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ABSTRACT

Purpose: The purpose of this work is to explain the reasons for improved cutting properties of coated 
tools made of nitride and sialon ceramics by means of investigations into mechanical properties, 
including microhardness, adhesion and abrasive resistance of the coatings deposited and by means of 
investigations into the chemical composition and structure of the coatings.

Design/methodology/approach: Investigations were performed in the framework of the work 
accomplished encompassing the following in the first phase: the development of a technology of 
deposition graded and multiphase coatings using the cathodic arc evaporation (CAE) methods; 
investigations were carried out in the second phase into the structure and properties of coatings 
deposited onto ceramic tool materials with the following required properties: high adhesion, 
microhardness,  high resistance to abrasive, corrosive and diffusion wear in the working conditions of 
high-performance cuttings tools. 

Findings: The coating deposition technologies (coating systems) employed for coatings deposited 
in PVD processes of cathodic arc evaporation (CAE) and in a high-temperature CVD process on tool 
ceramics are eligible for widespread industrial applications. 

Practical implications: Investigations into the service life have allowed to select coatings with 
the best cutting properties: (Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and T(C,N)+TiN deposited onto 
sialon ceramics and (Ti,Zr)N, (Ti,Al)N, Al2O3+TiN (1), Al2O3+TiN (2), TiN+Al2O3+TiN, TiN+Al2O3, 
TiN+Al2O3+TiN+Al2O3+TiN deposited onto nitride ceramics exhibiting best cuttability, which is 
correlated with their high adhesion to the substrate and high hardness. The above-mentioned coatings 
enhance the lifespan of a cutting edge by up to 550% and for this reason, the coatings are eligible for 
widespread industrial applications in cutting tools.

Originality/value: An original achievement of the work - as a result of the conducted cutting tests 
with varied technological parameters and based on the results of investigations of mechanical and 
structural properties - is that an application recommendation is proposed for the developed PVD and 
CVD coatings deposited onto ceramic tool materials for industrial applications.
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1. Introduction 
 
A primary factor contributing to the advancement of 

indexable inserts is a continued effort to improve production 
quality and efficiency. One of the development directions, 
undergoing most intensive growth, of modern tool materials 
including tool ceramics (similar as in the case of sintered carbides 
and tool cermetals), is deposition of antiwear coatings onto such 
materials in physical vapour deposition (PVD) and chemical 
vapour deposition (CVD) processes. The possibilities of 
constituting the coatings resulting from the interaction between 
the fabrication method, the properties and the efficiency of the 
system produced allow, by matching them appropriately, to 
fabricate coatings possessing the expected, optimum usable 
properties [1-53]. 

Modern tool ceramics, including nitride and sialon ceramics, 
are at present the most promising group of tool materials, 
experiencing greatest growth, posing serious issues for the 
contemporary science for improvement of their mechanical 
properties and wear resistance. Nitride ceramics Si3N4 possess 
very good properties in various applications for a wide range of 
temperatures. Their advantages include high strength, high 
hardness and oxidisation resistance, good heat conductivity and 
thermal shock resistance. The ceramics have some disadvantages, 
as well, apart from the obvious benefits. A disadvantageous 
characteristic of silicon nitride-based ceramics is their proneness 
to chemical wear at high temperatures, especially when cutting 
steel forming a continuous chip. The ferrous silicide produced 
then at a temperature of approx. 1197°C is leading to more 
intensified chemical wear and, finally, to fast blunting of a blade 
when cutting steel [5-9,33].

It was found through the tests of thin foils made in a 
transmission electron microscope that the structure of the 
investigated tool sialon ceramics Si3N4 is represented by the phase 

-Si3N4 (Fig. 1). It was also found that that the size of the major 
part of the - Si3N4 phase particles is smaller than 500 nm, which 
clearly classifies the tested ceramics to the group of fine-grained 
materials. 

In the literature describing the material, sialon ceramics with a 
general chemical formula Si6-zAlzOzN8-z (z=0-4.5) are considered 
a new type of tool ceramics, not falling into the group of oxide 
and nitride ceramics, however, in the sial ’ maintaining the 
hexagonal structure -Si3N4 it is dissolved to 60% Al2O3. As a 
result, sialon ceramics combine high physical and mechanical 
properties inherited from Si3N4 ceramics and resistance to 
chemical activity at a high temperature characteristic for Al2O3. 
Cutting tools made of sialon ceramics are used for machining 
steel and alloys with poor workability, including cast iron, 
quenched and tempered steel; nickel, titanium and aluminium 
alloys and high creep-strength alloys [54-58]. Sialons are most 
often produced with the method of one-stage reaction sintering of 
the moulded mixture of silicon nitride with an addition of oxide 
and aluminium nitride and a sintering additive, usually Y2O3, 
which is a source of the liquid phase during sintering. Very pure 
and fine-grained silicon nitride has to be used in this method. 
Chemical composition has to be controlled very accurately during 
the process, as well, because even a small excess of oxide 
increases the fraction of the liquid phase in sintering [56-58].  

It was confirmed through the tests of thin foils made in a 
transmission electron microscope that sialon tool ceramics are of 
an isomorphic structure with silicon nitride Si3N4 with a 
hexagonal lattice (spatial group P63/m) (Fig. 2). 

The research topics concerning the fabrication of PVD and 
CVD coatings represent one of the most essential directions of 
surface engineering development at home and abroad, 
guaranteeing the production of a coating with good mechanical 
properties and high resistance to abrasive wear. Improved usable 
properties are very frequently achieved for commonly applied 
materials by depositing simple monolayer, single-component 
coatings with PVD methods. When selecting a coating material, a 
constraint is encountered resulting from the fact that many 
properties expected from an ideal coating cannot be achieved at 
the same time. For instance, improved hardness and strength is 
reducing ductility and substrate adhesion of a coating. Coatings 
with different properties were bonded together for this reason 
with each of them performing a relevant task aimed at achieving 
graded coatings with possibly most desired properties in a specific 
application. Graded coatings are formed by gradually or 
continuously changing one or several components in the direction 
from the substrate to the external surface. They represent a 
modern group of coatings achieved in a PVD process [59-77]. 
The layers or zones of the coating produced should ensure, 
depending on their location, the desired properties, and - by 
creating transition zones between each other - guarantee transition 
between the properties that often vary. The layer closest to the 
material being coated generally ensures best adhesion to the 
substrate while the outer layer ensures adequate hardness, 
strength, tribological and anticorrosive properties [60-77]. A 
possibility of manufacturing coatings in which chemical 
composition changes gradually from the substrate to the layer 
surface, can also be used in parts of turbines, biomaterials for 
implants and as anticorrosive coatings. 

Numerous research works in the recent years [88-90], 
including own works [1-22], concerning deposition using coatings 
resistant to the wear of tool ceramics, have verified the existing 
stance that it is unsubstantiated to coat tool ceramics due to their 
high hardness. It has been proved that it is clearly reasonable to 
coat such tools as, first of all, the life of tools’ cutting edges is 
enhanced by decreasing the heat emitted while cutting by 
reducing a friction force on the flank surface, and, secondly, it 
was noted that coatings, by covering pores on the surface of tool 
ceramics, eliminate places where cracks occur, moreover, 
protective coatings delay the diffusion wear process [90]. 

By solving such research problem, it is also feasible to 
enhance the efficiency and quality of machining, while reducing 
its energy consumption and material consumption, which is a 
prerequisite for ensuring competition in the free market economy 
conditions. By employing a surface machining technology of tool 
materials with the physical vapour deposition (PVD) methods, 
and also chemical vapour deposition methods (CVD) to fabricate 
graded layers with high wear resistance, also at a high 
temperature, the properties of such materials in cutting conditions 
can be improved, in particular by lowering the friction factor, 
enhancing microhardness, improving tribological contact 
conditions within the contact area of the tool-machined material, 
and adhesion and diffusion wear and oxidisation can also be 
prevented.

2 

 
 
Fig. 1. Structure of nitride ceramics Si3N4; thin foil parallel to the surface of layer (TEM) (a,b), diffraction pattern (c) from the area as in 
Fig. a; d) diffraction pattern solution from Fig. c [7] 
 
 

 
 
Fig. 2. Structure of sialon tool ceramics; thin foil parallel to the surface a) image in light field, b) diffraction pattern from the area as in  
Fig. a, c) image in the dark field from reflex 010 , d) diffraction pattern solution from Fig. b [73] 
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By identifying such properties, an optimum area of applications 
can determined for the ceramic materials of the substrate as well 
as the for the investigated multiphase and graded layers and a 
correlation can be determined between the outcomes of laboratory 
tests and the wear identified as a result of technological cutting 
tests. 

A basis for this paper are the results of own research partly 
published in the previous works [1-9]. This work provides a 
summary and generalisation of outcomes of own research in this 
field pursued within the last ten years, however, other own works 
and other authors’ works are also referred to in the text of the 
paper to present the issues discussed as thoroughly as possible. A 
scientific objective of this work is to examine the structure and 
properties and to recognise the wear mechanisms of newly 
developed coatings applied in physical vapour deposition (PVD) 
processes with cathodic arc evaporation (CAE) techniques, as 
well as with chemical vapour deposition in a high-temperature 
CVD process on tools produced from ceramic sintered tool 
materials, with the intention to improve cutting properties of the 
investigated materials by considerably improving the life of the 
tools’ cutting edge. State-of-the-art materials science research 
methods were employed for explaining the causes of a marked 
improvement in the operational properties of tools, especially thin 
foils tests, including on cross sections in a high-voltage 
transmission electron microscope.  

