrosive resistant parts of a wide variety of devices for 
many different applications are protected by specially designed coatings (Fenker et al., 
2014). Today’s trends and demands require a coating to play the role of “prime reliance” 
(the dependence on something in the best possible quality or trust in something 
excellent), especially in an engine performance. Therefore, a predictable life of the 
operation must be provided additionally to the service performance of a coating. Intrinsic 
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variabilities of a coated material and an operational environment affect “prime reliance” 
(Dwivedi, 2010). 

A determination and estimation of the sensitivity of PVD coating to effects of defects 
toward defect-initiated damage (reliability) with the help of a novel combined method is 
a key contribution described in the present PhD thesis. 

1.2.1 Assessment of reliability with the help of electrochemical methods 
The trial-and-error method was the only technique available for material selection and 
estimation when people started creating the first tools. Today, in addition to this 
approach, a corrosion testing provides the possibility to compare the relative corrosion 
resistance of materials with a small number of experiments. Regardless of a relatively 
short duration of such tests, this comparison is often valid only for similar conditions in 
real field application. Therefore, these experiments are frequently considered as 
insufficient-indicators of the actual in-service behaviour of the component and it is 
necessary to adapt an experimental setup. As in the most of engineering fields, also 
corrosion engineers meet developers and component designers as main customers. 
However, in the commercial world, designers create a much higher demand for 
technological solutions to reduce production, warranty, and liability costs with improved 
corrosion performance at the same time. 

Reliable lifetime prediction for a component used in a corrosive environment requires 
the identification of corrosion failure modes. Such failure modes can be pitting (if halide 
ions present), stress-corrosion caused cracking by hydrogen embrittlement and 
corrosion fatigue (Ricker, 2008). Every failure mode requires an estimation of the 
expected time-to-failure with evaluated uncertainty in this prediction (Ricker, 1995). 

1.2.2 Assessment of reliability at elevated temperatures 
The consideration of the behaviour of a PVD coating under static oxidative conditions 
should be done before testing under high temperature tribo-corrosive conditions. It is 
clear, that oxidation of metals and other oxide free compounds intensifies at elevated 
temperatures (Kawate et al., 2003). Most alloys rely on the protective effect of formed 
oxide scales (Schütze, 1995). Therefore, a presence of oxides between bodies in sliding 
contact takes place inevitably (Tomala et al., 2013).  

A set of most important parameters as aspects have been selected for reliability 
estimation: 

• Type of oxides - based on one (Fe, Cr, Al etc.) or a combination of metal atoms 
(e.g. Fe, Cr – spinel); 

• Mechanical properties of oxides (e.g. hardness, thermal conductivity, 
fracture toughness, etc.); 

• The durability of an oxide layer under thermal and mechanical loading; 
• An extent and characteristics of defects in oxide scales; 
• “Self-healing” ability – oxide scales recoverability to a sufficiently stable 

condition after mechanical impact; 
• Growing rate of oxide scales. 

1.2.3 Methods for tribo-corrosive data collection and estimation 
The coexistence of wear and corrosion impacts on economics of engineering systems 
both directly and indirectly. Loss of material may cause associated equipment downtime 
for repair and replacement of worn and corroded components (Jiang et al., 2002). 
Specific wear rate can be assumed as a suitable parameter applied during designing of 
coated part. Chemo-mechanical mechanisms of tribo-corrosion include a great number 
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of parameters (Fischer et al., 2006; Stack et al., 2006). However, significant differences 
in test results could be induced from the analysis of the values derived from this 
parameter due to the following aspects (Ramalho, 2010): 

• The level of test procedures and the accuracy of the measurement 
techniques significantly influences the reliability of the experimentally 
achieved value; 

• The quality of the test equipment and precision of any part of test setup 
plays an even more important role. 

1.3 General concept for improving reliability of PVD coating in  
tribo-corrosive conditions 
The high hardness of PVD coatings provides a resistance of cutting or other tools and 
parts to a wear characterized by compressive stresses which provide durability of edge, 
when toughness, sharp edge and a good adhesion to a substrate is required 
simultaneously (Fernández-Abia et al., 2013). It is well known that durability of PVD 
coating can be significantly affected by the presence of defects. During last decade a 
presence of such PVD process caused defects in a coating, like cone-like inclusions,  
dish-like craters, spherical pin-holes etc. are noticeably reduced both in density on the 
surface and sizes. It leads to the reduced effect of defects from the coating process on 
the homogeneity of wear and equality in the evolution of friction parameters. In such 
situation a wear and mechanical impacts caused reliability issues to get more importance 
in the durability of a coating in tribo-corrosive conditions. Wear, plastic deformation of 
the ductile substrate, chipping, and cracking are most common coating failure 
mechanisms in real operational conditions of tools caused by natural wear, overloading, 
local mechanical impacts, and other undesirable events. For example, it is well known 
that detachment can occur when counter-body slides over the area of cracked coating 
(Bull et al., 2002). 

Often these events cause relatively small sized defects on coating as compared with 
the size of the tool, therefore, operator commonly decides to continue operation with 
the defected tool until significantly unacceptable failure occurs. In many cases, the user 
of a device cannot detect a damage of tool himself like in a case of hidden parts in the 
car engine or air compressor, for example. Thereby, a mechanically defected PVD coating 
may prove to be much less durable as prediction according to common and usually 
standardized experimental data. 

One of the main tasks of reliability engineering is to predict the lifetime reliability of 
defected tool when it continuously operates under intended conditions. Therefore,  
it becomes important to understand the mechanism of defect development and to 
estimate the failure risks of the tool in given tribo-corrosive conditions. Unfortunately, 
an application of new approaches in testing without following some standardized 
methods usually leads to a high cost and unclear description of the applied test method 
for other researchers. 

Accordingly, the author of the present PhD thesis offers a combination of two 
standardized methods with commercially available equipment for estimation of wear 
evolution of preliminarily scratched coating as explained and demonstrated below. 
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1.4 Objectives of the study 
The main objective of this study is the development of the procedure(s) for estimation 
of reliability of applied gradient TiCN, gradient TiAlN and multilayered AlCrN PVD 
coatings covered steels under sliding wear and corrosive conditions. This objective can 
be broken down into the following sub-tasks: 

1. To assess the suitability of potentiodynamic polarization and tribo-corrosive 
sliding tests in 3.5 wt% NaCl aqueous solution for determination of defects 
and estimation of defect evolution of gradient TiCN and TiAlN, and 
multilayered AlCrN PVD coatings; 

2. To explain the reliability factors and reasons of the failure of the selected 
PVD coating under sliding wear and corrosion in 3.5 wt% NaCl aqueous 
solution; 

3. To provide in-deep understanding in the reliability of the selected (SS) 
substrate for applications under static elevated temperature conditions 
supported with microstructural analysis; 

4. To provide in-deep understanding in the reliability of the selected PVD 
coating for applications under static elevated temperature conditions 
supported with microstructural analysis; 

5. To provide in-deep understanding in the reliability of the selected PVD 
coating for elevated temperature tribo-corrosive applications supported 
with microstructural analysis; 

6. To develop the novel test methodology for the assessment of the reliability 
(sensitivity to effects of defects) of selected PVD coating under tribological 
and tribo-corrosive conditions with the intentionally caused preliminarily 
mechanical influence (deformation or damage). 
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2 MATERIALS AND METHODS 
The limits of equipment like maximum service temperature, sliding speed, corrosion 
resistance, etc., are, probably, the most important information for designers of new PVD 
coated steel parts. Therefore, a tribological problem rise when design part is not able to 
adequately perform during required (predicted) lifetime. 

In given experimental model tests both tribo-surfaces are replaced by simulated 
components in a simplified tribo-couple test mode (Antonov et al., 2009) as ceramic 
counter-bodies were tested against coated SS specimens. All tests were repeated at least 
three times. The selected laboratory scale experimental methods and materials 
approach are proposed for improvement of reliability of AlCrN PVD coating on steel 
materials for use in aggressive environments, where insufficient technological durability 
causes a failure of coated steel product on the field. 

Applicability of various equipment for various steps of laboratory evaluation of the 
reliability of coatings intended for elevated temperature or corrosive tribo-applications 
available at Tallinn University of Technology (TalTech) is demonstrated in Table 4. 

2.1 Preparation of samples 
The cuboid-shaped samples of molybdenum-containing hot rolled austenitic SS AISI 316L 
(UNS S31603, dimensions: 25×15×5 mm and chemical composition as shown in the  
Paper III) and micro-alloyed high temperature oxidation resistant cold rolled SS 253 MA 
(EN 1.4835, 60 mm in diameter and about 5 mm in thickness, Paper II) supplied by 
Outokumpu were used in the present thesis. Selected Fe based SS 253 MA typically 
contains C (0.09 wt%). Mn (≤1 wt%), Cr (21 wt%), Ni (11 wt%) and N (0.17 wt%),  
Si (1.6 wt%) and Ce (0.05 wt%) according to properties provided by the producer. 
Arithmetical mean roughness Ra ≤ 0.02 µm was reached using a Phoenix 4000 (Buehler, 
USA) polishing system by applying SiC papers (Buehler, USA) down to grade P4000 
(MicroCut S, Buehler, USA). Substrates were cleaned with isopropanol for 50 min by using 
the ultrasonic bath. The samples were placed in the coating chamber and  
sputter-cleaned in argon plasma with the bias voltage of 850 V at 425 °C for 1 h. Gradient 
layer TiCN and TiAlN and multilayer AlCrN PVD coatings with a target thickness of 3.3 µm 
were deposited onto substrates in the nitrogen atmosphere using a lateral rotating 
cathode arc (LARC) technology (Platit π-80 unit, Switzerland) according to methods 
demonstrated in Table 5 and Figure 2, respectively. 

Class 1 (cracking without adhesive delamination of the coating) adhesion of coating 
was reached according to VDI 3198 with Rockwell “C” indentation test (VDI - The 
Association of German Engineers, 2013). Main properties of the multilayer AlCrN coating 
are demonstrated in Paper II and III. 

2.2 Characterization methods of substrate-coating systems and 
selected counter-bodies 
The surface morphology was tested with the scanning electron microscope (SEM) Hitachi 
TM1000 equipped with energy-dispersive X-ray spectroscopy (EDS). Kalotest method 
was used to measure a thickness of a coating with the kaloMAX tester in accordance with 
the method developed by BAQ (Germany).  
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Table 4. Applicability of various equipment for various steps of laboratory evaluation of reliability of coatings intended for elevated temperature or 
corrosive tribo-applications (available at TalTech, data is taken from Paper III). 

Visual and tactile observation 

O
ptical m

icroscopy 

SEM
 im

aging 

2D contact profilom
etry 

3D topography 

KaloM
ax ball cratering 

Adhesion testing 

Scratch testing 

Electrochem
ical corrosion 

testing 

Tribo-corrosive testing* 

EDS 

Ram
an spectroscopy 

X-ray diffraction (XRD) 

Preliminarily evaluation + + + ++ +++ +++ +++ +++ + NCH ++ ++ +++ 
Wear or corrosion rate  - + + +++ +++ NCH NCH NCH ++ +++ - - - 

Destruction mechanisms + + ++ ++ +++ NCH NCH + + ++ + +++ ++ 

Elemental or phase composition of thin tribolayer - - 
- 

SE NCH NCH NCH NCH - 0 0 - +++ - 

Elemental or phase composition of thick (≈ >1 um) tribolayer  - 0 
+ 

BSE NCH NCH NCH NCH - 0 0 ++ +++ ++ 

In-Situ measurement of corrosion intensity and/or evolution 
of coating damage 

0 0 NCH NCH NCH NCH NCH NCH +++ +++ - - + 

Notes: “+” is showing how useful could be the equipment (+ min, ++ average, +++ max) 
“-“ means that equipment is rather not useful 
“0” - only qualitative estimation or indirect conclusion 
NCH – not considered here 
SE and BSE - Secondary electron and Backscattered electrons of SEM 
*Assisted with potentiostat/galvanostat
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Table 5. PVD parameters for gradient TiCN and TiAlN coatings, demonstrated in Paper I. 

Type of 
coating 

Bias voltage, 
V 

Pressure, 
mbar 

Cathode arc current, 
A 

Temp., 
°C 

Gas flow rate, sccm 
Ar N2 C2H2 

TiCN (–60) - (–120) 6·10-3 120 - 130 (Ti only) 450 6 165 7 - 39 
TiAlN (–60) - (–150) 4·10-3 60 - 125 (Ti and Al) 450 6 150 - 200 - 

Figure 2. Specimens installed in the carousel type holder (a); and PVD parameters for 
production of the multilayer AlCrN coating on AISI 316L and 253 MA substrates with 
schematic illustration of tribological unidirectional sliding tests at room and elevated 
temperatures under oxidative conditions (b) demonstrated in Paper II and Paper III. 