The work presents, therefore, the results of research over 
newly developed nanocrystalline multiphase and graded coatings 
obtained with the PVD method and over multilayer coatings 
obtained in a CVD process on a substrate made of nitride and 
sialon ceramics to improve cutting properties of tools. Such 
coatings have not been applied to date onto any tools made of the 
materials mentioned. Research [1-54] is known, however, 
concerning the deposition of similar coatings onto tools made of 
classical sintered carbides and cermetals and the application of 
coatings obtained in a CVD process onto nitride ceramics with a 
combination of Al2O3 +TiN layers. The results of such research 
constitute a reference point for the results of own research 
presented in this work. 

2. Wear mechanisms of cutting tools 
Since a basis for the selection of newly developed materials 

and deposition technologies of the coatings discussed in this 
elaboration are cutting properties of tools in which such materials 
and technologies are applied, the next chapter of this work is 
devoted to the wear mechanisms of cutting tools. 

Increasingly higher requirements related especially to the 
service time of a cutting edge, its hardness, speed and cutting 
depth have been set for tools in connection with the constantly 
improving properties of the machined materials. There is a 
common effort to enhance the service efficiency of a tool by 
increasing the cut material’s thickness and by shortening the time 
of a single pass. This is conditioning the properties required for a 
tool, most of all cutting edge hardness, but not only. Coating 
adhesion to the substrate is equally vital for the coated tools with 
the resulting fatigue and mechanical strength. Coating adhesion to 
the substrate influences the cutting edge life most of all. It is also 
important to reduce a friction factor, as this is considerably 

influencing machining conditions, because machining temperature 
is decreased and cooling fluids eliminated. Cooling fluids, in turn, 
lead to a higher corrosion risk. Extensive research has been 
conducted in this field aimed at improving tools’ properties  
[91-112].  

Cutting edge hardness is as important as its wear resistance; in 
fact one preconditions the other. Some examples of hardness 
values for various substrates are given in Figure 3. One can note, 
based on the structure of coatings and their hardness diagrams, 
that multilayer coatings are harder when the outer layer is 
composed not of one element, but of two or more elements, e.g. 
(Ti,Al)N or Ti(C,N) [95,104]. 
 
 

 
 
Fig. 3. Comparison of hardness of nitride coatings deposited onto 
tools: 1) (Ti,Al)N, 2) Ti(C,N), 3) TiN, 4) Ti2N [104] 
 
 

In the workshop practice, the end of the technological service 
life of a tool is seen usually when the tool no longer produces an 
item with the desired dimensions and surface quality. The time 
until the moment a tool no longer is capable of further cutting can 
also be considered the tool life. Cutting edge wear is manifested 
as a loss in its material at the start, as cracking and chipping of the 
cutting edge or as cutting edge breakage. Cutting edge wear is 
measured as a quantitative loss in its material [101-103]. 

The following can be considered the general symptoms of 
cutting edge wear [99]: 

cracking and chipping (of the cutting edge); 
wear (groove) of the flank; 
higher wear at the interface of the cutting edge and the 
worked material; 
wear of the auxiliary flank; 
deep scratches caused by the detaching part of the buildup and 
pressed into the item material on the cutting surface; 
higher wear caused by intensive cutting edge material 
oxidisation at the interface of the cutting edge and the worked 
material; 
wear of the main flank. 
Stepless (constant) and sudden (strength) wear is 

distinguished between considering the way the cutting edge wear 
is progressing. Constant wear is advancing without major losses 
in the cutting edge material within the short observation time of 

4 

the wear. In sudden wear, one-off or repetitive cutting edge loss 
or losses occur or its damage due to, e.g. a cracked cutting edge. 
The dependency between different types of wear and cutting time 
is shown in Fig. 4 [100-103]. 

 
Fig. 4. Dependency between growth of tool cutting edge wear and 
work time: 1 - loss wear, 2 - abrasive wear, 3 - adhesion wear,  
4 - diffusion wear, 5 - wear due to oxidisation, 6 - plastic 
deformation [98] 
 

There are different causes of constant wear [99,102]: 
mechanical and abrasive wear in which irregularities in the 
cutting edge surface are carved by the cut material and the 
chip and where irregularities are created on the cutting edge 
surface through the cutting activity of hard micro inclusions 
of the cut material structure; 
chemical-abrasive wear where surface layers of chemical 
compounds are formed in the cutting edge material which are 
weakly joined with the substrate as a result of the activity of 
chemically active ingredients of the process fluid or oxygen 
from the surrounding air; 
adhesion wear where particles are removed from the cutting 
edge material by the cut material’s particles bound with them 
with adhesion forces; 
diffusion wear consisting of harmful penetration of the cutting 
edge material atoms into the cut material and the cut material 
atoms into the cutting edge material, as a result of which a 
diffusive layer of the cutting edge material is formed with 
hardness smaller and brittleness higher than the virgin 
material of the cutting edge; inferior properties of this layer 
are intensifying cutting edge wear. 
Different types of constant wear also occur in the particular 

conditions of cutting, with some of them being predominant.  
Sudden wear is caused by the immediate or fatigue strength of 

the cutting edge material being exceeded locally, with its 
symptoms as follows [99-102]: 

cracks - small recesses in the cutting edge material occurring 
on the cutting edge whose dimensions do not exceed the 
contour of 0.5 mm; 
chippings - bigger recesses in the cutting edge material reaching 
outside the contact area of the cutting edge and the cut material; 

breakages - bigger recesses in the cutting edge material 
reaching outside the contact area of the cutting edge and the 
cut material. 
The examples of the wear of different tool materials, 

including ceramics, are shown in Fig. 5. 
 

a)                                  b)                                 c) 

 

Fig. 5. The wear of tool materials: a) high-speed steel b) sintered 
carbide, c) ceramics; 1 - wear of the main flank, 2 - crater on the 
tool flank, 3 - cutting wear of the main flank, 4 - cutting wear of 
the auxiliary flank, 5,6- cutting wear of the flank [99] 
 

Wear is associated directly with cutting edge blunting. 
A blunt cutting edge is considered such cutting edge where wear 
has reached a specific limit, i.e. acceptable wear has occurred. 
Three criteria of cutting edge blunting are differentiated 
[106,107,111,112]: 

Physical criteria consider solely the cutting capabilities of the 
tool. From a physical viewpoint, a cutting edge is considered 
blunt when the level of its wear determined with a selected 
indicator (usually VBB) is preceding the occurrence of 
catastrophic wear.  
Economic criteria consider the optimum use of the tool, in 
terms of efficiency, throughout its service life taking into 
account the number of technological procedures performed 
between each tool sharpening operation and the number of 
permitted tool sharpening operations resulting from the 
forecast sharpening reserve and the thickness of the cutting 
edge material layer removed in one sharpening. The economic 
wear of the cutting edge is determined in relation to the tools 
working in the conditions of large-lot or mass production (the 
tool performs always the same technological procedure). 
Technological criteria refer to machining requirements with 
the tool considered.  
From the technological point of view, a cutting edge is 

considered blunt when its wear exceeds the permitted roughness 
of the machined surface or when its treatment dimensions are 
changed within the limits of its permitted production tolerance.  

Some investigations into cutting ability use only one criterion 
to determine a tool’s cutting ability, while five to six different 
variables are required in others. The most popular criteria for 
assessing the ease of cutting [108-110]: 
1. Cutting edge life between each sharpening operation 

expressed with different periods in tool strength tests. 
2. The value of forces acting on the tool during cutting or power 

consumed determined in cutting force tests. 
3. The quality of the machined surface examined in machined 

surface tests. 
The main three criteria, i.e. cutting edge life, cutting forces 
and machined surface quality should be referenced to a 
workshop’s machining costs. It is therefore logical that three 
values should become the most commonly assumed indicators 
of cutting ability for use by a workshop. 

2.  Wear mechanisms of cutting tools
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tools: 1) (Ti,Al)N, 2) Ti(C,N), 3) TiN, 4) Ti2N [104] 
 
 

In the workshop practice, the end of the technological service 
life of a tool is seen usually when the tool no longer produces an 
item with the desired dimensions and surface quality. The time 
until the moment a tool no longer is capable of further cutting can 
also be considered the tool life. Cutting edge wear is manifested 
as a loss in its material at the start, as cracking and chipping of the 
cutting edge or as cutting edge breakage. Cutting edge wear is 
measured as a quantitative loss in its material [101-103]. 

The following can be considered the general symptoms of 
cutting edge wear [99]: 

cracking and chipping (of the cutting edge); 
wear (groove) of the flank; 
higher wear at the interface of the cutting edge and the 
worked material; 
wear of the auxiliary flank; 
deep scratches caused by the detaching part of the buildup and 
pressed into the item material on the cutting surface; 
higher wear caused by intensive cutting edge material 
oxidisation at the interface of the cutting edge and the worked 
material; 
wear of the main flank. 
Stepless (constant) and sudden (strength) wear is 

distinguished between considering the way the cutting edge wear 
is progressing. Constant wear is advancing without major losses 
in the cutting edge material within the short observation time of 

4 

the wear. In sudden wear, one-off or repetitive cutting edge loss 
or losses occur or its damage due to, e.g. a cracked cutting edge. 
The dependency between different types of wear and cutting time 
is shown in Fig. 4 [100-103]. 

 
Fig. 4. Dependency between growth of tool cutting edge wear and 
work time: 1 - loss wear, 2 - abrasive wear, 3 - adhesion wear,  
4 - diffusion wear, 5 - wear due to oxidisation, 6 - plastic 
deformation [98] 
 

There are different causes of constant wear [99,102]: 
mechanical and abrasive wear in which irregularities in the 
cutting edge surface are carved by the cut material and the 
chip and where irregularities are created on the cutting edge 
surface through the cutting activity of hard micro inclusions 
of the cut material structure; 
chemical-abrasive wear where surface layers of chemical 
compounds are formed in the cutting edge material which are 
weakly joined with the substrate as a result of the activity of 
chemically active ingredients of the process fluid or oxygen 
from the surrounding air; 
adhesion wear where particles are removed from the cutting 
edge material by the cut material’s particles bound with them 
with adhesion forces; 
diffusion wear consisting of harmful penetration of the cutting 
edge material atoms into the cut material and the cut material 
atoms into the cutting edge material, as a result of which a 
diffusive layer of the cutting edge material is formed with 
hardness smaller and brittleness higher than the virgin 
material of the cutting edge; inferior properties of this layer 
are intensifying cutting edge wear. 
Different types of constant wear also occur in the particular 

conditions of cutting, with some of them being predominant.  
Sudden wear is caused by the immediate or fatigue strength of 

the cutting edge material being exceeded locally, with its 
symptoms as follows [99-102]: 

cracks - small recesses in the cutting edge material occurring 
on the cutting edge whose dimensions do not exceed the 
contour of 0.5 mm; 
chippings - bigger recesses in the cutting edge material reaching 
outside the contact area of the cutting edge and the cut material; 

breakages - bigger recesses in the cutting edge material 
reaching outside the contact area of the cutting edge and the 
cut material. 
The examples of the wear of different tool materials, 

including ceramics, are shown in Fig. 5. 
 

a)                                  b)                                 c) 

 

Fig. 5. The wear of tool materials: a) high-speed steel b) sintered 
carbide, c) ceramics; 1 - wear of the main flank, 2 - crater on the 
tool flank, 3 - cutting wear of the main flank, 4 - cutting wear of 
the auxiliary flank, 5,6- cutting wear of the flank [99] 
 

Wear is associated directly with cutting edge blunting. 
A blunt cutting edge is considered such cutting edge where wear 
has reached a specific limit, i.e. acceptable wear has occurred. 
Three criteria of cutting edge blunting are differentiated 
[106,107,111,112]: 

Physical criteria consider solely the cutting capabilities of the 
tool. From a physical viewpoint, a cutting edge is considered 
blunt when the level of its wear determined with a selected 
indicator (usually VBB) is preceding the occurrence of 
catastrophic wear.  
Economic criteria consider the optimum use of the tool, in 
terms of efficiency, throughout its service life taking into 
account the number of technological procedures performed 
between each tool sharpening operation and the number of 
permitted tool sharpening operations resulting from the 
forecast sharpening reserve and the thickness of the cutting 
edge material layer removed in one sharpening. The economic 
wear of the cutting edge is determined in relation to the tools 
working in the conditions of large-lot or mass production (the 
tool performs always the same technological procedure). 
Technological criteria refer to machining requirements with 
the tool considered.  
From the technological point of view, a cutting edge is 

considered blunt when its wear exceeds the permitted roughness 
of the machined surface or when its treatment dimensions are 
changed within the limits of its permitted production tolerance.  

Some investigations into cutting ability use only one criterion 
to determine a tool’s cutting ability, while five to six different 
variables are required in others. The most popular criteria for 
assessing the ease of cutting [108-110]: 
1. Cutting edge life between each sharpening operation 

expressed with different periods in tool strength tests. 
2. The value of forces acting on the tool during cutting or power 

consumed determined in cutting force tests. 
3. The quality of the machined surface examined in machined 

surface tests. 
The main three criteria, i.e. cutting edge life, cutting forces 
and machined surface quality should be referenced to a 
workshop’s machining costs. It is therefore logical that three 
values should become the most commonly assumed indicators 
of cutting ability for use by a workshop. 
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Table 1. 
The types of coatings applied for the research 

Process Coating Substrate Thickness, m 

PVD 

TiN Si3N4 0.8 

TiN+multi(Ti,Al,Si)N+TiN Si3N4 4.0 

TiN+(Ti,Al,Si)N+TiN Si3N4 2.0 

TiN+(Ti,Al,Si)N+(Al,Si,Ti)N Si3N4 2.5 

Ti(B,N) Si3N4 2.1 

Ti(C,N) Si3N4 2.1 

(Ti,Zr)N Si3N4 1.7 

(Ti,Al)N Si3N4 0.7 

(Ti,Al)N+(Al,Cr)N Sialon ceramics 4.0 

(Al,Cr)N+(Ti,Al)N Sialon ceramics 3.9 

Ti(C,N)+(Ti,Al)N Sialon ceramics 1.4 

(Al,Ti)N Sialon ceramics 3.0 

(Ti,Al)N Sialon ceramics 5.0 

(Al,Cr)N Sialon ceramics 4.8 

Ti(C,N) (2) Sialon ceramics 1.8 

Ti(C,N) (1) Sialon ceramics 1.5 

Ti(B,N) Sialon ceramics 1.3 

(Ti,Zr)N Sialon ceramics 2.3 

CVD 

Ti(C,N)+TiN Si3N4 4.2 

Ti(C,N)+Al2O3+TiN Si3N4 9.5 

TiC+TiN Si3N4 5.4 

TiC+Ti(C,N)+Al2O3+TiN Si3N4 7.8 

TiN+Al2O3 Si3N4 10.0 

TiN+Al2O3+TiN* Si3N4 3.8 

Al2O3+TiN (1)* Si3N4 2.6 

Al2O3+TiN (2)* Si3N4 1.7 

TiN+Al2O3+TiN+Al2O3+TiN* Si3N4 4.5 

Ti(C,N)+ Al2O3+TiN Sialon ceramics 7.0 

Ti(C,N)+ TiN Sialon ceramics 2.8 

* Commercial inserts 

6 

Cutting edge life, though, since long has been the dominant 
criterion indicating a cutting ability and influencing the operation 
cost. The use of cutting edge life tests is one of the circumstances 
most important economically in cutting, and the comparison of 
alternatives (tools, cut material, machining fluids) is substantiated 
economically [96,111].

3. Research material 
The research was carried out using indexable inserts made of 

sialon and nitride tool ceramics, uncoated and coated in PVD and 
CVD processes with multilayer, multicomponent and graded wear 
resistant coatings. The inserts were  deposited in the process of 
cathodic arc evaporation (CAE-PVD) with graded coatings of the 
following type: Ti(B,N), (Ti,Zr)N, Ti(C,N), Ti(C,N)+(Ti,Al)N, 
TiN+(Ti,Al,Si)N+(Al,Si,Ti)N and with the following multiphase 
coatings: (Al,Ti)N, (Ti,Al)N, (Al,Cr)N, (Ti,Al)N+(Al,Cr)N, 
(Al,Cr)N+(Ti,Al)N, TiN+multi(Ti,Al,Si)N+TiN, TiN+(Ti,Al,Si)N+TiN 
as well as in a high-temperature CVD process with multilayer 
coatings based on Ti(C,N), Al2O3, TiN and TiC phases. 

The results of measurements of the tested coatings’ thickness 
are shown in Table 1. The thickness of the tested PVD coatings 
obtained in tool ceramics spans between 0.7 to 5.0 m, while the 
thickness of CVD coatings between 1.7 to 10 m. 

 
 

4. Optimisation of coatings deposition 
conditions and selection of a method for 
changing the concentration of elements and 
fraction of phases to obtain graded coatings

The deposition of PVD Ti(B,N), (Ti,Zr)N, Ti(C,N) (1) and 
Ti(C,N)+(Ti,Al)N coatings was carried out at the Institute of 

Engineering Materials and Biomaterials of the Silesian  
University of Technology in Gliwice using a DREVA ARC400 
device of the German company VTD Vakuumtechnik. The device 
is equipped with three independent sources of metal vapours  
[73-75]. 

The substrates were prepared for deposition in two phases prior 
to coating deposition. The first phase was undertaken outside the 
work chamber of the coating deposition device. The deposited 
indexable inserts were cleaned chemically by way of washing and 
rinsing in ultrasound washes and cascade washers and dried in a 
stream of hot air. The second phase of substrate preparation was 
made in a vacuum chamber of the PVD coating deposition device. 
The substrate in this phase was heated to ca. 400ºC with a beam of 
electrons emitted from a hollow cathode in the argon atmosphere at 
a reduced pressure and ion cleaned with Ar ions at the accelerating 
voltage of -300 V for 25 minutes.  

Targets with the diameter of 65 mm cooled with water were 
used for coating deposition. The targets contained pure Ti and 
alloys of TiB 95:5 % at., TiZr 75:25 % at., TiAl 50:50 % at. 10-4 
Pa vacuum was generated in the work chamber. The pressure in 
the deposition process in the vacuum chamber was 1.8-2.8×10-1 
Pa. The coatings were deposited in the atmosphere of Ar inert gas 
and N2 reactive gases to obtain nitrides and a mixture of N2 and 
C2H2 to obtain a layer of carbonitrides. A gradient change in the 
concentration of chemical composition on the cross section of the 
layers was obtained by changing the dosage ratio of reactive gases 
or changing the intensity of target evaporation current on arc 
sources. The set current and voltage conditions and gas flow 
conditions are listed in Table 2. Figures 6-9 show temporary 
changes in the flow value of reactive gases and the current 
intensity values recorded during the deposition processes, used for 
obtaining a chemical composition gradient. The substrates were 
moving constantly relative to the sources of vapours by 
performing a rotary movement to obtain uniform thickness of 
coatings and to prevent the shadow effect on the items being 
coated [73-75]. 

 
 
Table 2.  
Current and voltage conditions for coatings deposition with the CAE-PVD method 

Coating type 

Vapour source 
Accelerating 
voltage, V 

Flow of gases, cm3/min 
Time, 
min 

Substrate 
temperature, 

ºC 
Target 
type / 

current, A 

Target type 
/ current A 

Target type 
/ current, A Ar N2 C2H2 

Ti(B,N) TiB/60 TiB/60 - -100 20 0 250 - 5 260 
- 250 10 230 

(Ti,Zr)N Ti/60 

- 
- 

-100 

20 10 25 250 

- 

6 230 
TiZr/60 

20 250 

4 220 

TiZr/80 

5 240 
TiZr/60 3 300 

TiZr/80 3 340 
- 3 350 

Ti(C,N) (1) Ti/75 Ti/75 - -100 80 250 0 0 200 20 340 

Ti(C,N)+ 
(Ti,Al)N 

Ti/60 Ti/60 - 
-100 10 20 50 250 - 5 275 

-200 60 150 200 10 50 6 250 
200 50 5 240 

- - TiAl/80 -150 180 450 - 10 245 
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Cutting edge life, though, since long has been the dominant 
criterion indicating a cutting ability and influencing the operation 
cost. The use of cutting edge life tests is one of the circumstances 
most important economically in cutting, and the comparison of 
alternatives (tools, cut material, machining fluids) is substantiated 
economically [96,111].