2.3 Potentiodynamic polarization tests 
Potentiodynamic polarization measurements were performed in 3.5 wt% NaCl aqueous 
solution according to method demonstrated in Paper I and Paper III. Autolab PGSTAT30 
galvanostat – potentiostat with General Purpose Electrochemical System (GPES) software 
(Metrohm Autolab B.V., Netherlands) was used for data recording. Software NOVA 
(version 2.1.2, Metrohm Autolab B.V., Netherlands) was used for Tafel plot analysis as 
described in Paper I and Paper III. 

According to Faraday’s law, the CR is calculated from Eq. 1: 

𝐶𝐶𝐶𝐶 = 𝐾𝐾1 ∙
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌

∙ 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎 Eq. 1 

where CR – penetration rate (the thickness loss per unit of time), mm·year-1; 
K1 = 3.27·10-3 mm·year-1 (only consistent valence groupings were used); icorr – corrosion 
current density, µA·cm-2; ρ – alloy density, g·cm-2; EWalloy – the alloy equivalent weight 
(dimensionless in this calculation) (ASTM, 2015). 

The protective efficiency Pi (%) of the coating is calculated using Eq. 2 (ASTM, 1997): 
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𝑃𝑃𝑖𝑖 = �1 −
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0 � × 100 Eq. 2 

where 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐0  indicate the corrosion current densities of a coating and a 
substrate respectively. 

The open porosity Popen, % of a coating is calculated according to Eq. 3: 

𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 = �
𝐶𝐶𝑜𝑜𝑝𝑝
𝐶𝐶𝑜𝑜

× 10−�
∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝛽𝛽𝑎𝑎� �� × 100 Eq. 3 

where 𝐶𝐶𝑜𝑜𝑝𝑝 and 𝐶𝐶𝑜𝑜 are the polarization resistances of the substrate and coating-
substrate systems (calculated by GPES according to Eq. 4), respectively, ∆𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the 
corrosion potential difference between the substrate and applied coating, and 𝛽𝛽𝑎𝑎  is the 
anodic Tafel constant of substrate (Yoo et al., 2008). 

𝐶𝐶𝑜𝑜(𝐶𝐶𝑜𝑜𝑝𝑝) = �
𝛿𝛿∆𝐸𝐸
𝛿𝛿𝑖𝑖

�
𝑖𝑖=0, 𝑑𝑑𝐸𝐸 𝑑𝑑𝑑𝑑� →0

 Eq. 4 

where a small potential scan ∆𝐸𝐸(𝑡𝑡), V is defined with respect to the corrosion 
potential, shown in Eq. 5 (ASTM, 1997): 

∆𝐸𝐸 = 𝐸𝐸 − 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐  Eq. 5 

2.4 Tribo-corrosive tests at open circuit potential 
Tribo-corrosion experiments were carried out using the tribotester UMT-2 (Universal 
Materials Tester) from CETR (Bruker) (further in the text - tribotester CETR UMT-2) in a 
reciprocating mode (amplitude 1·10-3 m, frequency 1 Hz) according to methods 
demonstrated in Paper I and Paper III. Specimens were fixed in the electrochemical cell 
installed on the reciprocating table (designed at TalTech) as shown in Figure 3.  

Figure 3. Schematic illustration of reciprocating tribo-corrosion test setup (designed at 
TalTech, drawing is made according to Paper I and Paper III). 
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The electrochemical cell was filled with 50 ml of 3.5 wt% NaCl aqueous electrolyte 
solution. The specimen was connected to the potentiostat as working electrode (WE). 
Standard Ag/AgCl as reference electrode (RE) and Pt as counter electrode (CE) were used 
in a three-electrode mode. EmStat3+ potentiostat and PSTrace software (PalmSens BV, 
Netherlands) were used for data recording and processing. 

The created system was stabilized for 1 h before starting the test. Recorded test for 
coated and uncoated materials was divided into three periods: (1) stabilization - 
1000 seconds (s); (2) tribo-corrosion – 7200 s in a case of 9.8 N (1 kgf) normal load only; 
and passivation - 1000 s. A 12 h tribo-corrosion test was additionally done under 
9.8 (1 kgf) and 29.42 N (3 kgf) loads with the multilayer AlCrN coated material by 
increasing a duration of the second period up to 43 200 s and increasing of initial 
maximum contact pressure from 1.31 up to 1.88 GPa, respectively. 

2.5 High temperature static oxidation tests 
Coated and bare SS 253 MA substrates and all selected types of ceramic counter-bodies 
were examined for their high temperature static oxidation behaviour. The oven 
Nabertherm L9/B equipped with the proportional-integral-derivative (PID) P330 
controller was employed for static oxidation at 300, 500, 800 °C for 5 h. Bare and coated 
steels were additionally tested at 900, 1000 and 1100 °C. Heating and cooling rates were 
set at 5 °C·min–1. A duration of static oxidation at selected test temperature was 5 h. 

2.6 Dry sliding tests at room and elevated temperatures under 
oxidative conditions 
Tests were performed in an ambient (oxidative) atmospheric conditions using the 
tribotester CETR UMT-2 equipped with S21ME1000 drive according to ASTM G99-05 as 
presented in Paper II. Schematic illustration of setup, conditions, and test parameters are 
shown in Figure 2, Table 6 and Table 7, respectively. The normal load of 3 N was applied 
to provide initial maximum contact pressure close to 1 GPa. The counter-body balls of 
β-Si3N4 (β-Si3N4 - 92.2, Y-3.5, Al-3.5, and Ti-0.8 wt%; Redhill Precision, Czech Republic), 
α-Al2O3 (Redhill Precision, Czech Republic) and yttria-stabilized tetragonal zirconia 
(YSZ, 95 % ZrO2, 5 % Y2O3, Tosoh/Nikkato, Japan) were used in this research. 

Accordingly, an analytical calculation of bulk and flash temperatures was done for 
room temperature situations as demonstrated in Paper II. An equations and a theory 
from the work about temperature maps for frictional heating in dry sliding (Ashby et al., 
1991) were used for this purpose. From a theory, a temperature that would appear at 
surfaces, if a frictional heat injects uniformly (heat flux, see Figure 2 b) across the 
apparent contact area, is understood as a ‘bulk temperature’. This theoretical 
assumption does not match the practical results as a real contact area is usually much 
smaller than apparent contact area. It leads to considerably higher ‘flash temperature’ 
at real contact areas. 
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Table 6. Testing conditions applied to materials (data is combined from Paper II). 

Material 
Testing temperature, °C 

20 300 500 800 900, 1000 
and 1100 

Si3N4 (ball) T S/T S/T S/T - 
Al2O3 (ball) T S S S/T - 
ZrO2 (ball) T S S S/T - 
AlCrN PVD 
(coating) 

T 
(Si3N4, Al2O3, ZrO2) 

S/T 
(Si3N4) 

S/T 
(Si3N4) 

S/T 
(Si3N4, Al2O3, ZrO2) S 

SS 253 MA 
(substrate) S S S S S 

Notes: S – static oxidation tests (5 h); 
T –tribological sliding test against indicated counter-body. 

Table 7. Testing parameters applied to materials (data is combined from Paper II). 

Track radius, mm 10 12 14 16 18 20 22 
Sliding Speed, m∙s-1 0.002 0.006 0.018 0.054 0.162 0.486 1.458 
Duration, s 180.0 133.5 99.1 73.5 54.5 40.4 30.0 
Distance, m 21.6 48.1 107.0 238.1 529.7 1178.1 2624.4 
Number of revolutions 343 637 1217 2369 4684 9375 18986 

2.7 Reliability estimation of preliminarily scratched coating 
AlCrN PVD coated SS 253 MA discs were tested under ambient (oxidative) atmospheric 
conditions using the tribotester CETR UMT-2 equipped with S21ME1000 drive according 
to the innovative method for reliability estimation of AlCrN PVD coating. This method in 
general combines two tribology related standards. Standard ASTM C1624-05 
(or analogue standard ISO EN 20502:2005) is commonly applied to estimate the 
adhesion strength and mechanical failure modes of ceramic coatings by quantitative 
single point scratch testing with a help of Rockwell “C” conical diamond indenter with 
an included angle of 120° and a spherical tip radius of 200 µm. Progressive damage test 
method along the scratch track was applied with a normal force from 0.98 (0.1 kgf) up 
to 98.07 N (10 kgf) to determine a minimum normal load at which delamination 
(buckling spallation) of the coating occurs by decohesion, exhibiting a minimum value 
of 19.61 N (2 kgf), as demonstrated in Figure 4. A severe delamination (wedging 
spallation) occurs at applied load of 49 N (5 kgf). Therefore, it was decided to 
preliminarily scratch of coatings by applying 6 different constant normal loads from 
1.96 N (0.2 kgf) - under the limit of the normal load at which first mechanical defects 
(lateral cracks) in the coating were found; up to 16.67 N (1.7 kgf) – slightly below the 
limit of the normal load at which delamination (buckling spallation) of the coating 
occurs, as demonstrated in Table 8 and Figure 5 a. 

Another test close to standard ISO 18535:2016(E) or ASTM G99-05 was applied to 
determine the friction and wear characteristics of the preliminarily scratched AlCrN PVD 
coating by the ball-on-disc method under dry sliding conditions, as shown in Figure 5 b. 
The standard test conditions for friction and wear tests were applied with the normal 
load of 4.9 N (0.5 kgf) to Al2O3 counter-body (6 mm in diameter). Wear track radius was 
14 mm. Sliding speed of 0.1 m·s-1 and sliding distance of 1000 m was set to provide about 
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11 372 revolutions. The same number of revolutions was applied by keeping the same 
sliding speed, but different constant normal loads of 1.96 N (0.2 kgf), 2.94 N (0.3 kgf), 
7.85 N (0.8 kgf), 11.77 N (1.2 kgf), and 16.67 N (1.7 kgf) to other wear track with the 
radius of 10, 12, 16, 18 and 20 mm, respectively. This purpose was selected as the 
objective to determine an evolution of defects in areas where counter-body 
perpendicularly slides over the scratch track. Space between every two scratches was 
higher for higher loads to avoid migration of defects from one scratch to another. 

Table 8. Selected scratching parameter values. 

Alternate load 
test Constant load test 

Selected loads, N (kgf) 0.98 – 98.07 
(0.1 – 10.0) 

1.96 
(0.2) 

2.94 
(0.3) 

4.90 
(0.5) 

7.85 
(0.8) 

11.77 
(1.2) 

16.67 
(1.7) 

Loading rate (progressive 
load), N∙min-1 10 10 10 10 10 10 10 

Horizontal displacement 
rate, mm∙min-1 2 10 10 10 10 10 10 

Total scratch length, mm 20 20 20 20 20 20 20 
Space from the first scratch 
on the disc, degree* - 0 20 60 120 200 300 

Notes: *Scratch with a constant load of 1.96 N (0.2 kgf) is regarded as the first scratch on the 
disk. 
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Figure 4. SEM (Hitachi TM1000) and 3D profile analysis (Bruker Contour GT-K0+) of 
progressive damage along scratch track of AlCrN coating after applying progressive load 
(from 0.98 up to 98.07 N) during test with Rockwell “C” indenter. 

Figure 5. Schematic layouts of scratched disk with Rockwell “C” indenter with indicated 
tracks (dashed lines) for sliding test (a) and unidirectional sliding tests against Al2O3 ball 
(b) with indicated constant normal loads. 
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3 RELIABILITY OF TESTED PVD COATINGS UNDERD SLIDING 
WEAR AND CORROSION CONDITIONS 

3.1 Potentiodynamic polarization test of statically corroded uncoated 
and coated AISI 316L in 3.5 wt% NaCl 
Tafel plots and calculated potentiodynamic polarization results of steel substrate and 
coated specimens are shown in Figure 6 and Table 9, respectively.  

It is clearly demonstrated, that the TiAlN PVD coating provides the lowest porosity 
(about 0.012 %) and highest the protection efficiency (Pi) (about 95 %), as shown in Table 9. 
The TiCN coating exhibits similar performance to the TiAlN one, confirming the high 
inertness of a transition metal nitrides and carbonitrides (Ibrahim et al., 2002). 

A significant passivation of AlCrN PVD coated sample was found after immersion for 
24 h. Ecorr calc significantly shifts toward positive value (-0.153 V vs. SCE) and icorr was 
found to be 32 times lower (0.05 µA·cm-2) as compared to the same coating after 10 min 
immersion. A passivation of the AlCrN PVD coating after 24 h immersion also reduces icorr 
down to 38 and 448 times lower values as compared with the tested substrate SS AISI 
316L after 10 min and 24 h immersion, respectively. 