3. Research material 
The research was carried out using indexable inserts made of 

sialon and nitride tool ceramics, uncoated and coated in PVD and 
CVD processes with multilayer, multicomponent and graded wear 
resistant coatings. The inserts were  deposited in the process of 
cathodic arc evaporation (CAE-PVD) with graded coatings of the 
following type: Ti(B,N), (Ti,Zr)N, Ti(C,N), Ti(C,N)+(Ti,Al)N, 
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as well as in a high-temperature CVD process with multilayer 
coatings based on Ti(C,N), Al2O3, TiN and TiC phases. 

The results of measurements of the tested coatings’ thickness 
are shown in Table 1. The thickness of the tested PVD coatings 
obtained in tool ceramics spans between 0.7 to 5.0 m, while the 
thickness of CVD coatings between 1.7 to 10 m. 
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changing the concentration of elements and 
fraction of phases to obtain graded coatings

The deposition of PVD Ti(B,N), (Ti,Zr)N, Ti(C,N) (1) and 
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3.  Research material

4.  Optimisation of coatings deposition condi-
tions and selection of a method for changing 
the concentration of elements and fraction of 
phases to obtain graded coatings
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Fig. 6. Change in flow rate of reactive gas - nitrogen- during 
deposition of the Ti(B,N) coating [73] 
 
 
a) 

 
 

b) 
 

 
 

Fig. 7. Technological conditions of (Ti,Zr)N coating deposition: a) 
change in the intensity of current on Ti and TiZr arc sources, b) 
change in the intensity of flow rate of argon and nitrogen gases [75] 

 
 

5. Testing methodology 
 
A surface topography and the structure of the coatings 

produced were examined on transverse fractures with a scanning 
electron microscope Supra 35 by Zeiss. Secondary Electrons (SE) 
detection and Back Scattered Electrons (BSE) detection, 
accelerating voltage of 5-20 kV and the maximum magnification 

of 60000 times was used for obtaining images of the tested 
specimens. Brittle fractures were prepared for observation by 
cutting notches on the inserts covered with the tested coatings and 
cooled in liquid nitrogen prior to breaking. 

 
 

 
 

Fig. 8. Change in flow rate of reactive gases - nitrogen and 
acetylene - during deposition of the Ti(C,N) (1) coating [75] 
 
 

 
 

Fig. 9. Change in flow rate of reactive gases - nitrogen and 
acetylene - during deposition of the Ti(C,N)+(Ti,Al)N coating 
 

A qualitative and quantitative analysis of the tested coatings' 
chemical composition in microregions was made with the EDS 
scattered X-ray radiation spectroscopy method using an EDS 
LINK ISIS spectrometer by Oxford incorporated into an electron 
scanning microscope Zeiss Supra 35. The tests were performed 
with the accelerating voltage of 20 kV. 

Variations in the chemical concentration of the coating 
components in the direction perpendicular to the coating surface 
and concentration variations in the transition zone between the 
coating and the substrate material were evaluated based on tests 
with a GDOS-850 QDP glow discharge optical spectrometer by 
Leco Instruments. The following working conditions of the 
spectrometer's Grimm lamp were used in the tests: 

inner lamp diameter - 4 mm; 
lamp supply voltage - 700 V; 
lamp current - 20 mA; 
working pressure - 100 Pa. 

N2 

TiZr 
TiZr 

Ti 

N2 

Ar 

N2 

C2H2 

N2 

C2H2 

Ti(C,N) layer (Ti,Al)N layer 
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A Paschen-Runge continuous simultaneous spectrometer with 
the focal point of 750 mm and the holographic lattice with 2400 
lines per millimetre was used in this device. The maximum depth 
of the analysis was about 30 m. 

Variations in the chemical concentration of the coating 
components in the direction perpendicular to the coating surface 
and concentration variations in the transition zone between the 
coating and the substrate were determined in spectroscopic tests: 
X-ray Photoelectron Spectroscopy (XPS) and Auger Electron 
Spectroscopy (AES). AES and XPS tests were carried out with an 
X-ray photoelectron spectroscope by Physical Electronics (PHI 
5700/660). Monochromatic radiation coming from the Al K  
anode (1486.6 eV) was used in the spectrometer. Two types of 
surfaces were analysed with the XPS technique: immediately after 
insertion into the spectrometer and after etching with argon ions. 
In the case of the test with the AES method, the specimen surface 
was etched with argon ions with energy of 4keV, and the crater 
formed on the surface was analysed with a linear profile.   

The observations of thin foils’ structure and diffraction tests 
were performed with a JEM 3010 UHR transmission electron 
microscope by JEOL, with the accelerating voltage of 300 kV and 
maximum magnification of 250,000 times. Diffraction patterns 
from the transmission electron microscope were being solved 
using Eldyf software. Thin foils were made in the longitudinal 
section, by cutting out approx. 0.4 mm thick plates from solid 
specimens, and then targets with the diameter of 3 mm were cut 
out from them using an ultrasound drill. The targets were initially 
ground mechanically to the thickness of ca. 80 m and an approx. 
75 m deep groove was ground. Finally, the preparations were 
subjected to ion thinning with a device by Gatan company. 

A phase composition analysis of the substrates and of the 
coatings obtained was performed with the X-ray diffraction 
method with an X´Pert Pro X-ray device by Panalytical with the 
Bragg-Brentano configuration using the filtered radiation of a 
cobalt lamp with the voltage of 40 kV and the filament current of 
30 mA. A 0.05 step and with the pulse counting time of 10 
seconds was assumed. As the reflexes of the substrate material 
and of the coating are overlapping and considering their intensity 
making it difficult to analyse the results obtained, the razing-
incidence X-ray diffraction (GIXD) method for the primary X-ray 
beam using a parallel beam collimator before a proportional 
detector was used in the further investigations to obtain more 
accurate information from the analysed material’s surface layer. 
As a diffraction pattern can be recorded with the low incidence 
angles for the beam onto the specimen surface, diffraction 
patterns from thin layers can be obtained by increasing the 
volume of the material taking part in diffraction. The diffraction 
patterns of graded and multilayer coatings were established for 
the different incidence angles of the primary beam. The thickness 
of the layer from which diffraction patters were obtained was 
estimated according to the following dependency: 

 

sin95,0ln

 
 

where: 
 - average linear layer absorption factor, 
 - primary beam incidence angle. 

 
The texture of the investigated coatings deposited onto the 

substrate made of sialon ceramics was evaluated with an X´Pert 

PRO X-ray instrument by Panalytical. Pole figures were measured 
with the reflection method using an Euler's disc with the diameter of 
187 mm with the specimen inclination angles of 0 to 75° in order to 
determine the distribution of normals for the selected plane and to 
determine Orientation Distribution Functions (ODFs) of the 
coatings obtained in PVD and high-temperature CVD processes. An 
ODF analysis of the investigated materials was made with 
procedures available in LaboTex 3.0 software by means of the 
discreet ADC method using the iteration operator [23].  

The internal macro-stresses (measured in two perpendicular 
directions) of the examined CVD and PVD coatings were 
determined with the sin2  method using X’Pert Stress Plus 
software incorporating data, as a database, necessary to calculate 
the values of material constants [23]. 

The thickness of the coatings was measured with a "kalotest" 
method consisting of measuring the characteristic sizes of a crater 
formed on the surface of the tested specimen with the coating. A 
rotating 15 mm steel ball was used for creating the crater. An 
abradant in the form of a diamond suspension was inserted between 
the rotating ball and the specimen surface. The characteristic wear 
values were measured through observations with an MEF4A Leica 
metallographic light microscope. The coating thickness was 
determined according to the following relationship: 

g = 44 [D2 -·d2] 10-6 [ m] 

5 measurements were made for each of the tested coated specimen 
and average values were determined. In order to verify the results 
obtained, the thickness of the coatings was measured with a 
scanning electron microscope on the transverse fractures.  

Surface roughness for the polished specimens made of sialon 
ceramics without coatings and covered with the studied coatings 
was measured with a Surftec 3+ profilometer by RankTaylor 
Hobson, whereas surface roughness measurements of grey cast 
iron after a cutting test with uncoated cutting edges and covered 
with the studied coatings were made with a Diavite Compact 
profilographometer by Asmeo Ag. The measurement length of 
Lc = 0.8 mm and the measurement accuracy of ±0.02 m was 
assumed. The Ra parameter acc. to PN-EN ISO 4287:1999 was 
adopted as a value describing surface roughness.  

The hardness of the materials tested was determined using the 
Vickers method. The hardness of the deposited substrates made of 
sialon tool ceramics was examined using the classical Vickers 
method using a uniform load of 3 N according to PN-EN ISO 
6507-1:2007. The hardness tests of the coatings fabricated were 
made with the dynamic Vickers method on a load - unload basis 
where a diamond indenter is loaded with the set force maintained 
for 10 seconds followed by loading. The essence of the test is that 
the depth of indention is measured that usually does not exceed 
the tenths of a micrometer, and the set pressure does not exceed 
0.05 N, which eliminates the impact of the substrate material on 
the results of coating hardness measurement. Dynamic hardness is 
determined according to the following dependency [112]: 

 

2D
PDH

 
 

where: 
 - a constant reflecting the indenter shape impact, for Vickers  
 = 3.8584, 

P - set load, mN, 
D - indention depth, m. 

5.  Testing methodology
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Fig. 6. Change in flow rate of reactive gas - nitrogen- during 
deposition of the Ti(B,N) coating [73] 
 
 
a) 
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Fig. 7. Technological conditions of (Ti,Zr)N coating deposition: a) 
change in the intensity of current on Ti and TiZr arc sources, b) 
change in the intensity of flow rate of argon and nitrogen gases [75] 

 
 

5. Testing methodology 
 
A surface topography and the structure of the coatings 

produced were examined on transverse fractures with a scanning 
electron microscope Supra 35 by Zeiss. Secondary Electrons (SE) 
detection and Back Scattered Electrons (BSE) detection, 
accelerating voltage of 5-20 kV and the maximum magnification 

of 60000 times was used for obtaining images of the tested 
specimens. Brittle fractures were prepared for observation by 
cutting notches on the inserts covered with the tested coatings and 
cooled in liquid nitrogen prior to breaking. 

 
 

 
 

Fig. 8. Change in flow rate of reactive gases - nitrogen and 
acetylene - during deposition of the Ti(C,N) (1) coating [75] 
 
 

 
 

Fig. 9. Change in flow rate of reactive gases - nitrogen and 
acetylene - during deposition of the Ti(C,N)+(Ti,Al)N coating 
 

A qualitative and quantitative analysis of the tested coatings' 
chemical composition in microregions was made with the EDS 
scattered X-ray radiation spectroscopy method using an EDS 
LINK ISIS spectrometer by Oxford incorporated into an electron 
scanning microscope Zeiss Supra 35. The tests were performed 
with the accelerating voltage of 20 kV. 

Variations in the chemical concentration of the coating 
components in the direction perpendicular to the coating surface 
and concentration variations in the transition zone between the 
coating and the substrate material were evaluated based on tests 
with a GDOS-850 QDP glow discharge optical spectrometer by 
Leco Instruments. The following working conditions of the 
spectrometer's Grimm lamp were used in the tests: 

inner lamp diameter - 4 mm; 
lamp supply voltage - 700 V; 
lamp current - 20 mA; 
working pressure - 100 Pa. 
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A Paschen-Runge continuous simultaneous spectrometer with 
the focal point of 750 mm and the holographic lattice with 2400 
lines per millimetre was used in this device. The maximum depth 
of the analysis was about 30 m. 

Variations in the chemical concentration of the coating 
components in the direction perpendicular to the coating surface 
and concentration variations in the transition zone between the 
coating and the substrate were determined in spectroscopic tests: 
X-ray Photoelectron Spectroscopy (XPS) and Auger Electron 
Spectroscopy (AES). AES and XPS tests were carried out with an 
X-ray photoelectron spectroscope by Physical Electronics (PHI 
5700/660). Monochromatic radiation coming from the Al K  
anode (1486.6 eV) was used in the spectrometer. Two types of 
surfaces were analysed with the XPS technique: immediately after 
insertion into the spectrometer and after etching with argon ions. 
In the case of the test with the AES method, the specimen surface 
was etched with argon ions with energy of 4keV, and the crater 
formed on the surface was analysed with a linear profile.   

The observations of thin foils’ structure and diffraction tests 
were performed with a JEM 3010 UHR transmission electron 
microscope by JEOL, with the accelerating voltage of 300 kV and 
maximum magnification of 250,000 times. Diffraction patterns 
from the transmission electron microscope were being solved 
using Eldyf software. Thin foils were made in the longitudinal 
section, by cutting out approx. 0.4 mm thick plates from solid 
specimens, and then targets with the diameter of 3 mm were cut 
out from them using an ultrasound drill. The targets were initially 
ground mechanically to the thickness of ca. 80 m and an approx. 
75 m deep groove was ground. Finally, the preparations were 
subjected to ion thinning with a device by Gatan company. 

A phase composition analysis of the substrates and of the 
coatings obtained was performed with the X-ray diffraction 
method with an X´Pert Pro X-ray device by Panalytical with the 
Bragg-Brentano configuration using the filtered radiation of a 
cobalt lamp with the voltage of 40 kV and the filament current of 
30 mA. A 0.05 step and with the pulse counting time of 10 
seconds was assumed. As the reflexes of the substrate material 
and of the coating are overlapping and considering their intensity 
making it difficult to analyse the results obtained, the razing-
incidence X-ray diffraction (GIXD) method for the primary X-ray 
beam using a parallel beam collimator before a proportional 
detector was used in the further investigations to obtain more 
accurate information from the analysed material’s surface layer. 
As a diffraction pattern can be recorded with the low incidence 
angles for the beam onto the specimen surface, diffraction 
patterns from thin layers can be obtained by increasing the 
volume of the material taking part in diffraction. The diffraction 
patterns of graded and multilayer coatings were established for 
the different incidence angles of the primary beam. The thickness 
of the layer from which diffraction patters were obtained was 
estimated according to the following dependency: 

 

sin95,0ln

 
 

where: 
 - average linear layer absorption factor, 
 - primary beam incidence angle. 

 
The texture of the investigated coatings deposited onto the 

substrate made of sialon ceramics was evaluated with an X´Pert 

PRO X-ray instrument by Panalytical. Pole figures were measured 
with the reflection method using an Euler's disc with the diameter of 
187 mm with the specimen inclination angles of 0 to 75° in order to 
determine the distribution of normals for the selected plane and to 
determine Orientation Distribution Functions (ODFs) of the 
coatings obtained in PVD and high-temperature CVD processes. An 
ODF analysis of the investigated materials was made with 
procedures available in LaboTex 3.0 software by means of the 
discreet ADC method using the iteration operator [23].  

The internal macro-stresses (measured in two perpendicular 
directions) of the examined CVD and PVD coatings were 
determined with the sin2  method using X’Pert Stress Plus 
software incorporating data, as a database, necessary to calculate 
the values of material constants [23]. 

The thickness of the coatings was measured with a "kalotest" 
method consisting of measuring the characteristic sizes of a crater 
formed on the surface of the tested specimen with the coating. A 
rotating 15 mm steel ball was used for creating the crater. An 
abradant in the form of a diamond suspension was inserted between 
the rotating ball and the specimen surface. The characteristic wear 
values were measured through observations with an MEF4A Leica 
metallographic light microscope. The coating thickness was 
determined according to the following relationship: 

g = 44 [D2 -·d2] 10-6 [ m] 

5 measurements were made for each of the tested coated specimen 
and average values were determined. In order to verify the results 
obtained, the thickness of the coatings was measured with a 
scanning electron microscope on the transverse fractures.  

Surface roughness for the polished specimens made of sialon 
ceramics without coatings and covered with the studied coatings 
was measured with a Surftec 3+ profilometer by RankTaylor 
Hobson, whereas surface roughness measurements of grey cast 
iron after a cutting test with uncoated cutting edges and covered 
with the studied coatings were made with a Diavite Compact 
profilographometer by Asmeo Ag. The measurement length of 
Lc = 0.8 mm and the measurement accuracy of ±0.02 m was 
assumed. The Ra parameter acc. to PN-EN ISO 4287:1999 was 
adopted as a value describing surface roughness.  

The hardness of the materials tested was determined using the 
Vickers method. The hardness of the deposited substrates made of 
sialon tool ceramics was examined using the classical Vickers 
method using a uniform load of 3 N according to PN-EN ISO 
6507-1:2007. The hardness tests of the coatings fabricated were 
made with the dynamic Vickers method on a load - unload basis 
where a diamond indenter is loaded with the set force maintained 
for 10 seconds followed by loading. The essence of the test is that 
the depth of indention is measured that usually does not exceed 
the tenths of a micrometer, and the set pressure does not exceed 
0.05 N, which eliminates the impact of the substrate material on 
the results of coating hardness measurement. Dynamic hardness is 
determined according to the following dependency [112]: 

 

2D
PDH

 
 

where: 
 - a constant reflecting the indenter shape impact, for Vickers  
 = 3.8584, 

P - set load, mN, 
D - indention depth, m. 
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Variations to the plastic deformation and elastic deformation 
of the tested material during indenter loading and unloading can 
be observed when measuring hardness with the dynamic Vickers 
method performed with a DUH 202 Shimadzu nanohardness 
tester. A precision measuring unit allows to record the depth of 
the indentation formed.  

The adhesion of the coatings to the substrate was evaluated 
with a scratch-test method with Revetest equipment by CSEM. 
The method consists of moving a diamond Rockwell C indenter 
along the specimen surface at a constant rate with the loading 
force rising linearly. The following test conditions were applied: 

range of load applied of 0-200 N; 
load increase rate of 100 N/min; 
indenter movement rate of 10 mm/min; 
acoustic emission detector sensitivity of 1. 
The Lc critical load, at which coating adhesion is lost, was 

determined according to the acoustic emission value registered 
during a measurement and by observing the scratches formed 
during a scratch test. The observations were made with a light 
microscope fitted in the device. The detailed observations of the 
damages were observed with a Zeiss Supra 35 electron scanning 
microscope by Opton with the accelerating voltage of 20 kV. 

Abrasive wear resistance tests and the wear factor tests for the 
tested coatings were performed with the pin-on-disc method with 
a CSEM High Temperature Tribometer (THT) linked directly to a 
PC enabling to define the size of the load, rotation speed, radius 
on the specimen, the maximum friction factor and test duration. 
A 6 mm wolfram carbide ball was used as a counter-specimen. 
The tests were made at a room temperature under the following 
test conditions: 

pressure force of FN = 10 N; 
movement speed of v = 0.1 m/s; 
radius of r = 5 mm. 
The same number of cycles of 10,000 was set for all the tested 

specimens. 
Technological cutting tests were carried out to group the 

tested cutting plates according to their functional properties. 
Cuttability tests for the inserts made of sialon ceramics coated and 
uncoated with PVD and  CVD coatings were carried out with a 
continuous cutting test without the use of process cooling and 
lubricating liquids on a TUR 630M turning machine. Grey cast 
iron EN-GJL-250 with the hardness of approx. 215 HB was 
subjected to cutting at a room temperature.  