Increased duration of the immersion of the AlCrN PVD coated sample leads to 
decrease in CR down to 4.88·10-4 mm·year-1 and porosity down to 0.002 %. A significant 
change in Ecorr calc confirms a hydrolyzation reaction with AlN on the surface and in the 
pores of the coating. Accordingly, coating reactivity makes calculation results of CR, Pi 
and Popen invalid for estimation of the real coating porosity after immersion for 
10 minutes. Corrosion products like amorphous aluminium monohydroxide 
(AlOOHamorph) and crystalline aluminium hydroxide (Al(OH)3crystal) form an additional 
passivation layer (Bowen et al., 1990). Increased protective efficiency up to 99.79 % 
confirms the inertness of transition metal (e.g. Cr) nitrides (Yang et al., 2013). Selected 
potentiodynamic polarization test provides the reliable information about the 
development of the corrosion protectivity of the AlCrN coating. 

Figure 6. Potentiodynamic polarization curves (Tafel plots) of uncoated and AlCrN PVD 
coated AISI 316L specimens, (a) – after 10 min immersion, (b) – after 24 h immersion 
(combined from Paper I, Paper III). 
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Table 9. Potentiodynamic polarization results of uncoated and TiCN, TiAlN and AlCrN PVD 
coated AISI 316L specimens tested in 3.5 wt% NaCl aqueous solution after 10 min or 24 h 
stabilization (combined and updated from Paper I and Paper III). 
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AISI 316L 
10 min 1.90 1.43·104 -0.423 0.718 0.069 1.98·10-2 - - 

AlCrN 
10 min 1.60 3.76·104 -0.340 0.399 0.212 1.67·10-2 15.92 29.16* 

TiCN 
10 min 0.19 1.60·105 -0.190 0.093 0.303 8.43·10-4 89.24 0.51 

TiAlN 
10 min 0.09 5.27·105 -0.180 0.159 0.354 4.94·10-4 94.98 0.01 

AISI 316L 
24 h 22.14 1.71·103 -0.669 0.312 0.121 2.31·10-1 - - 

AlCrN 
24 h 0.05 2.33·106 -0.153 0.488 0.517 4.88·10-4 99.79 0.002 

TiCN 
24 h 0.15 1.15·105 -0.403 0.113 0.254 1.39·10-3 99.41 0.08 

TiAlN 
24 h 2.95 2.24·103 -0.450 0.105 0.138 5.11·10-2 80.12 3.79 

Note: 10 min, 24 h – after 10 min and 24 h immersion; βa, βc – anodic and cathodic slopes in 
Tafel plot. Deviations Ecorr not more than ± 0.08 V, icorr – not more than ± 0.10 A. *The result is 
influenced by the reactivity of the AlN with the water in the AlCrN coating. 

3.2 Tribo-corrosion of uncoated and coated AISI 316L in 3.5 wt% NaCl 
Evolution of OCP and coefficient of friction (CoF) before, during and after short 
tribo-corrosion wear tests of uncoated and coated samples are presented in Figure 7, 
Paper I and Paper III. No visible passivation was observed after removing the mechanical 
load. TiCN shows up to three times lower CoF as compared with other specimens in given 
tribo-corrosion conditions. However, AlCrN PVD deposited onto substrate is the only 
coating that exhibit no failure, as OCP remains unchanged until the end of the test. 
Therefore, it was decided to increase test duration up to 12 h, and to compare with a 
more severe wear regime by applying 29.43 N (3 kgf) load as shown in Figure 8. A surface 
reactivity and aqueous solution penetration into pores was estimated by 24 h 
chrono-potentiometry as demonstrated in Figure 9, indicating a passivation of reaction 
and penetration processes after 45 400 s. 
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Figure 7. Comparison in evolution of CoF and open circuit potential (vs. Ag/AgCl) of 
uncoated and coated AISI 316L samples (combined from data in Paper I and Paper III). 

Figure 8. Extended (12 h) tribo-corrosion test of PVD AlCrN coated AISI 316L sample in 
3.5 wt% NaCl aqueous solution (combined from data in Paper III). 
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Figure 9. Chrono-potentiometric curve for PVD AlCrN coated AISI 316L sample in 3.5 wt% 
NaCl aqueous solution (combined from data in Paper III). 

A sharp shifting in OCP toward more negative values from about – 0.240 down to 
– 0.440 V vs. Ag/AgCl was observed in the first 3300 s of the wear test under 29.42 N
(3 kgf) load. This value remains stable for about 18 000 s, indicating an inability of 
corrosion products to create a stable passivation layer under such a load. However, 
critical failure of the coating was observed after about 18 000 s. OCP was measured to 
be almost continuously shifting toward negative values from – 0.440 down to about 
– 0.700 V vs. Ag/AgCl at the end of the test. Simplified schematic illustration of static and
dynamic corrosion process is made based on obtained data as shown in Figure 10. Several 
areas of CrN rich interlayers and microdroplet inclusions uncover during extended 
tribo-corrosion wear test under 9.8 N (1 kgf) load and several areas of uncovered CrN 
interlayer, cracks in the coating and even totally removed coating were found after 
extended tribo-corrosion wear test under 29.42 N (3 kgf) load. EDS results indicate a 
critically decreased atomic content of Al and the appearance of elements typical for 
AISI 316L in delaminated areas.  
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Figure 10. Simplified schematic illustration of the main processes on the surface and in 
wear scar during static and extended (12 h) tribo-corrosion tests in 3.5 wt.% NaCl 
solutions, respectively (supported with SEM micrographs and EDS results). A period of 
observed critical process during sliding test is shown. A ball is shown only for illustration 
without scale. Mainly released cations are indicated (combined from data in Paper III). 

3.3 Raman spectra of statically oxidized materials 
Raman spectroscopy of statically oxidized materials is described in detail in Paper II. 

Raman spectra on the surface of β-Si3N4, Y2O3 stabilized tetragonal ZrO2 and α-Al2O3 
before and after static oxidation tests at 800 °C for 1 h indicates almost no effect on 
crystalline phases (McHale, 1997; Platt et al., 2014). These test results indicate the ability 
of selected counter-bodies to maintain initial crystalline structure at all selected test 
temperatures up to 800 °C. The influence of the friction caused flash temperature on the 
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crystalline phase is also avoided when other predictable side factors, like vibration or 
sparks are eliminated or reduced to the minimum at applied environmental 
temperatures up to 800 °C. Consequently, a possibility to determine a material transfer 
from counter-body to tested AlCrN coated SS 253 MA and vice versa after sliding tests is 
enabled. 

3.3.1 Static oxidation of stainless steel 253 MA 
The appearance and evolution of defects in coatings caused by sliding wear cannot 
always be determined by the optical and SEM imaging methods. It creates the even great 
challenge when mechanically mixed layer consisting of a substrate and coating materials 
is formed and compacted in the wear scar over the substrate. Therefore, a reliable 
method like Raman spectroscopy for determination of unoxidized and oxidized SS 
substrate materials becomes preferable not only due to the oxidation caused by 
environmental conditions but also due to the heat flux and flash caused by friction in 
sliding contact area as schematically demonstrated in Figure 2 b. 

In the present PhD work, almost no significant changes were found in Raman spectra 
of SS 253 MA after applying the static oxidation temperature up to 500 °C, indicating a 
formation and development of the thin oxide scales, which consist of α-Fe2O3 (hematite). 
A continuation of oxidation under these oxidative conditions is limited due to the high 
concentration of Cr (McCarty et al., 1989; Natesan, 2002) in the structure of tested SS. 

Partially mild and severe oxidized areas were observed with the optical microscope 
after static oxidation of SS 253 MA at 800 °C. Temperature increase up to 900 °C leads to 
the completely severe oxidized surface. A formation of oxide crystals with more clearly 
separated phases was observed in the spectra after increasing test temperature up to 
1000 and 1100 °C. A presence of Cr2O3, γ-Fe2O3 (maghemite) (Boucherit et al., 1991; 
de Faria et al., 1997), transition phase of Fe3O4 (magnetite) and (Fe, Cr) based oxide spinel 
phase (Jubb et al., 2010) was determined after static oxidation tests at these 
temperatures. 

3.3.2 Static oxidation of AlCrN PVD coated stainless steel 253 MA 
The application of AlCrN PVD coating under environmental or friction initiated elevated 
temperature under oxidative conditions inevitably required to study the structure, 
thermal stability and oxidation behaviour of this material.  

Raman spectroscopy results of the surface of the tested as-received AlCrN PVD coating 
indicates typical broad peaks at 236-264 (LA – acoustic transition, related with vibration 
of Cr ions); 475 (mid-wave number bands 2A/LO and TO, related with vibration of N ions), 
712-720 (mid-wave number band A+O – second order transition), 1285 and 1472 cm-1

(high-wave number band 2O - second order transition) (Ipaz, 2012). This result indicates 
a dominating cubic CrN structure (L. Wang, 2008) typical for AlCrN PVD films with a 
content of Al from 40 up to 60 at. % (Kaindl et al., 2006). It should also be noted that no 
one typical peak at 249 (E2, low), 610 (A1, TO), 669 (E1, TO), 656 (E2, high), 891 (A1, LO) 
and 912 cm-1 (E1, LO) was observed for hexagonal AlN (Haboeck et al., 2003). 

It was found in Raman spectra that CrN decomposes and forms chromium oxide 
(Cr2O3) in the contact with the oxidative atmosphere at all selected elevated 
temperatures. Elevated temperatures up to 300 and 500 °C leads to the thickening of Cr
based oxide layer until the reaction becomes slow due to the reduced oxygen 
penetration rate. The thickening of the oxide layer intensifies at 800 °C due to the 
mismatch in thermal expansion between coating and formed oxide layer. Oxygen 
penetrates through cracked oxide layer and oxidizes the freshly uncovered area of the 



36 

 

unoxidized PVD coating or substrate in the case of failure. This factor causes defects in 
the oxide film and subsequent build-up of the layer by oxygen penetration into defected 
areas and expansion due to the growth of new oxides. Formation of α-Al2O3 or similar 
structured Al based oxide was found as indicated by the new Raman peak at 553 cm-1 
after static oxidation at 800 °C. It confirms that the oxidation temperature of AlN is about 
700 °C (Lee et al., 2002). 

3.4 The effect of the combination of temperature and sliding speed on 
coefficient of friction, oxidation of AlCrN PVD coated disks and wear 
rates of counter-bodies 
A determination of the reliability of the elevated temperature sliding wear input factors 
and measured dependent results are demonstrated in this section. 

A failure of the coating or enormous high vibrations during relatively short test 
duration was set as a limit for the determination of the reliable sliding conditions. 
The detailed description of the results is demonstrated in Paper II. Wear rates were 
measured on tested ball counter-bodies as it was too complicated to measure wear rates 
of tested discs. Therefore, wear process was more referred to counter-bodies, but 
determination of oxides was more referred to tested discs. 

3.4.1 The wear mechanism of the tested AlCrN coating against Si3N4 counter-body 
The effect of sliding speed in a combination with a test temperature on the final CoF, 
wear rates of the Si3N4 counter-bodies and oxidation of coating material is presented in 
Figure 11. An example of the difference between effects of reliable and unreliable sliding 
conditions are demonstrated as a failure of the coating shown in Figure 12 a and b. A full 
range of these results with included unreliable sliding test conditions are demonstrated 
in maps, as shown in Figure 13 a and b. The test temperature and the applied sliding 
speed are two reliability influencing varying input factors to be analysed in the present 
part of this research work. 

The highest recorded final CoF values (at the end of the test) from 0.76 up to 0.92 
were found at room temperature in the whole range of applied sliding speeds from 0.002 
up to 1.458 m·s-1 in comparison with results recorded during tests at elevated 
temperatures as demonstrated in Figure 13 a. Final CoF reaches the lowest values from 
0.51 up to 0.60 by increasing test temperature up to 300 °C at selected sliding speeds up 
to 0.126 m·s-1, as shown in Figure 11. The final CoF value tends to increase in the range 
of coating reliability maintaining sliding speeds by increasing sliding test temperature up 
to 500 (up to 0.126 m·s-1) and 800 °C (up to 0.054 m·s-1), reaching maximum values of 
0.63 and 0.80, respectively. These results indicate the significant influencing factor of 
oxidative environmental temperature in the range from 20 up to 800 °C. Results 
demonstrate down to about 45 % lower final CoF when the test temperature of 300 °C is 
applied. 

Sliding speed becomes a more important factor when the environmental temperature 
is constant. Generally, an increase in sliding speed leads to a decrease in a final CoF values 
in a range of lowest sliding speeds at elevated temperatures. This tendency disappears 
when sliding speeds are higher than 0.006 (at 300 and 500 °C) and 0.018 m·s-1 (at 800 °C), 
as demonstrated in Figure 11. It can be concluded, that the final value of the CoF remains 
relatively unchanged varying from 0.61 up to 0.63 at 500 °C and sliding speeds up to 
1.458 m·s-1. However, the CoF increases when applied sliding speed is higher than 
0.162 m·s-1 at 300 °C. Similar effect occurs at 800 °C when sliding speed exceeds 
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0.018 m·s-1. Final values of CoF continuously increase up to 0.86 at maximum test sliding 
speed. Exceptions are recorded CoF values at room temperature. Final values of the CoF 
remain relatively stable from 0.85 up to 0.92 when sliding speeds up to 0.486 m·s-1 are 
applied. A slight reduction in CoF values occurs when sliding speed exceeds 0.054 m·s-1, 
reaching lowest final CoF value of 0.76 at maximum applied sliding speed. It should be 
noted, that running-in (Blau, 2005) period (evolution in CoF) was about the third part of 
a total duration of the test during lowest sliding speed due to the possible rolling of 
collected wear debris from removed asperities as demonstrated in Paper II. 

Generally, increased test sliding speeds lead to the decrease in wear rates of Si3N4 
counter-bodies (balls) as demonstrated in Figure 11 (the range of speeds at which coating 
is reliable) and Figure 13 b (the whole range of test sliding speeds). It is also possible to 
conclude from the similar study (Antonov et al., 2013), that the wear of Si3N4 
counter-bodies is several orders of magnitude higher than that of coated disks (see Paper II). 

The calculated rise of temperatures for bulk material and flash temperatures of Si3N4 
counter-bodies sliding against AlCrN PVD coating with applied reliability maintaining 
sliding speeds during the room temperature test are demonstrated in Figure 11. 
Calculated temperatures in a full range of applied sliding speeds are demonstrated in 
Paper II. A quite high bulk temperature was found according to calculations due to the 
relatively high CoF recorded during tests. It was found that flash temperature 
theoretically exceeds the maximum service temperature of Si3N4 counter-body (1100 °C) 
when the sliding speed reaches 0.486 m·s-1 as shown in Figure 11. However, EDS results 
in the wear tracks of the worn AlCrN PVD coatings indicate heavily oxidized transfer layer 
with an increased content of Si (about 5.6 %) after applying sliding speeds of 0.006 and 
1.458 m·s-1 due to the high CoF and extremely high flash temperature (>3000 °C, 
see calculations in Paper II) in sliding contact zone, respectively. A visual comparison 
supported with EDS results between tests after applied reliable and unreliable sliding test 
conditions is shown in Figure 12 a and b, indicating a transfer of counter-body and failure 
of the coating when speed exceeds reliability limit of the coating. An increased 
concentration of Fe indicates a presence of the uncovered SS substrate in wear track and 
emanation of Fe from the substrate to the surface of the worn AlCrN PVD coating. 
An increase in the content of oxygen reveals a significant oxidation of the tribolayer. 

Raman spectra of the PVD coating before and after static oxidation helps to 
understand the effect of applied reliable and unreliable combination of the sliding speed 
and the temperature of an oxidizing environment on the formation of oxides in the wear 
scar, as shown in Table 10. 

The development of oxides at room temperature is strongly dependant on applied 
sliding speed. A thickness of oxide scales increases in wear scar of the AlCrN PVD coating 
after tests at lowest applied sliding speed (0.002 m·s-1) but remains too thin to be clearly 
observed in Raman spectra. Increasing applied sliding speeds up to 0.054 m·s-1 lead to a 
formation of Cr2O3 oxide scales in a wear scar, exhibiting the Raman spectra like those of 
spectra after static oxidation test at 300 °C. An applied sliding speeds from 0.162 up to 
0.486 m·s-1 lead to a formation of a mixed Cr2O3 oxide scales similar to those detected 
after static oxidation at 300 and 500 °C. The sliding speed of 1.458 m·s-1 results in 
unreliable performance and subsequent failure of the coating as the spinel phase was 
detected in the spectra. Generally, the similar spectra were found after static oxidation 
at 800 °C, but it could be concluded that AlN remains unoxidized in wear scar. Similar 
baselines with a presence of Raman peaks detected from Al2O3 were captured after tests 
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at elevated temperatures and exceeded the range of sliding speeds at which the tested 
coating is reliable. 

The range of applied sliding speeds up to 0.162 m·s-1 at 300 and 500 °C leads to a 
formation of similar oxide scales in the wear scar as observed after sliding tests at room 
temperature and sliding speeds from 0.162 up to 0.486 m·s-1. It should be noted that very 
similar development of oxide scales occurs at both elevated temperatures at different 
applied sliding speeds as schematically shown in Figure 11. 

Sliding speeds up to 0.054 m·s-1 at 800 °C leads to the formation of the similar baseline 
in Raman spectra captured after static oxidation, indicating almost no effect of applied 
sliding speed on oxide scales. 

Figure 11. CoF, wear rates of Si3N4 counter-bodies, calculated rise of bulk/flash 
temperature, observed Raman peaks in wear scars of AlCrN coating and indicated similar 
Raman spectra from static oxidation tests for reliable sliding conditions (data is combined 
from Paper II). 
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Table 10. Assignment of Raman peaks after sliding initiated oxidation of AlCrN PVD coated 253 MA stainless steel against Si3N4 counter-bodies under 
room and elevated temperature conditions with indicated reliability of the coating under applied conditions (data is combined from Paper II). 

Test temperature, °C 
20 300 and 500 800 

Sliding speeds, 
m∙s-1 

Raman shift cm-1 
and assignment 

Sliding speeds, 
m∙s-1 

Raman shift cm-1 and 
assignment 

Sliding 
speeds, m∙s-1 

Raman shift cm-1 and 
assignment 

0.002 236 – 264 (LA); 712 
– 720 (A+O) 0.002; 0.006; 

0.018; 0.054; 0.162 
Reliable 

310 (Cr2O3); 693 (Cr2O3) 

0.002; 0.006; 
0.018; 0.054 

Reliable 

310 (Cr2O3) 553 (Al2O3) 554 
(Cr2O3); 698 (Cr2O3) 0.006; 0.018; 

0.054 
310 (Cr2O3) 700 

(Cr2O3) 

0.162; 0.486 
Reliable 

310 (Cr2O3); 693 
(Cr2O3) Unreliable 

0.162; 0.486; 
1.458 

310 (Cr2O3); 553 (Al2O3); 554 
(Cr2O3); 686 (Fe, Cr-spinel); 693 

(Cr2O3); 698 (Cr2O3) 
Unreliable 

0.486; 1.458 

310 (Cr2O3); 553 (Al2O3); 
554 (Cr2O3); 686 (Fe, Cr-
spinel); 693 (Cr2O3); 698 

(Cr2O3) 
Unreliable 

1.458 

310 (Cr2O3); 693 
(Cr2O3); 680 (spinel); 
1017 (NI); 1323 (NI) 

Note: NI – not identified 

Figure 12. An images of 3D profilometry of the wear tracks on the surface of AlCrN PVD coating after completed test with sliding speeds providing 
reliability (a) and unreliability of the coating (b) with indicated counter-body material, sliding speed, test temperature and results of EDS analysis 
(data is combined from Paper II). 
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Figure 13. The maps of the effect of sliding speed and temperature on final CoF during 
sliding (a) and wear rates of Si3N4 counter-bodies measured after sliding (b) against AlCrN 
coating, constructed according to results demonstrated in Paper II with detailed 
description. Note: * indicates the test at 800 °C and sliding speed of 1.458 m·s-1 stopped 
after 10 % of total test duration due to the undesirably high vibration and noise (Paper II). 

3.4.2 The wear mechanism of the AlCrN coating tested against Al2O3 counter-body 
The effect of applied the sliding speed and the temperature on the final CoF and wear 
rates of Al2O3 counter-bodies are represented in Figure 14 a and b. Values of the final 
CoF at room temperature were varying from 0.64 up to 0.66, as demonstrated in 
Figure 14 a. Significantly lower values of the final CoF from 0.4 up to 0.46 were recorded 
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during sliding tests at 800 °C. Generally, an increased sliding speed leads to a slightly 
higher value of the CoF under tested elevated temperature tribo-corrosive conditions. 
Low wear rates (see Figure 14 b) indicates that the application of the Al2O3 counter-body 
clearly leads to a more pronounced wear of the AlCrN coating in comparison with the 
Si3N4 material applied as a counter-body (Mo et al., 2009a). An oxidation of CrN into Cr2O3 
also leads to a formation of compacted and smooth flakes located in the tribolayer during 
wear of the AlCrN PVD coating. Delamination of the AlCrN PVD coating occurs in small 
areas due to the presence of pinhole defects. The low wear and the small contact area 
of the alumina ball lead to high stresses at delaminated areas of a coating. Subsequently, 
this effect causes a catastrophic failure of the AlCrN PVD coating at 800 °C and applied 
the highest sliding speeds of 0.486 and 1.458 m·s-1. 

An application of the present tribopair leads to a transfer of un-oxidized and oxidized 
AlCrN coating material to the wear scar of Al2O3 counter-bodies under all applied test 
conditions. A presence of the same Al atoms in the AlCrN coating and Al2O3 counter-body 
causes complication to determine a transfer of α-Al2O3 in any direction by EDS or Raman 
spectroscopy. Applied sliding speeds from 0.486 up to 1.458 m·s-1 causes a formation of 
thick oxide scales in the tribocontact as detected by the corresponding Raman peaks 
after wear tests. A formation and a transfer of (Fe, Cr) spinel phase were observed after 
sliding tests at 800 °C and a speed of 1.458 m·s-1. Similar Raman peaks were found after 
the static oxidation of SS 253 MA (spinel, peak at 682 cm-1) and the static oxidation of 
AlCrN PVD coating (Cr2O3, at 693 cm-1) indicating the development of mechanically mixed 
layer, which consists of corrosion products from Cr interlayer and uncovered steel 
substrate. 

Figure 14. The effect of sliding speed on CoF with indicated calculated rise of bulk/flash 
temperature (TR) for every second result (a); and the wear rates (b) of tested Al2O3 
counter-bodies against the AlCrN coating (data is combined from Paper II). 

3.4.3 The wear mechanism of the AlCrN coating tested against ZrO2 counter-body 
The effect of the applied sliding speed and the temperature on the final CoF and wear 
rates of ZrO2 counter-bodies are represented in Figure 15 a and b. A low hardness and a 
low thermal conductivity (Schlichting et al., 2001) results in a catastrophically high wear 
rate of the ZrO2 counter-body. A melting and a phase transformation from a tetragonal 
to a monoclinic (Platt, 2014) induces wear rate of the tested counter-body due to a 
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frictional heating (Ashby, 1991). A build-up layer (Podgursky et al., 2014) forms in the 
wear scar of the AlCrN PVD coating at room temperature and applied low speeds. 
The larger is the size of the tribological wear contact zone, the higher is frictional heating 
(see Figure 15 b) and lower thermal conductivity of the ZrO2 (Samani et al., 2010) 
counter-body provokes failure of the AlCrN PVD coating when applied sliding speed 
exceeds threshold values of 0.162 (at room temperature) and 0.006 m·s-1 (at 800 °C). 

A fracturing of a coating material into fragments leads to a subsequent partial 
delamination. This process causes an accelerated abrasive wear due to an increased 
surface roughness in the wear scar of the AlCrN PVD coating. Hard abrasive particles 
scratch deep grooves in the wear scar of the ZrO2 ball. EDS and Raman spectroscopy 
results indicate a critical difference between intensities of material transfer from the ball 
to the coating (very intensive) and vice versa (almost no transfer).  

Figure 15. The effect of sliding speed on CoF with indicated calculated rise of bulk/flash 
temperature (TR) (a) and wear of the tested ZrO2 counter-bodies (b) against AlCrN coating 
(data is combined from Paper II). 

3.5 Assessment of the reliability of preliminarily scratched coating 
The effect of the applied load on Rockwell “C” indenter and Al2O3 counter-body and the 
applied environmental temperature is demonstrated in Figure 16, Tables 11 - 13. 
The research work performed during development of this method has led to the 
determination of together 18 events related to wear mechanism. These events occur 
during sliding of the counter-body over the preliminarily scratched coatings at the test 
temperature.  