Continuous cutting tests were performed on the SNGN 
120412-type indexable inserts mounted in a universal lathe chuck 
permitting to maintain geometric features of the insert. 

Technological cutting tests were carried out using the 
following cutting conditions: 

feed of f = 0.2 mm per rev., 
cutting depth of ap = 1 mm, 
cutting speed of vc = 180 m/min and vc = 425 m/min. 
The durability of the inserts was determined by measuring the 

wear track width on the tool flank. The average wear track width 
VB and the maximum wear track width VBmax was measured with 
a Carl Zeiss Jena light microscope. The cutting tests were 
interrupted when the set VB = 0.2 mm wear criterion for finish 
treatment was exceeded. The wear of the flank and the incidence 

surface of the inserts was observed with a scanning electron 
microscope Zeiss Supra 35. A chemical composition analysis in 
microregions was made with the EDS method. The tests results 
obtained are presented as dependency diagrams of the wear track 
on the incidence surface VB in the function of continuous cutting 
time. The cutting edge life is determined by time T [min] after 
which the set criterion VB = 0.2 mm is overstepped. 
 

6. Cutting properties of tool ceramics 
with PVD and CVD coatings  

The functional characteristic of the studied coatings obtained 
on the cutting edges made of sialon tool ceramics was elaborated 
with technological continuous cutting tests of grey cast iron 
without the use of process cooling and lubricating liquids.  
Cutting tests with indexable inserts made of uncoated sialons 
were made for comparison. The cutting edge life is determined  
as the cutting time T expressed in minutes necessary for reaching 
the set criterion of wear VB = 0.2 mm for precision machining. 
Technological cutting tests were carried out for two cutting speed 
rates. Cutting tests were carried out at the beginning for  
all the tested cutting edges at a rate of 170 m/min, and then the 
test was repeated for the rate of 425 m/min for the selected 
specimens exhibiting best operational properties. It was found as a 
result of the test that the highest service life of T = 72 min  
for a cutting speed rate of vc = 170 m/min was achieved for  
a cutting edge coated with (Al,Ti)N, while the lowest life of  
T = 5 min for Ti(B,N) and Ti(C,N) (1) coatings. The life of an 
uncoated cutting edge made of sialon ceramics for the same 
cutting speed was estimated at T = 11 min of continuous cutting 
which allows to confirm that (Al,Ti)N, (Al,Cr)N, 
(Al,Cr)N+(Ti,Al)N and Ti(C,N)+TiN coatings contribute to the 
enhanced life of a sialon cutting edge (Figs. 10, 11). 
 
 

 
 
 
Fig. 10. Values of the life of cutting edges T made of sialon tool 
ceramics uncoated and coated with the tested coatings determined 
in a continuous cutting test of grey cast iron, the cutting speed of 
vc = 170 m/min 

10 

 
Fig. 11. Dependency diagram of wear track on the incidence 
surface VB and the cutting time T for sialon ceramics with 
(Al,Cr)N coating deposited, cutting speed vc = 170 m/min [12] 
 
 

The tests of service life for the cutting speed of  
vc = 425 m/min were made for cutting edges with (Al,Ti)N, 
(Al,Cr)N and (Al,Cr)N+(Ti,Al)N coatings deposited and not 
deposited. It was concluded as a result of the tests that all the 
tested coatings improve the cutting edge life, and the highest life 
of T = 40 min was exhibited by tools with (Al,Cr)N+(Ti,Al)N 
coating deposited. The life of an uncoated cutting edge for this 
cutting speed is T = 13 min (Figs. 12, 13). 
 
 

 

Fig. 12. Values of the life of cutting edges T made of sialon tool 
ceramics uncoated and coated with the tested coatings determined 
in a continuous cutting test of grey cast iron, the cutting speed of 
v = 425 m/min 
 
 

It was found as a result of metallographic observations in a 
scanning electron microscope for the examined indexable inserts 
that the tools subjected to a cutting test indicate wear acc.  
to the abrasion and adhesion mechanism. The flaking of the 
Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N)+(Ti,Al)N coatings was 
identified and extensive chipping of the Ti(C,N) (2), (Ti,Al)N  
and (Ti,Al)N+(Al,Cr)N coatings. Limited formation of  
buildup was also confirmed for the machined material  
(Figs. 14-17). 

 
 
Fig. 13. Dependency diagram of wear track on the incidence 
surface VB and the cutting time T for sialon ceramics with 
(Al,Cr)N coating deposited, cutting speed vc = 425 m/min 

 
 

 
 
Fig. 14. Image of wear of the flank of sialon tool ceramics with 
Ti(B,N) coating deposited, cutting time of 5 min [2] 
 
 

 
 
Fig. 15. Image of wear of the flank of sialon tool ceramics with 
(Ti,Zr)N coating deposited, cutting time of 5.5 min [2] 
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Variations to the plastic deformation and elastic deformation 
of the tested material during indenter loading and unloading can 
be observed when measuring hardness with the dynamic Vickers 
method performed with a DUH 202 Shimadzu nanohardness 
tester. A precision measuring unit allows to record the depth of 
the indentation formed.  

The adhesion of the coatings to the substrate was evaluated 
with a scratch-test method with Revetest equipment by CSEM. 
The method consists of moving a diamond Rockwell C indenter 
along the specimen surface at a constant rate with the loading 
force rising linearly. The following test conditions were applied: 

range of load applied of 0-200 N; 
load increase rate of 100 N/min; 
indenter movement rate of 10 mm/min; 
acoustic emission detector sensitivity of 1. 
The Lc critical load, at which coating adhesion is lost, was 

determined according to the acoustic emission value registered 
during a measurement and by observing the scratches formed 
during a scratch test. The observations were made with a light 
microscope fitted in the device. The detailed observations of the 
damages were observed with a Zeiss Supra 35 electron scanning 
microscope by Opton with the accelerating voltage of 20 kV. 

Abrasive wear resistance tests and the wear factor tests for the 
tested coatings were performed with the pin-on-disc method with 
a CSEM High Temperature Tribometer (THT) linked directly to a 
PC enabling to define the size of the load, rotation speed, radius 
on the specimen, the maximum friction factor and test duration. 
A 6 mm wolfram carbide ball was used as a counter-specimen. 
The tests were made at a room temperature under the following 
test conditions: 

pressure force of FN = 10 N; 
movement speed of v = 0.1 m/s; 
radius of r = 5 mm. 
The same number of cycles of 10,000 was set for all the tested 

specimens. 
Technological cutting tests were carried out to group the 

tested cutting plates according to their functional properties. 
Cuttability tests for the inserts made of sialon ceramics coated and 
uncoated with PVD and  CVD coatings were carried out with a 
continuous cutting test without the use of process cooling and 
lubricating liquids on a TUR 630M turning machine. Grey cast 
iron EN-GJL-250 with the hardness of approx. 215 HB was 
subjected to cutting at a room temperature.  

Continuous cutting tests were performed on the SNGN 
120412-type indexable inserts mounted in a universal lathe chuck 
permitting to maintain geometric features of the insert. 

Technological cutting tests were carried out using the 
following cutting conditions: 

feed of f = 0.2 mm per rev., 
cutting depth of ap = 1 mm, 
cutting speed of vc = 180 m/min and vc = 425 m/min. 
The durability of the inserts was determined by measuring the 

wear track width on the tool flank. The average wear track width 
VB and the maximum wear track width VBmax was measured with 
a Carl Zeiss Jena light microscope. The cutting tests were 
interrupted when the set VB = 0.2 mm wear criterion for finish 
treatment was exceeded. The wear of the flank and the incidence 

surface of the inserts was observed with a scanning electron 
microscope Zeiss Supra 35. A chemical composition analysis in 
microregions was made with the EDS method. The tests results 
obtained are presented as dependency diagrams of the wear track 
on the incidence surface VB in the function of continuous cutting 
time. The cutting edge life is determined by time T [min] after 
which the set criterion VB = 0.2 mm is overstepped. 
 

6. Cutting properties of tool ceramics 
with PVD and CVD coatings  

The functional characteristic of the studied coatings obtained 
on the cutting edges made of sialon tool ceramics was elaborated 
with technological continuous cutting tests of grey cast iron 
without the use of process cooling and lubricating liquids.  
Cutting tests with indexable inserts made of uncoated sialons 
were made for comparison. The cutting edge life is determined  
as the cutting time T expressed in minutes necessary for reaching 
the set criterion of wear VB = 0.2 mm for precision machining. 
Technological cutting tests were carried out for two cutting speed 
rates. Cutting tests were carried out at the beginning for  
all the tested cutting edges at a rate of 170 m/min, and then the 
test was repeated for the rate of 425 m/min for the selected 
specimens exhibiting best operational properties. It was found as a 
result of the test that the highest service life of T = 72 min  
for a cutting speed rate of vc = 170 m/min was achieved for  
a cutting edge coated with (Al,Ti)N, while the lowest life of  
T = 5 min for Ti(B,N) and Ti(C,N) (1) coatings. The life of an 
uncoated cutting edge made of sialon ceramics for the same 
cutting speed was estimated at T = 11 min of continuous cutting 
which allows to confirm that (Al,Ti)N, (Al,Cr)N, 
(Al,Cr)N+(Ti,Al)N and Ti(C,N)+TiN coatings contribute to the 
enhanced life of a sialon cutting edge (Figs. 10, 11). 
 