An analysis of the combined tribological scratch and sliding caused wear leads to 
several complications in an expression of the measurement results. It is due to several 
events which repeat periodically or factors which affects the probability of the 
occurrence. For example, a cyclic collection, compaction, and removal of the debris 
material in the scratch track can cause a wrong conclusion about the occurrence of the 
event, if the observation is done on the tested surface before the collection of debris or 
the destruction of compacted debris is started. Therefore, a visual observation supported 
with SEM imaging and collected knowledge from previous publications was selected as 
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the method in this preliminarily research work to make the database for the further 
investigation with an optical and contact type measurement devices. 

Observed and understood events were classified into three parts of favourability: 
• Favourable – a tribological event, which leads to increased lifetime and

reduces the probability of the failure of the tribosystem;
• Neutral – a tribological event, which occurs and gives no significant effect

under applied conditions. Such an event may give some effect if some sliding
test parameter (e.g. sliding distance) exceeds some limit;

• Unfavourable – a tribological failure event or an event, which causes a
condition at which the coating may critically suffer in future from some
exceeded sliding parameter (e.g. sliding distance).

Following events were visually identified in SEM images [a favourability of the event 
is also shown], as demonstrated in Figure 16 a-f and applied designations (from E1 to 
E18) were used for indication of the event below: 

E1.  Counter-body removes asperities on the surface of the PVD AlCrN coating 
before the edge of the scratch track [favourable]. 

E2. Counter-body removes asperities on the surface of the PVD AlCrN coating 
after the edge of the scratch track [favourable]. 

E3. Counter-body polishes the 1st edge of the scratch track on the PVD AlCrN 
coating [favourable]. 

E4. Wear debris collect at the 2nd edge of the scratch track of the PVD AlCrN 
coating and forms a smooth tribolayer [favourable]. 

E5. Wear debris collect at the edges of the wear track of the PVD AlCrN coating 
[neutral]. 

E6. Coating is removed due to the cracking at the 2nd edge of the scratch track of 
the PVD AlCrN coating [unfavourable]. 

E7. Counter-body partially jumps over the small area after the 2nd edge of the 
scratch track of the PVD AlCrN coating (contact load is locally reduced) and 
can cause higher stresses in landing areas [neutral]. 

E8. A severe transfer of Al2O3 from the counter-body to the coating after the 2nd 
edge of the scratch track of the of the PVD AlCrN coating due to high value 
of inertia of the loading system (contact load becomes higher than applied) 
[unfavourable]. 

E9. Coating delaminates inside the scratch track of the PVD AlCrN coating 
[unfavourable]. 

E10. Counter-body compresses asperities of the surface of the PVD AlCrN coating 
and a wear debris into smooth tribolayer with an average surface roughness 
of Ra ≤ 0.06 µm [favourable]. 

E11. Compacted wear debris connects both edges of the scratch track of the PVD 
AlCrN coating [favourable]. 

E12. Compacted wear debris partially closes the scratch track of the PVD AlCrN 
coating [favourable]. 

E13. Coating fails (the substrate is uncovered) before scratch track of the PVD 
AlCrN coating [unfavourable]. 

E14. Coating fails (the substrate is uncovered) after scratch track of the PVD AlCrN 
coating [unfavourable]. 

E15. Counter-body mechanically mixes a wear debris of the PVD AlCrN coating and 
substrate materials [unfavourable]. 
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E16. Counter-body causes ripples (Podgursky, 2014) on the surface of the PVD 
AlCrN coating [neutral]. 

E17. Counter-body periodically compacts and removes wear debris in the scratch 
track due to the too weak adhesion between compacted wear debris and the 
coating [unfavourable]. 

E18. Counter-body completely mechanically mixes a layer of the PVD AlCrN 
coating and the substrate [unfavourable]. 

Thresholds between reliable and unreliable loads on indenter and counter-body are 
clearly demonstrated in Table 11, Table 12 and Table 13 for the sliding wear tests at the 
room temperature, 500 and 800 °C, respectively.  

It was found, that, generally, only favourable or neutral events occur at the area of 
the crossing points of tracks, indicating mild sliding wear conditions under applied load 
to the counter-body up to 7.85 N (0.8 kgf), if the same maximum load is applied to the 
indenter at room temperature, as shown in Table 11. Deep scratch track, caused by the 
indenter leads to a critically reduced maximum reliable load on the counter-body down 
to 2.94 N (0.3 kgf). Complete failure of the tested AlCrN coating occurs when counter ball 
slides over the deepest scratch track caused by 16.67 N (1.7 kgf) load, applied to 
indenter. 

The event E15 is the debatable issue. Two possible results could be explained in this case: 
• A presence of the substrate material containing mechanically mixed layer

(MML) indicates the failure of the coating, therefore, it leads to the exposure 
of the substrate to the aggressive environment (unfavourable event);

• The formed MML may completely or almost completely recover the
substrate, therefore the degradation of the substrate can be reduced
(favourable event). Such MML can provide even better tribological
properties. However, the formation of the MML is the mostly
inhomogeneous process. Therefore, the formed MML may be detached
during sliding and may cause a three-body abrasion in the wear contact
zone.

Temperature increase up to 500 and 800 °C drastically decreases a range of reliable 
loads to counter-body and indenter. A set of dominating favourable and unfavourable 
events also changes to more severe sliding wear conditions. At 500 °C, a reliably applied 
load to the counter-body generally becomes limited down to 4.9 (0.5 kgf) and 2.94 N 
(0.3 kgf), when the coating is preliminarily scratched by indenter under maximum load 
of 7.85 N (0.8 kgf). However, the maximum scratch load of 2.94 N (0.3 kgf) was 
determined as reliable for sliding wear under 11.77 (1.2 kgf) and 4.9 N (0.5 kgf) loads.  
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Figure 16. Examples of the SEM images of the observed events (changes) on the surface 
of the coating at the area of the crossing points of scratch tracks (caused by Rockwell “C” 
indenter) and wear tracks (caused by Al2O3 counter-body) at room temperature (a) and 
(b); 500 (c) and (d); and 800 °C (e) and (f). An applied load F (kgf) to the indenter and to 
the counter-body are indicated. Determined events are numbered from 1 to 18 and are 
explained in the text. 
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Table 11. Observed events (changes) on the surface of the PVD AlCrN coating at the area 
of the cross-sections between scratch tracks (caused by Rockwell “C” indenter) and wear 
tracks (caused by Al2O3 ball counter-body) at room temperature. 

Table 12. Observed events (changes) on the surface of the PVD AlCrN coating at the area 
of the cross-sections between scratch tracks (caused by Rockwell “C” indenter) and wear 
tracks (caused by Al2O3 ball counter-body) at 500 °C. 

The applied load during scratch test, N (kgf) 
1.96 (0.2) 2.94 (0.3) 4.9 (0.5) 7.85 (0.8) 11.77 (1.2) 16.67 (1.7) 
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1.96 
(0.2) 

4F, 5N, 10F, 
12F 

4F, 5N, 10F, 11F, 
12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 11F, 
12F, 16N, 17U, 
18U 

4F, 5N, 10F, 
11F, 12F, 14U 

2.94 
(0.3) 

4F, 5N, 10F, 
12F 

4F, 5N, 10F, 11F, 
12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 11F, 
12F, 13U, 16N, 
17U, 18U 

4F, 5N, 11F, 
12F, 13U, 
14U, 15U, 16N 

4.9 
(0.5) 

4F, 5N, 10F, 
12F 

4F, 5N, 10F, 11F, 
12F 

4F, 5N, 10F, 
12F, 14U, 
16N 

4F, 5N, 10F, 
12F, 16N 

4F, 5N, 9U, 10F, 
11F, 12F, 17U, 
18U 

4F, 5N, 10F, 
11F, 12F, 14U, 
16N 

7.85 
(0.8) 

4F, 5N, 10F, 
12F 

4F, 5N, 10F, 11F, 
12F, 13U 

4F, 5N, 6U, 
10F, 12F, 
13U, 14U, 
15U, 16N 

4F, 5N, 6U, 
10F, 12F, 
13U, 14U, 
15U, 16N 

4F, 5N, 6U, 9U, 
10F, 11F, 12F, 
13U, 14U, 15U, 
17U, 18U 

4F, 5N, 6U, 
10F, 11F, 12F, 
13U, 14U, 
15U, 16N 

11.77 
(1.2) 

4F, 5N, 9U, 
10F, 12F, 
13U 

4F, 5N, 7N, 9U, 
10F, 12F, 13U, 
14U, 15U, 16N 

4F, 5N, 6U, 
9U, 10F, 12F, 
13U, 14U, 
15U, 16N 

4F, 5N, 6U, 
11F, 12F, 
14U, 15U, 
16N 

4F, 5N, 6U, 9U, 
10F, 11F, 12F, 
13U, 14U, 15U, 
17U, 18U 

4F, 5N, 6U, 
10F, 11F, 12F, 
13U, 14U, 
15U, 16N 

16.67 
(1.7) 

4F, 5N, 6U, 
7N, 9U, 
10F, 12F, 
13U, 14U 

4F, 5N, 7N, 9U, 
10F, 12F, 13U, 
14U, 15U, 16N 

4F, 5N, 6U, 
9U, 10F, 12F, 
13U, 14U, 
15U, 16N 

4F, 5N, 6U, 
11F, 12F, 
15U, 16N 

4F, 5N, 6U, 10F, 
11F, 12F, 13U, 
14U, 15U, 17U, 
18U 

4F, 5N, 6U, 
10F, 11F, 12F, 
13U, 14U, 
15U, 16N 

Notes: XF – favourable event; XN – neutral event; XU – unfavourable event. 

The applied load during scratch test, N (kgf) 
1.96 (0.2) 2.94 (0.3) 4.9 (0.5) 7.85 (0.8) 11.77 (1.2) 16.67 (1.7) 
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)  1.96 
(0.2) 

1F, 2F, 3F, 
4F, 5N 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

5N, 9U, 18U 

2.94 
(0.3) 

1F, 2F, 3F, 
4F, 5N 

1F, 2F, 3F, 4F, 
5N, 12F, 16N 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

3F, 4F, 5N, 11F, 
12F, 16N 5N, 9U, 18U 

4.9 
(0.5) 

1F, 2F, 3F, 
4F, 5N 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 6U, 12F 

5N, 9U, 18U 

7.85 
(0.8) 

1F, 2F, 3F, 
4F, 5N 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F 

1F, 2F, 3F, 4F, 
5N, 12F, 13U, 
15U, 16N 

5N, 9U, 18U 

11.77 
(1.2) 

1F, 2F, 3F, 
4F, 5N, 16N 

1F, 2F, 3F, 4F, 
5N, 7N, 9U, 
12F, 13U 

1F, 2F, 3F, 4F, 
5N, 7N, 8U, 
9U, 12F, 13U 

1F, 2F, 3F, 5N, 
6U, 9U, 12F, 
13U, 14U 

1F, 2F, 3F, 4F, 
5N, 9U, 12F 

5N, 9U, 18U 

16.67 
(1.7) 

1F, 4F, 5N, 
7N, 8U, 12F, 
13U 

1F, 3F, 4F, 5N, 
6U, 7N, 8U, 9U 

1F, 2F, 3F, 4F, 
5N, 7N, 8U, 
9U, 10F, 12F, 
13U 

1F, 2F, 3F, 5N, 
6U, 7N, 8U, 
9U, 12F, 13U, 
14U 

1F, 4F, 5N, 6U, 
13U, 14U, 15U, 
16N 

5N, 9U, 18U 

Notes: XF – favourable event; XN – neutral event; XU – unfavourable event. 
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Table 13. Observed events (changes) on the surface of the PVD AlCrN coating at the area 
of the cross-sections between scratch tracks (caused by Rockwell “C” indenter) and wear 
tracks (caused by Al2O3 ball counter-body) at 800 °C. 

The applied load during scratch test, N (kgf) 
1.96 (0.2) 2.94 (0.3) 4.9 (0.5) 7.85 (0.8) 11.77 (1.2) 16.67 (1.7) 

Th
e 

ap
pl

ie
d 

lo
ad

 d
ur

in
g 

sl
id

in
g 

w
ea

r t
es

t, 
N

 (k
gf

) 1.96 
(0.2) 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 9U, 10F, 11F, 
12F, 13U, 18U 

5N, 11F, 
12F, 13U, 
14U, 15U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

2.94 
(0.3) 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 6U, 7N, 9U, 
10F, 11F, 12F, 13U, 
14U, 15U, 16N, 17U, 
18U 

5N, 11F, 
12F, 13U, 
14U, 15U, 
18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

4.9 
(0.5) 

4F, 5N, 10F, 
11F, 12F 

4F, 5N, 10F, 
11F, 12F, 
16N 

4F, 5N, 10F, 11F, 12F, 
14U, 15U 

5N, 11F, 
12F, 13U, 
14U, 15U, 
18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

7.85 
(0.8) 

4F, 5N, 10F, 
12F 

4F, 5N, 11F, 
12F, 15U, 
16N 

4F, 5N, 6U, 7N, 10F, 
11F, 12F, 14U, 15U, 
16N 

5N, 11F, 
12F, 13U, 
14U, 15U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

11.77 
(1.2) 

4F, 5N, 10F, 
12F 

4F, 5N, 7N, 
10F, 12F, 
15U, 16N 

4F, 5N, 6U, 7N, 10F, 
11F, 12F, 13U, 14U, 
15U 

5N, 6U, 10F, 
11F, 12F, 
15U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

16.67 
(1.7) 

4F, 5N, 10F, 
11F, 12F, 
16N, 17U 

4F, 5N, 7N, 
10F, 12F, 
15U, 16N 

4F, 5N, 6U, 7N, 10F, 
11F, 12F, 13U, 14U, 
15U, 18U 

5N, 11F, 
12F, 14U 

5N, 6U, 11F, 
12F, 13U, 14U, 
15U, 18U 

5N, 11F, 12F, 
13U, 14U, 
15U, 18U 

Notes: XF – favourable event; XN – neutral event; XU – unfavourable event. 

3.6 Discussion 
The characterization of properties of a PVD coating is closely tied to applied 
characterization method of a selected substrate and a deposition process (Ding et al., 
2008). In the present work, a Platit π-80 unit offers automatic bias control of deposition 
with a high control speed of the closed loop for bias control (Kimmari et al., 2013; Yaldiz 
et al., 2009). It leads to low single peaks in the plot caused by the transmission of the 
voltage from the power supply to the rotating substrate as demonstrated in Figure 17 a. 
Such instability can be additionally responsible for defected areas in the PVD coating of 
several samples from the same booth, as the example is demonstrated in Figure 17 b. 
It is clear, that the purity of the SS substrate and working chamber are two main factors 
which lead to such defects. The condition of electrodes also should be considered. 
Instabilities in bias voltage and position of the substrate also lead to deviation in the total 
thickness of the PVD coating as demonstrated in Figure 17 c. Specimens with defected 
coatings were as possible excluded from testing in the present work, however, a more 
automatic SEM scanning method should be applied to make the selection process more 
accurate. 

AlCrN PVD coating performs significantly better in the corrosive (Figure 6 and Table 9) 
and tribo-corrosive (3.5 wt% NaCl aqueous solution) conditions than tested TiCN or TiAlN 
PVD coatings with the similar thickness deposited on the SS AISI 316L substrate. 
A formation of a thin and mainly amorphous AOOH(amorph) layer occurs due to the 
well-known reaction between AlN and H2O (Barshilia et al., 2006). Corrosion film leads 
to a slow penetration of an aqueous solution, therefore a corrosion rate of the AlCrN PVD 
coating becomes slow.  
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Figure 17. Recorded hidden process instability in substrate bias voltage determined 
during AlCrN PVD process on SS 253 MA substrate in Platit π-80 unit (a); and thickness of 
obtained AlCrN (measured by KaloMax ball cratering method) in present PhD study (b). 

A reliability estimation scheme and a fault analysis critically require the 
characterization of a coating. Properly applied relevant test parameters allows to 
determine and to estimate important irregularities and deviations in properties (Liqin 
Wang et al., 2017) of a coating. The dominating phase of a face-centered cubic CrN 
changes to a dominating hexagonal wurtzite AlN phase in an AlxCr1-xN PVD coating when 
the ratio of Al exceeds x = 0.71 (L. Wang, 2008). Clearly dominating inversion symmetry 
of the tested AlCrN PVD coating distinguishes groups of bands in the acoustic and optical 
ranges of Raman spectra (Barshilia et al., 2004), indicating a ratio of Al less than 0.71 as 
demonstrated in Figure 18 a and supported by the data from literature (Ipaz, 2012) and 
by the result of the XRD analysis for the same coating from the same PVD booth 
(Paper II and Paper III).  

An estimation of the reliability of a PVD coating in sliding applications commonly refers 
to tribological problems detected in a commercially available tool in service. It leads to a 
required research work on problems that commonly starts with a collection of an 
information about exact service conditions. Subsequently, this data leads to a selection 
of an appropriate experimental method. A preliminarily investigation is a usual first step 
in understanding the applicability of a selected method that gives required information 
for the selection of varying input factors to support preliminarily obtained data.  

A lower roughness of an SS substrate and a coating is usually required to reduce a CoF 
and a wear rate of materials in sliding contact. Here it should be noted that more 
aggressive conditions, like higher applied normal load or higher sliding speed, may 
accelerate a polishing of a coating and an arrangement of tribopair in a sliding contact. 

Static oxidation tests of the SS 253 MA substrate indicate the good oxidation 
resistance up to 500 °C. High oxidation resistance of a Cr and a dense Fe based oxide 
scales leads to a sufficiently protected metal in the oxidative environment. Raman 
spectroscopy indicates the presence of Cr2O3, Fe3O4, γ-Fe2O3 and a (Fe, Cr) based spinel 
on the surface of the oxidized SS. It is well known, that Cr2O3 is one of a most widely 
applied compound as a coating in tribological applications, due to a high hardness of 
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about 2300 HV and a good high temperature wear resistance up to about 1000 °C. 
The discovered iron-based oxides and the spinel are commonly applied as coatings to 
protect a steel substrate from a further oxidation. However, enormous high corrosion 
rate can occur, when such coating experiences mechanical damages or a direct contact 
to a corrosive aqueous solution like saltwater. 

Figure 18. The Raman spectra of AlCrN PVD coated SS 253 MA (a) and the XRD pattern of 
AlCrN PVD coated AISI 316L (b) with indicated determined possible crystalline phases. It 
should be noted that selected XRD method was scanning in depth of about 30 µm and 
signals from substrate and interlayer may interact (data is combined from results 
described in Paper II and Paper III). 

It is well known from theory that Gibbs free energy determines whether the process 
is advantageous, and the product is more stable (ΔG° < 0) or a process is not 
advantageous, and a product is less stable (ΔG° > 0). It also well known, that AlN is more 
thermodynamically stable than CrN due to a fact, that ΔG°AlN = -287.4 kJ·mol-1 is more 
negative value than ΔG°CrN = -92.80 kJ·mol-1. These values inevitably lead to dominating 
decomposition of CrN and oxidation into Cr2O3 as observed in Raman spectra after static 
oxidation of the AlCrN PVD coating at all elevated temperatures. This effect can lead to 
and exceeded Al ratio of 0.71, causing dominating hexagonal wurtzite AlN phase in the 
AlCrN structure at the surface where the oxidation process reduces a concentration of 
CrN. It means that in tribo-corrosive conditions at elevated temperatures a counter-body 
slides in direct and apparent contact with dominating AlN in the AlCrN PVD coating 
structure with embedded or mechanically removed Cr2O3 particles. This situation occurs 
until applied tribo-corrosive sliding conditions exceed some limit, like AlN decomposition 
at the too high temperature or applied sliding speed. AlN is stable at room temperature 
due to a presence of a surface oxide layer with the thickness from 5 up to 10 nm. The 
oxidation rate of an AlN in air critically increases at temperatures above 700 °C, but the 
formation of not defective oxide layer leads to a protection of a bulk AlN at temperatures 
up to 1370 °C (Berger, 1996). However, this protection ability is limited in a case of the 
tested AlCrN PVD coating due to the presence of decomposing CrN, which leads to the 
formation of defects due to a growth of a Cr based oxides. Static oxidation of the AlCrN 
coating at 800 °C leads to a formation of α-Al2O3, as observed in the Raman spectra. It is 
well known, that it is complicated to determine a formation temperature of an α-Al2O3 
phase due to many influencing factors like a crystalline phase of raw alumina, size of 
crystals, pH value, etc. Commonly, a formation of an α-Al2O3 occurs at about 1050 °C via 
kappa (κ-Al2O3), theta alumina (θ-Al2O3) (Ptáček, 2014) or at about 800 °C via diaspore 



50 

 

(α-AlO(OH)). However, particle sizes of released free metallic Al from AlN due to the 
thermal or mechanical impact can induce a direct oxidation into α-Al2O3 phase at lower 
temperatures as well. Gibbs free energy of α-Al2O3 (ΔG°α-Al2O3 = -1581 kJ·mol-1) is more 
negative than ΔG°Cr2O3 = -1053 kJ·mol-1. It leads to improved stability of an alumina over 
a wide range of temperatures under oxidative conditions. Significant microstructural 
modifications on the surface of the multilayered AlCrN PVD coating become induced at 
elevated temperatures from 800 up to 1100 °C causing changes in mechanical properties 
like hardness and wear resistance (Vancoille et al., 1994).  

A hardness of a substrate and a thickness of a coating significantly influences the 
reliability of a given coating system under normal loading conditions due to a possible 
bending and a subsequent brittle fracturing. The indentation test was done on the AlCrN 
PVD coated SS 253 MA as demonstrated in Paper II. The indentation test result indicates 
the only deformation caused by Al2O3 counter-body at temperatures up to 900 °C and 
applied normal loads up to 10 N. It could be concluded that the selected SS 253 MA 
insignificantly affects the reliability of the selected AlCrN PVD coating in sliding wear 
applications under applied selected tribo-corrosive conditions. A high risk of the possible 
deformation of the SS 253 MA substrate during sliding was causing a great challenge for 
authors of Paper II in the selection of applied load to provide the measurable wear rate 
and to avoid a catastrophic failure of the AlCrN PVD coating at the same time. 

Si3N4 and Al2O3 counter-bodies exhibit a highest CoF values at room temperature, 
while this value is highest for ZrO2 at 800 °C. ZrO2 exhibits a high sensitivity to 
environmental temperature and frictional heating. The final CoF was recorded relatively 
unchanged in a whole range of tested sliding speeds against Al2O3 counter-bodies at 
selected constant temperature, as demonstrated in Figure 14 a. However, initial 
roughness of the surfaces of the AlCrN PVD coating causes high values of CoF during the 
relatively short running-in period (up to 10 % of the beginning of the total applied test 
duration) of sliding against ZrO2 and Al2O3 counter-bodies at 20 and 800 °C, respectively. 
A “smoothing” of the surface in the wear track or a development of a low-shear transfer 
film (Blau, 2005) leads to the decrease in CoF values by 15 % during the steady-state 
period. The lowest hardness of the ZrO2 counter-body leads to more intensive abrasive 
wear in this study. Transformations and fracturing of the ZrO2 lead to an accelerated 
wear of counter-body due to the higher hardness of fragments from the AlCrN coating. 
Generally, a continuous contact of the small area of counter-bodies causes an 
overheating and subsequent several orders of magnitude higher specific wear rate as 
compared with the long wear track of the AlCrN PVD coating. 

Insignificant wear rates of the AlCrN PVD coating during sliding with low speeds from 
0.002 up to 0.018 m·s-1 indicates removal of the asperities from the surface of the coating 
due to the micro-abrasion and adhesive wear. A presence, a formation, and properties 
of these asperities depends on the applied oxidative environmental temperatures and 
sliding speeds as demonstrated in Paragraph 3.3.2. (about static oxidation), Figure 11 
and in Table 10 (about the effect of sliding on oxidation). An effect of the sliding speeds 
and temperatures on oxidation of the AlCrN PVD coating material in wear track was 
detected with a help of Raman spectroscopy and compared with the data after static 
oxidation. Results indicate maximum sliding speeds against Si3N4 counter-bodies of 
0.486, 0.162 and 0.054 m·s-1 at 20, 300/500 and 800 °C, respectively at which coating is 
reliable. These ranges of tribo-corrosive conditions cause a formation of 
thermodynamically unstable (CrO2, Cr2O5 and CrO3) and stable (Cr2O3) oxides in wear 
tracks of the tested AlCrN PVD coating (Sánchez-López et al., 2014), even when lowest 
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sliding speed (0.002 m·s-1) at room temperature was applied. A presence of embedded 
Cr based oxides in the wear track of the AlCrN PVD coated SS 253 MA provides favourable 
solid lubrication. 