 

 
 
 
Fig. 10. Values of the life of cutting edges T made of sialon tool 
ceramics uncoated and coated with the tested coatings determined 
in a continuous cutting test of grey cast iron, the cutting speed of 
vc = 170 m/min 
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Fig. 11. Dependency diagram of wear track on the incidence 
surface VB and the cutting time T for sialon ceramics with 
(Al,Cr)N coating deposited, cutting speed vc = 170 m/min [12] 
 
 

The tests of service life for the cutting speed of  
vc = 425 m/min were made for cutting edges with (Al,Ti)N, 
(Al,Cr)N and (Al,Cr)N+(Ti,Al)N coatings deposited and not 
deposited. It was concluded as a result of the tests that all the 
tested coatings improve the cutting edge life, and the highest life 
of T = 40 min was exhibited by tools with (Al,Cr)N+(Ti,Al)N 
coating deposited. The life of an uncoated cutting edge for this 
cutting speed is T = 13 min (Figs. 12, 13). 
 
 

 

Fig. 12. Values of the life of cutting edges T made of sialon tool 
ceramics uncoated and coated with the tested coatings determined 
in a continuous cutting test of grey cast iron, the cutting speed of 
v = 425 m/min 
 
 

It was found as a result of metallographic observations in a 
scanning electron microscope for the examined indexable inserts 
that the tools subjected to a cutting test indicate wear acc.  
to the abrasion and adhesion mechanism. The flaking of the 
Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), Ti(C,N)+(Ti,Al)N coatings was 
identified and extensive chipping of the Ti(C,N) (2), (Ti,Al)N  
and (Ti,Al)N+(Al,Cr)N coatings. Limited formation of  
buildup was also confirmed for the machined material  
(Figs. 14-17). 

 
 
Fig. 13. Dependency diagram of wear track on the incidence 
surface VB and the cutting time T for sialon ceramics with 
(Al,Cr)N coating deposited, cutting speed vc = 425 m/min 

 
 

 
 
Fig. 14. Image of wear of the flank of sialon tool ceramics with 
Ti(B,N) coating deposited, cutting time of 5 min [2] 
 
 

 
 
Fig. 15. Image of wear of the flank of sialon tool ceramics with 
(Ti,Zr)N coating deposited, cutting time of 5.5 min [2] 

uncoated uncoated 

coated (Al,Cr)N coating coated (Al,Cr)N coating

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


66 66

D. Pakuła

Archives of Materials Science and Engineering 
11 

 
 
Fig. 16. Wear of the flank of sialon tool ceramics with (Al,Cr)N 
coating deposited, cutting time of 50 min, SEM 

 

 
 
Fig. 17. Wear of the flank of sialon tool ceramics with 
(Ti,Al)N+(Al,Cr)N coating deposited, cutting time of 13 min, SEM

 
 
 
 

 
 
 

Fig. 18. Values of estimated wear VB after 8 minutes of grey EN-GJL-250 cast iron cutting for coated and uncoated nitride ceramics 

12 

a) 

 
 
b) 

 

Fig. 19. a) Flank wear of nitride ceramics Si3N4 with 
TiN+(Ti,Al,Si)N+TiN coating deposited, b) a detail from Fig. a; 
cutting time of 8 min, SEM

 
A clear antiwear impact of the presence of the combined 

Al2O3+TiN and TiN+Al2O3 coatings on the life of the inserts was 
found as a result of the grey cast iron cutting tests made with 
Si3N4 tool ceramics. An uncoated Si3N4 insert was cut initially at 
the cutting speed of vc = 400 m/min, feed of f = 0/2 mm per rev, 
cutting depth of ap = 2.0 mm, which reaches the criterial cutting 
edge wear of VB = 0.3 mm for medium-precision machining in 
the 8th minute of continuous cutting. This cutting time provides a 
comparative basis for ceramic inserts with PVD and CVD 
coatings deposited. In case of cutting inserts with PVD coatings 
deposited based on TiN and (Ti,Al,Si)N layers, no increased 
cutting edge life was observed as the destruction of the cutting 
edge happens at the same time as the uncoated insert. A negligible 
improvement in the cutting edge life for this group of the tested 
coatings is exhibited only by (Ti,Al)N and (Ti,Zr)N coatings. On 
the other hand, it was found for the inserts with CVD coatings 
that the longest cutting edge life during continuous cutting is seen 
for Si3N4 ceramic with a TiN+Al2O3 coating for which wear track 
width on the flank corresponds to VB = 0.16 mm. As for the 
inserts under investigation, commercial inserts with a combination 
of Al2O3+TiN layers are featuring the highest cutting edge life, 

for which the wear track width on the flank is comparable to the 
TiN+Al2O3 coating and ranges between VB = 0.10-0.19 mm after 
8 minutes of cutting. All the tested inserts are characterised by a 
uniform wear track on the flank which is characteristic for this 
group of ceramic materials [98,99]. In this cutting test, the tested 
tools exhibit the wear corresponding to the abrasion and adhesion 
mechanism (Figs. 18-20).
 
a) 

 
 
b) 

 
 
Fig. 20. a) Flank wear of nitride ceramics Si3N4 with Al2O3+TiN 
(2) coating deposited, b) a detail from Fig. a; - cutting time  
of 8 min, SEM

The measurements of the parameter Ra of the machined grey 
cast iron surface’s roughness after cutting tests performed 
according to the set machining conditions reveal that the smallest 
value of the parameter Ra = 2.3 m is recorded for the cast iron 
surface machined with an insert with a TiN+Al2O3 coating while 
the highest Ra = 5.7 m for this machined with an insert with a 
TiN+(Ti,Al,Si)N+(Al,Si,Ti)N coating and with uncoated nitride 
ceramics (Ra = 5.6 m). The best surface quality was achieved as 
a result of machining with inserts with a TiN+Al2O3 coating and 
coated with a combination of Al2O3+TiN coatings in a CVD 
process, and also TiN - in a PVD process. To sum up the results 
of roughness measurements of the machined material it should be 
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Fig. 16. Wear of the flank of sialon tool ceramics with (Al,Cr)N 
coating deposited, cutting time of 50 min, SEM 

 

 
 
Fig. 17. Wear of the flank of sialon tool ceramics with 
(Ti,Al)N+(Al,Cr)N coating deposited, cutting time of 13 min, SEM

 
 
 
 

 
 
 

Fig. 18. Values of estimated wear VB after 8 minutes of grey EN-GJL-250 cast iron cutting for coated and uncoated nitride ceramics 
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Fig. 19. a) Flank wear of nitride ceramics Si3N4 with 
TiN+(Ti,Al,Si)N+TiN coating deposited, b) a detail from Fig. a; 
cutting time of 8 min, SEM

 
A clear antiwear impact of the presence of the combined 

Al2O3+TiN and TiN+Al2O3 coatings on the life of the inserts was 
found as a result of the grey cast iron cutting tests made with 
Si3N4 tool ceramics. An uncoated Si3N4 insert was cut initially at 
the cutting speed of vc = 400 m/min, feed of f = 0/2 mm per rev, 
cutting depth of ap = 2.0 mm, which reaches the criterial cutting 
edge wear of VB = 0.3 mm for medium-precision machining in 
the 8th minute of continuous cutting. This cutting time provides a 
comparative basis for ceramic inserts with PVD and CVD 
coatings deposited. In case of cutting inserts with PVD coatings 
deposited based on TiN and (Ti,Al,Si)N layers, no increased 
cutting edge life was observed as the destruction of the cutting 
edge happens at the same time as the uncoated insert. A negligible 
improvement in the cutting edge life for this group of the tested 
coatings is exhibited only by (Ti,Al)N and (Ti,Zr)N coatings. On 
the other hand, it was found for the inserts with CVD coatings 
that the longest cutting edge life during continuous cutting is seen 
for Si3N4 ceramic with a TiN+Al2O3 coating for which wear track 
width on the flank corresponds to VB = 0.16 mm. As for the 
inserts under investigation, commercial inserts with a combination 
of Al2O3+TiN layers are featuring the highest cutting edge life, 

for which the wear track width on the flank is comparable to the 
TiN+Al2O3 coating and ranges between VB = 0.10-0.19 mm after 
8 minutes of cutting. All the tested inserts are characterised by a 
uniform wear track on the flank which is characteristic for this 
group of ceramic materials [98,99]. In this cutting test, the tested 
tools exhibit the wear corresponding to the abrasion and adhesion 
mechanism (Figs. 18-20).
 
a) 

 
 
b) 

 
 
Fig. 20. a) Flank wear of nitride ceramics Si3N4 with Al2O3+TiN 
(2) coating deposited, b) a detail from Fig. a; - cutting time  
of 8 min, SEM

The measurements of the parameter Ra of the machined grey 
cast iron surface’s roughness after cutting tests performed 
according to the set machining conditions reveal that the smallest 
value of the parameter Ra = 2.3 m is recorded for the cast iron 
surface machined with an insert with a TiN+Al2O3 coating while 
the highest Ra = 5.7 m for this machined with an insert with a 
TiN+(Ti,Al,Si)N+(Al,Si,Ti)N coating and with uncoated nitride 
ceramics (Ra = 5.6 m). The best surface quality was achieved as 
a result of machining with inserts with a TiN+Al2O3 coating and 
coated with a combination of Al2O3+TiN coatings in a CVD 
process, and also TiN - in a PVD process. To sum up the results 
of roughness measurements of the machined material it should be 
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pointed out that all the tools coated with PVD and CVD coatings, 
for which improved cutting edge life was observed, contribute to 
a better quality of the machined surface (Figs. 21, 22) 
 

 
 
Fig. 21. Values of roughness parameters Ra of grey cast iron 
surface after cutting with cutting edges made of sialon tool 
ceramics coated and uncoated with the tested coatings  
 

 
 
Fig. 22. Values of the roughness parameter Ra of the machined 
grey cast iron surface EN-GJL-250 after 8 minutes of cutting 
 

 
Fig. 23. Increase in the life of ceramic cutting edges coated with 
PVD and CVD coatings versus uncoated tools  

Investigations into the service life allowed to select the 
following coatings with the best cutting properties:  

(Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and T(C,N)+TiN 
deposited onto sialon ceramics and  
(Ti,Zr)N, (Ti,Al)N, Al2O3+TiN (1), Al2O3+TiN (2), 
TiN+Al2O3+TiN, TiN+Al2O3, TiN+Al2O3+TiN+Al2O3+TiN 
deposited onto nitride ceramics exhibiting best cuttability, 
which is correlated with their high adhesion to the substrate 
and high hardness.  
The above-mentioned coatings enhance the cutting edge life by 

up to 550% and for this reason the coatings qualify for widespread 
industrial applications in ceramic cutting tools (Fig. 23). 