The set of unlubricated sliding tests at room and elevated temperature oxidative 
conditions were done in present PhD work using the tribotester CETR UMT-2 equipped 
with the high temperature sliding module S21ME1000 (in use at TalTech since 2015). 
According to practical experience by using this equipment author of the thesis would like 
to highlight that undesirable difference in height of the surface of the disc can be 
measured after installation of the specimen in the tribotester as demonstrated in Figure 
19 a. It is evident that the normal load in tribo-contact point increases when counter-
body slides closer to the highest point on the disc causing increased wear rate of coating 
and vice versa. Usually, maximum difference is determined before the beginning of the 
test and testing with difference higher than 20 µm (with spring suspension) is not 
performed. The tribotester CETR UMT-2 is equipped with the PID controller that collects 
data of measured changes in normal load from the load sensor and removes or add 
additional load during sliding to reduce the effect of height maximums. However, this 
parameter is useful when the disc rotates with a speed lower than 10 RPM and the 
system has enough time to react to changes in actual normal load as shown in Figure 19 b. 

A failure of the tested AlCrN PVD coating (partial delamination) occurs, when applied 
sliding speeds exceed the reliable values under given tribo-corrosive conditions. A wear 
intensity of an SS may change from a mild to a severe wear regime when dominating 
oxidation mode (build-up layer) turns into a dominating adhesive wear due to an 
uncovered SS substrate. Mild wear condition can cause accelerated formation and 
thickening of oxide films due to the frictional heat and a wear rate of a coated material 
lower than oxide growth rate. A formation and growing of oxide scales evidently lead to 
an increased surface roughness of a coating and an SS due to an inhomogeneous 
structure, shapes, and sizes of oxide scales, especially in defected areas of a surface.  

The formation of α-Al2O3 occurs in wear tracks during all sliding tests at 800 °C due to 
the oxidation similarly as it was determined by Raman spectroscopy after static 
oxidations tests at the same temperature. However, sliding speeds above reliable values 
were also causing a formation of α-Al2O3 at 300 and 500 °C due to the mechanically and 
frictional heating-initiated decomposition of AlN and oxidation of free Al into α-Al2O3. 
The result indicates that decomposed AlN and released Al particles become small enough 
to be directly subjected to the flash caused the temperature increase in combination 
with applied oxidative environment temperature of 300 and 500 °C, while a rise of bulk 
temperature of the AlCrN PVD coating is not so critically high. 

When sliding speed exceeds the threshold of corresponding to reliable test conditions, 
the presence of α-Al2O3 causes unfavourable abrasive wear and the high CoF due to the 
lowest wear resistance in dry and lubricated conditions in comparison with Cr based 
oxides. It should be noted that oxidation of an AlN and fracturing of α-Al2O3 into particles 
initiates a release of hard Cr based oxides embedded or located between asperities of 
unoxidized and oxidized coating material during sliding. It leads to a presence of a large 
number of hard and an abrasive wear debris in a sliding contact responsible for vibration 
and high CoF. 

Thermal and mechanical properties of oxide scales and a substrate influences the 
critical oxide scale thickness in a case of a mild sliding wear conditions. A bending of 
formed oxide scales may lead to a fracturing these scales parallel to a strong enough 
bonded interface and subsequent delamination. A fatigue of this interface leads to a 
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dominating fracturing along a metal-oxide coating or oxide free ceramic coating-oxide 
layer interfaces. Heat flux in the sliding contact area can cause predictable delamination 
of formed oxide scales on the surface of the AlCrN PVD coating or at areas of an 
uncovered substrate due to the formation of thermal loading that causes critical thermal 
stress distribution. It should be noted that Cr oxidizes to Cr(VI) in an oxidizing 
environment (Johnson et al., 2007). A presence of Cr(VI) causes a formation of toxic and 
cancerogenic chromates in the soil, for example. Therefore, a formation and a durability 
of oxide scales may significantly influence not only the reliability of a coating in applied 
tribo-corrosive conditions, but also may cause environmental problems. Properly 
selected sliding speeds, applied loads and environmental conditions may lead not only 
to an increased lifetime of a coating but also can help to provide a reliability of a tool 
with a partially defected coating in a case of operation during common or unpredictable 
situations. 

Figure 19. Example of the height measurement result on AlCrN PVD coated SS 253 MA 
disc done with the tribotester CETR UMT-2 equipped with S21ME1000 drive and the Al2O3 
counter ball with the diameter of 6 mm (a); and fragment of measured fluctuation around 
applied normal load during sliding test against the same type of ball (b) with indicated 
height maximums and minimums on the tested disc. 

3.7 Remarks about the standard ISO 18535:2016(E) 
The recently published standard ISO 18535:2016(E) was applied for testing the 
amorphous tetrahedral carbon (ta-C) coated high speed steel received from the Faculty 
of Technology and Education, Koszalin University of Technology (Poland) to determine 
its suitability for testing at elevated temperatures and minimum thickness of the coating 
that is possible to test. The production method (deposition using the electromagnetic 
venetian blind plasma filter) and mechanical properties (Young’s modulus and hardness) 
have been demonstrated in (Zavaleyev et al., 2017). The tested coating of ta-C is the type 
of the diamond-like carbon (DLC) film with the different thicknesses from 0.05 up 
to 1 µm. 

Two different testing conditions are proposed by the standard for the determination 
of the friction and wear characteristics of DLC films at room temperature by a ball-on-disc 
method: 
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• Friction test – applied load of 3 N; sliding speed of 0.05 m·s-1; and sliding
distance of 200 m;

• Friction and wear test – applied load of 5 N; sliding speed of 0.1 m·s-1; and sliding 
distance of 1000 m.

Friction and wear test (Al2O3 ball with the diameter of 6 mm was used as counter-body) 
conditions were applied at room temperature for testing the selected DLC coatings 
starting from the thickest one. The DLC coating with the thickness of 0.2 µm worn 
through during the test. It indicates the threshold thickness at which the selected type 
of the coating fails. A complete failure of the selected DLC coating with any tested 
thickness occurs during friction and wear tests at elevated temperatures (200 and 
400 °C). Therefore, it was decided to apply a milder standardized friction test condition. 
Unfortunately, the standardized friction sliding test leads to a too small wear of the 
selected DLC coating at room temperature to be detected by the selected contact 
profilometer Mahr Perthometer. Thus, the minimum thickness of the coatings should be 
specified or the conditions for testing of ultra-thin coatings and coatings at elevated 
temperatures should be added. 

Figure 20. The specific wear of the DLC coating and Al2O3 counter-body measured by 
contact profilometer Mahr Perthometer (friction and wear test at the room temperature). 
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4 Conclusions 
The main goal of the present PhD thesis was to apply and to develop reliability estimation 
methods for PVD coatings under corrosive and tribo-corrosive conditions and to improve 
the understanding about influencing factors arising from the production process, 
handling of parts and the laboratory testing. 

Gradient TiCN and TiAlN, and multilayered AlCrN PVD coatings were studied in detail 
and the following conclusions can be drawn:  

1. The multilayered AlCrN PVD coating exhibits the highest reactivity
characteristic of the AlN and subsequent the highest protection efficiency
(Pi = 99.79 %) after 24 h immersion in 3.5 wt% NaCl solution, due to the
formation of the AlOOHamorph containing the passivating layer on the surface 
of the coating. Penetration of the aqueous solution and subsequent
reaction passivates in about 13 h under static conditions. AlCrN PVD coating 
performs sufficiently better and indicates no failure even during extended
(12 h) sliding test as compared with tested gradient TiCN or TiAlN coatings
deposited onto the same SS AISI 316L substrate and under the same applied
tribo-corrosive conditions (3.5 wt% NaCl solution and the normal load of
9.8 N or 1 kgf). Therefore, AlCrN PVD coating was selected for reliability
estimation in high temperature applications.

2. The presence of surface defects on the multilayered AlCrN PVD coating
causes no failure in static corrosive conditions (3.5 wt% NaCl aqueous
solution). A reaction of AlN with the aqueous solution not only forms
AlOOHamorph based protective layer, which passivates a penetration and a
reaction, but also leads to the formation of effective lubricating particles in
the sliding contact zone and works even more effective as CoF reducer
under high 29.42 N (3 kgf) applied load and partially uncovered substrate
(effectively detected during tests by OCP measurements) in the wear scar,
as observed after tests by Raman spectroscopy and SEM.

3. The SS 253 MA substrate does not significantly oxidize up to 500 °C due to
the oxidation resistance of thin Cr based oxide on the surface and due to
the formation of the dense iron containing oxide scales. Cr2O3, Fe3O4,
γ-Fe2O3 and (Fe, Cr) based spinel (detected by Raman spectroscopy after
tests) form at higher temperatures up to 1100; these oxides can provide
additional protection of the SS from oxidation (Fe3O4, γ-Fe2O3 and (Fe, Cr)
based spinel) and the resistance to wear (Cr2O3).

4. Static oxidation of the AlCrN PVD coating mainly leads to the formation of
the Cr2O3 at temperatures up to 800 °C due to the high stability of AlN.
Severe microstructural modifications occur at temperatures from 800 up to 
1100 °C. A part of the AlN turns into thermodynamically stable α-Al2O3 at
1100 °C, as determined by Raman spectroscopy.

5. The threshold sliding speeds against Si3N4 counter-bodies under applied
normal load of 3 N at 20, 300/500 and 800 °C are 0.486, 0.162 and
0.054 m·s-1, respectively. The behaviour of the sliding tribopair is unreliable
at higher sliding speeds, due to the failure of the coating. The presence of
oxides from the oxidized SS substrate can be easy detected by Raman
spectroscopy. Wear maps were made according to the obtained results.
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6. The novel test method for reliability estimation of preliminarily scratched
AlCrN PVD coating on SS 253 MA under high temperature sliding
tribo-corrosive conditions was successfully developed on the base of two
available testing standards ASTM C1624-05 and ISO 18535:2016(E).
The scratch load (for Rockwell "C" indenter; progressive load test) until
which the fracturing (buckling spallation) of the coating was avoided was
found to be 19.61 N (2 kgf). Coated discs were subsequently preliminarily
scratched with six different loads below the critical value. Sliding tests
against Al2O3 counter ball results in:
a. Occurrence of the favourable, neutral and unfavourable events were

determined by SEM imaging and subsequently applied the load to
Al2O3 counter ball was defined as an unfavourable in the case of the
occurrence of any unfavourable event;

b. The maximum reliable applied loads during sliding test for the loads
applied during preliminary scratching by Rockwell "C" indenter
determined during testing at room temperature are as follows:
Falumina/FRockwell “C” of 11.77/1.96; 7.85/2.94; 7.85/4.9; 7.85/7.85; and
2.94/11.77 N/N;

c. The maximum reliable applied loads during sliding test for the loads
applied during preliminary scratching by Rockwell "C" indenter
determined during testing at 500 °C are as follows: Falumina/FRockwell “C” of
7.85/1.96; 4.9/2.94; 2.94/4.9; and 2.94/7.85 N/N;

d. The maximum reliable applied loads during sliding test for the loads
applied during preliminary scratching by Rockwell "C" indenter
determined during testing at 800 °C are as follows: Falumina/FRockwell “C” of
11.77/1.96; and 4.9/2.94 N/N.
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Abstract 
Reliability Aspects of PVD Coatings Sliding under Wear and 
Corrosive Conditions 
Complicated shaped steel parts have a good potential as replacements in the automotive 
and aerospace industries, however, they are severely affected by reliability related issues 
like decreased wear and corrosive resistance attracting much research interest. Physical 
vapour deposited (PVD) coatings deposited onto stainless steel (SS) substrate are known 
as having positive influence on a sliding wear resistance in tribopair with a ceramic 
counter-body. The coating was deposited by the lateral rotating cathode arc PVD 
technology on selected SS substrate. 

In this study, the gradient layered TiCN and TiAlN, and multilayered AlCrN coatings 
have been employed as the protective layers for the austenitic SS AISI 316L used in 
aqueous tribo-corrosive conditions. Tribo-corrosive resistance was determined in 
3.5 wt % NaCl aqueous solution by Raman spectroscopy and a potentiodynamic 
polarization scan. Static corrosion experiments were done to support the correlation 
between sliding contact surface chemistry, other properties, and measured tribological 
properties of the tested material. The description of the corrosion mechanisms 
responsible for surface degradation is presented. Results indicate the highest protection 
efficiency up to 99.79 % of AlCrN PVD coating after 24 h immersion in 3.5 wt% NaCl 
solution. That effect occurs due to the formation of the AlOOHamorph containing 
passivation layer with a solid lubrication effect in the sliding contact zone even under 
29.4 N (3 kgf) applied normal load. 

Raman spectroscopy was used to determine the sliding wear resistance of the SS 
253 MA protected with the AlCrN PVD coating under high temperature oxidative 
conditions (25–800 °C). A correlation between physicochemical processes in the sliding 
contact surface and measured tribological properties of material was supported by static 
corrosion experiments. Results indicate an occurrence of severe microstructural 
modifications at static oxidation temperatures occurs from 800 up to tested 1100 °C 
mainly due to the formation of Cr2O3. Thermodynamically stable AlN in AlCrN structure 
provides the threshold sliding speeds against Si3N4 counter-bodies under applied normal 
load of 3 N at 20, 300/500 and 800 °C is 0.486, 0.162 and 0.054 m·s-1, respectively. 

The corrosion mechanisms responsible for surface degradation are reported in detail 
and wear maps were made according to the obtained results. The presented results can 
be helpful for prediction of the reliable conditions in tribological sliding applications of 
AlCrN coating.  

An innovative method was also proposed and assessed for estimation of the reliability 
of mechanically influenced (scratched) PVD coatings for high temperature tribo-corrosive 
sliding applications. Maps of the dependence of wear related events on the applied 
preliminarily scratch and subsequent sliding test normal load were made, revealing 
reliable regimes at room and elevated (500 and 800 °C) temperatures. 
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Lühikokkuvõte 
PVD pinnete töökindluse aspektid liughõõrdumise ja 
korrosiooni tingimustes 
Keerulise kujuga terasdetailide kasutamisel autotööstuses ja kosmosetööstuses on suur 
potentsiaal, kuid seda mõjutavad oluliselt töökindlusega seotud probleemid, nagu madal 
kulumis- ja korrosioonikindlus. Siit ka suur huvi antud uurimistöö järele. On teada, et 
füüsikaline aursadestus (PVD, ingl. k) tõstab oluliselt roostevaba terase kulumiskindlust 
ja nad töötavad paremini hõõrdepaaris keraamilise pindega liughõõrde tingimustes. 

Antud uuringus kasutati kaitsepinnetena TiCN ja TiAlN gradientpindeid ning 
mitmekihilisi AlCrN pindeid AISI 316L roostevabal terasel tööks tribo-söövitavates 
vedelikes. Pinded sadestati katoodlahendusega kaarleekaursadestusmeetodil seadmel 
Platit π80. Pinnete paksus oli 3.3 µm. Vastupanu tribo-korrosioonile määrati NaCl 
vesilahuses (3.5 massi %) Raman-spektroskoopia abil ja potentsiodünaamilise 
polarisatsiooni meetodiga. Staatilised korrosioonikatsed kinnitasid libiseva kontaktpinna 
keemilise omapära ja katsetatud materjali mõõdetud triboloogiliste omaduste vahelist 
korrelatsiooni. Selgitati välja pinnete hävimise tribo-korrosioonimehhanismid. 
Tulemused näitasid, et mitmekihilistel AlCrN pinnetel on suurim kaitsetõhusus (kuni 
99.79 %) 24-tunnise katsetuse jooksul NaCl 3.5 massi % vesilahuses. See on põhjustatud 
libisevas kontaktsoonis passiivse (amorfse) AlOOH kihi moodustumisega, mis toimib 
tahke määrdeainena (see tuvastati isegi 29.4 N (3 kgf) normaalkoormusel). 

Raman-spektroskoopia abil uuriti AlCrN pinde kulumiskindlust 253 MA roostevabal 
terasel toa- ja kõrgel temperatuuril (25-800 °C) oksüdeerivates liughõõrde tingimustes. 
Staatiliste korrosioonikatsetel leidis kinnitust korrelatsioon libiseva kontaktpinna 
füüsikalis-keemiliste protsesside ja materjali mõõdetud triboloogiliste omaduste vahel. 
Tulemused viitavad märgatavatele mikrostruktuursetele muutustele staatiliste 
oksüdeerumiskatsete jooksul temperatuuridel 800 kuni 1100 °C, ja mis on põhjustatud 
peamiselt Cr2O3 moodustumisega. Termodünaamiliselt stabiliilne AlN AlCrN pinde 
struktuuris liughõõrdel vastu räninitriid (Si3N4) kontrakeha normaalkoormusega 3 N 
temperatuuridel 20, 300/500 ja 800 °C tagab töökindluse piirkiirustel vastavalt kuni 
0.486, 0.162 ja 0.054 m·s-1. 

Pinde hävimise vastutavad korrosioonimehhanismid on üksikasjalikult kirjeldatud ja 
saadud tulemuste põhjal on koostatud kulumisdiagrammid. Saadud tulemused võivad 
olla kasulikud AlCrN-pinnete töökindluse prognoosimiseks triborakendusvaldkondades. 

Pinnete töökindluse seisukohalt pakuti ka uuenduslik meetod mehaaniliselt 
mõjutatud (kriimustatud) PVD-pinnete triboloogilistes rakendustes sobivuse 
hindamiseks tööks toa- ja kõrgetel temperatuuridel. Töökindluse ja kulumisega seotud 
nähtuste tuvastamiseks ja hindamiseks eelnevalt kriimustatud ja hiljem katsetatud 
pinnete jaoks koostati kulumisdiagrammid toa- ja kõrgel (500 ja 800 °C) temperatuuridel 
liughõõrde tingimustes. 



 



65 

 

Appendix 

PAPER I 
Baronins, J., Podgursky, V., Antonov, M., Bereznev, S., Hussainova, I., Electrochemical 
behaviour of TiCN and TiAlN gradient coatings prepared by lateral rotating cathode arc 
PVD technology. Key Engineering Materials, 2016, 721, 414–418.
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PAPER II 
Antonov, M., Afshari, H., Baronins, J., Adoberg, E., Raadik, T., Hussainova, I., The effect 
of temperature and sliding speed on friction and wear of Si3N4, Al2O3, and ZrO2 balls 
tested against AlCrN PVD coating. Tribology International, 2018, 118, 500–514. 
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PAPER III 
Baronins, J., Antonov, M., Bereznev, S., Raadik, T., Hussainova, I., Raman spectroscopy 
for reliability assessment of multilayered AlCrN coating in tribo-corrosive conditions. 
Coatings, 2018, 8 (7), 229–241. 
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Curriculum vitae 
Personal data 

Name:  Janis Baroninš 
Date of birth: 15.08.1987 
Place of birth: Riga 
Citizenship: Latvia 

Contact data 
E-mail: Janis.baronins@ttu.ee; jbaronins@gmail.com 

Education 
2014 – 2018 Tallinn University of Technology, PhD 
2011 – 2014 Riga Technical University, MSC 
2007 – 2011 Riga Technical University, BSC  
2003 – 2007 Riga State technical school 

Language competence 
Latvian Native 
English Fluent 
Russian Basic 
German Basic 

Professional employment 
2006 – 2006 Rudus Latvia, Ltd, Laboratory assistant 
2006 – 2007 HC Betons, Ltd, Laboratory assistant 
2011 – 2013 Riga Technical University, Laboratory assistant 
2012 – 2013 Arcers Ltd, NATO project, Quality manager 

Projects in progress 
B56 "Innovative polycrystalline diamond (PDC) drag bit for soft ground tunnel boring 
machines (1.05.2016−30.04.2019)", Maksim Antonov, Tallinn University of Technology, 
School of Engineering, Department of Mechanical and Industrial Engineering. 

ETF8850 "Self-organisation of minerals based adaptive tribomaterials 
(1.01.2011−31.12.2014)", Maksim Antonov, Tallinn University of Technology, Faculty of 
Mechanical Engineering. 

SS427 "INNOVAATILISTE TEHNOLOOGIATE ARENDAMINE METALL-KERAAMILISTE 
MATERJALIDE VALMISTAMISEKS" 

Industrial property 

Invention: Transformable multi-sample apparatus for dry erosion testing of materials up 
to 1000 °C in the presence of corrosive gases; Owners: Tallinn University of Technology; 
Authors: Maksim Antonov, Janis Baroninš, Irina Hussainova; Priority number: 
P201800011; Priority date: 6.06.2018. 

Invention: Sorbent with ferromagnetic properties; Owners and authors: Andrei 
Shishkin, Viktors Mironovs, Janis Baroninš, Juris Treijs; Priority number: LV14822 B; 
Priority date: 20.06.2014. 
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Invention: Ferromagnetic sorbent; Owners and authors: Andrei Shishkin, Mironovs 
Viktors, Janis Baroninš, Treijs Juris; Priority number: LV 14820 B; Priority date: 
20.06.2013. 

Invention: Method and device for manufacturing multilayer articles of sheet materials 
and device for the same; Owners and authors: Viktors Mironovs, Andrejs Šiškins, Janis 
Baroninš; Priority number: LV14424 B (Latvia) and LV20110000122 20110922 
(Espacenet); Priority date: 20.01.2012. 

Invention: Magnetic stirrer; Owners and authors: Viktors Mironovs, Andrejs Šiškins, 
Vjačeslavs Lapkovskis, Janis Baroninš; Priority number: LV14382; Priority date: 
14.06.2011. 

Invention: Method and device for mixing of powder materials; Owners and authors: 
Viktors Mironovs, Vjačeslavs Lapkovskis, Andrejs Šiškins, Janis Baroninš; Priority number: 
LV14383; Priority date: 10.06.2011. 
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Elulookirjeldus 
Isikuandmed 

Nimi:   Janis Baroninš 
Sünniaeg: 15.08.1987 
Sünnikoht: Riia 
Kodakondsus: Läti 

Kontaktandmed 
E-post:   Janis.baronins@ttu.ee; jbaronins@gmail.com 

Hariduskäik 
2014 – 2018 Tallinna Tehnikaülikool, PhD 
2011 – 2014 Riia Tehnikaülikool, MSc 
2007 – 2011 Riia Tehnikaülikool, BSc 
2003 – 2007 Riia Riiklik Tehnikakool 

Keelteoskus 
Läti    emakeel 
Inglise kõrgtase 
Vene   algtase 
Saksa  algtase 

Teenistuskäik 
2006 – 2006 Rudus Latvia, Ltd, laborant 
2006 – 2007 HC Betons, Ltd, laborant 
2011 – 2013 Riia Tehnikaülikool, laborant 
2012 – 2013 Arcers Ltd, NATO projekt, kvaliteedijuht 

Projektid 
B56 "Innovatiivsed polükristallilisest teemandist kuluvosad pehme pinnase tunneli 
puurimisseadmete tarbeks" (1.05.2016−30.04.2019), Maksim Antonov, Tallinna 
Tehnikaülikool, Inseneriteaduskond, Mehaanika ja tööstustehnika instituut. 

ETF8850 "Isesobituvad adaptiivsed tribomaterjalid mineraalide baasil" 
(1.01.2011−31.12.2014), Maksim Antonov, Tallinna Tehnikaülikool, 
Inseneriteaduskond, Mehaanika ja tööstustehnika instituut.
 
SS427 "Innovaatiliste tehnoloogiate arendamine metall-keraamiliste 
materjalide valmistamiseks" 

Tööstusomand 
Patentne leiutis: Transformeeritav multi-proovi seade materjalide kuiverosioonil 
katsetamiseks söövitavate gaaside keskkonnas kuni 1000 °C; Omanik: Tallinna 
Tehnikaülikool; Autorid: Maksim Antonov, Janis Baroninš, Irina Hussainova; 
Prioriteedi number: P201800011; Prioriteedi kuupäev: 6.06.2018.  

Patentne leiutis: Ferromagnetiliste omadustega sorbent; Omanikud ja autorid: Andrei 
Shishkin, Viktors Mironovs, Janis Baroninš, Juris Treijs; Prioriteedi number: LV14822 
B; Prioriteedi kuupäev: 20.06.2014. 101  

Patentne leiutis: Ferromagnetiline sorbent; Omanikud ja autorid: Andrei Shishkin, 
Mironovs Viktors, Janis Baroninš, Treijs Juris; Prioriteedi number: LV14820 B; 
Prioriteedi kuupäev: 20.06.2013.  
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Patentne leiutis: Meetod ja seade mitmekihiliste lehtmaterjalide valmistamiseks; 
Omanikud ja autorid: Viktors Mironovs, Andrejs Šiškins, Janis Baroninš; Prioriteedi 
number: LV14424 B (Latvia) and LV20110000122 20110922 (Espacenet); Prioriteedi 
kuupäev: 20.01.2012. 

Patentne leiutis: Magnetsegaja; Omanikud ja autorid: Viktors Mironovs, Andrejs 
Šiškins, Vjačeslavs Lapkovskis, Janis Baroninš; Prioriteedi number: LV14382; 
Prioriteedi kuupäev: 14.06.2011.  

Patentne leiutis: Meetod ja seade pulbermaterjalide segamiseks; Omanikud ja 
autorid: Viktors Mironovs, Vjačeslavs Lapkovskis, Andrejs Šiškins, Janis Baroninš; 
Prioriteedi number: LV14383; Prioriteedi kuupäev: 10.06.2011. 