7.  Mechanical and tribological 
properties of coatings deposited onto 
a substrate made of tool ceramics  

The roughness of the investigated coatings determined with 
the Ra parameter is within the range of 0.15-0.82 m and is 
decisively higher than in the case of a material surface without 
coatings. The roughness parameter Ra for the tested substrates is 
0.06 m. The highest growth of roughness was recorded for a 
CVD coating of the Ti(C,N)+Al2O3+TiN type for which the Ra 
parameter is 0.82 m. It is connected with the existing Al2O3 
phase having a multiwalled structure and similar values of the Ra 
parameters for coatings containing aluminium oxide were 
presented in work by [139]. The smallest surface roughness for 
PVD coatings is exhibited by a nanocrystalline (Al,Ti)N coating 
for which the parameter Ra is 0.15 m, while for coatings 
obtained in a CVD process, the lowest value of the parameter  
Ra = 0.13 m is exhibited by a TiN+Al2O3+TiN coating (Fig. 24). 
An increase in the roughness of the tested coatings is associated 
with a characteristic surface topography of such materials 
discussed in the next chapter of this work. 

High abrasion resistance as well as good cutting properties of 
the tested cutting tools with PVD and CVD coatings deposited are 
stemming from increased microhardness. The microhardness of 
the studied sialon and nitride tool ceramics is, respectively, 
2035±124 and 1850±112 HV. The surface microhardness of the 
tested indexable inserts is greatly enhanced by depositing PVD 
and CVD coatings. The highest hardness is seen for (Al,Ti)N 
coatings with their microhardness of 3600±235 HV and for 
TiN+multi(Ti,Al,Si)N+TiN coatings with their microhardness of 
3592±215 HV, which accounts for nearly 100 % growth in 
surface layer hardness in relation to the hardness of the uncoated 
material. The hardness of the tested coating systems is 
conditioning their abrasive wear, as seen most clearly for the 
TiN+Al2O3 coating - the hardest of the CVD coatings with the 
microhardness of 3320±323 HV, thus contributing to the lower 
wear intensity of the tool cutting edge in cutting (Fig. 25). 

The critical load value Lc measuring the adhesion of PVD and 
CVD coatings to a substrate made of tool ceramics was 
determined in a scratch test. The critical load was determined as 
corresponding to increase in acoustic emission indicating the 
beginning of coating chipping and verification was made based on 
metallographic observations in a light microscope connected to a 
measuring instrument. 

14 

Fig. 24. Values of the roughness parameter Ra of surface of coatings deposited onto tool ceramics 

Fig. 25. Values of microhardness of coatings deposited onto tool ceramics 

7.  Mechanical and tribological properties 
of coatings deposited onto a substrate 
made of tool ceramics
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An increase in the roughness of the tested coatings is associated 
with a characteristic surface topography of such materials 
discussed in the next chapter of this work. 

High abrasion resistance as well as good cutting properties of 
the tested cutting tools with PVD and CVD coatings deposited are 
stemming from increased microhardness. The microhardness of 
the studied sialon and nitride tool ceramics is, respectively, 
2035±124 and 1850±112 HV. The surface microhardness of the 
tested indexable inserts is greatly enhanced by depositing PVD 
and CVD coatings. The highest hardness is seen for (Al,Ti)N 
coatings with their microhardness of 3600±235 HV and for 
TiN+multi(Ti,Al,Si)N+TiN coatings with their microhardness of 
3592±215 HV, which accounts for nearly 100 % growth in 
surface layer hardness in relation to the hardness of the uncoated 
material. The hardness of the tested coating systems is 
conditioning their abrasive wear, as seen most clearly for the 
TiN+Al2O3 coating - the hardest of the CVD coatings with the 
microhardness of 3320±323 HV, thus contributing to the lower 
wear intensity of the tool cutting edge in cutting (Fig. 25). 

The critical load value Lc measuring the adhesion of PVD and 
CVD coatings to a substrate made of tool ceramics was 
determined in a scratch test. The critical load was determined as 
corresponding to increase in acoustic emission indicating the 
beginning of coating chipping and verification was made based on 
metallographic observations in a light microscope connected to a 
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Fig. 24. Values of the roughness parameter Ra of surface of coatings deposited onto tool ceramics 
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The highest critical load of Lc = 112 N for the PVD coatings 
obtained on sialon ceramics is shown by the (Al,Ti)N coating 
while the lowest of Lc = 13 N for the Ti(B,N) coating. It also 
should be emphasised that a high critical load value of Lc = 53 N 
for a sialon substrate is exhibited by the (Al,Cr)N coating and the 
(Al,Cr)N+(Ti,Al)N coating for which a critical load is 71 N. 
A critical load for CVD coatings obtained on sialons is 43 and 
72 N, respectively, for Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN 
coatings (Figs. 26-28).  
 

 
 
Fig. 26. Values of the critical load Lc determined during a scratch 
test for coatings deposited on sialon tool ceramics 
 
 
a)  

 
b) 

 

Fig. 27. a) Diagram of dependence between the friction force Ft 
and acoustic emission AE and the normal load force value for the 
(Al,Cr)N+(Ti,Al)N coating deposited onto sialon tool ceramics; 
b) Indenter mark for the critical load of Lc (optical) = 71 N, 
magnified 200x 

a) 

 
b) 

 
 
Fig. 28. a) Diagram of dependence between the friction force Ft 
and acoustic emission AE and the normal load force value for the 
(Al,Cr)N coating deposited onto sialon tool ceramics; b) Indenter 
mark for the critical load of Lc (optical)= 53 N, magnified 200x [12] 
 
 

CVD coatings, including a TiN+Al2O3 coating, have good 
adhesion to a substrate made of nitride ceramics as compared to 
PVD coatings. The critical load value Lc (AE) for PVD coatings 
is between 18.3 and 22.4 N, and for CVD coatings considering 
commercial inserts - between 26.5 to 83.1 N (Fig. 29). 
 
 

 
 
Fig. 29. Values of the critical load Lc determined in a scratch test 
based on acoustic emission (AE) for coatings deposited on nitride 
ceramics 

 
The very good adhesion of PVD coatings, especially to a 

sialon substrate and of CVD coatings to a substrate made of 

AE 

Ft 

AE 

Ft 

16 

nitride ceramics Si3N4 stems from the fact that so-called transition 
zones exist created at the substrate - coating boundary and at the 
boundary between two layers as confirmed by tests with a 
transmission electron microscope and in a glow discharge 
spectrometer GDOES presented further in the work. 

 
 

a) 

 
b) 

 
c) 

 

Fig. 30. a) Indenter mark for over-critical load of the Ti(C,N) (2) 
coating applied onto sialon tool ceramics. Diagram of energy of 
backscatter X-ray radiation from the microarea: b) X1, c) X2 

The coating damages formed as a result of adhesion tests with 
the scratch method were identified on the basis of observations in 
a scanning electron microscope. It was found as a result of the 
tests that three types of dominant damage mechanisms exist 
accompanied, to a smaller degree, by other symptoms. The first, 
basic coating damage mechanism observed after exceeding  
the critical load is one-side and two-side delamination of mainly 
Ti(B,N), Ti(C,N) (1), Ti(C,N) (2), (Ti,Al)N, (Al,Cr)N, 
(Ti,Al)N+(Al,Cr)N and (Al,Cr)N+(Ti,Al)N coatings (Fig. 30). 
Another damage mechanism existing for (Ti,Zr)N, 
Ti(C,N)+(Ti,Al)N, (Al,Ti)N and Ti(C,N)+TiN-type coatings  
is abrasion accompanied by cohesive cracks of coatings and small 
chipping and flaking (Fig. 31). It should be emphasised that  
for (Al,Ti)N and Ti(C,N)+TiN coatings, even with a maximum 
load of, respectively, 200 and 100 N, no coating detachment 
occurred and only few cohesion damages and minor chippings. 
The third damage mechanism dominating in the 
Ti(C,N)+Al2O3+TiN coating obtained on sialon ceramics are 
extensive chippings and flaking discovered just after exceeding 
the critical load (Fig. 32). 
 
 
a) 

 
 
b)  

 
 
Fig. 31. Image of damages caused as a result of a scratch test for 
(Al,Ti)N coating deposited onto sialon tool ceramics:  
a) characteristic damage, b) for maximum load 
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load of, respectively, 200 and 100 N, no coating detachment 
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Fig. 32. Image of damages caused as a result of a scratch test for 
Ti(C,N)+Al2O3+TiN coating deposited onto sialon tool ceramics 
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Fig. 33. Variations in the interplanar distance value of d reflex 
(200) of the (Ti,B)N coating obtained in PVD process on the 
substrate made of s ceramics in the function of sin2  
(measurement of stresses with the sin2  method) a) measurement 
along the main cutting edge, b) perpendicular measurement to the 
main cutting edge 

Table 3 provides the results of measurements of internal 
stresses for the investigated PVD and CVD coatings in the outer 
layers with the sin2  method. The values obtained indicate the 
existence of tensile internal stresses in the (Ti,B)N coating and 
compressive internal stresses in the Ti(C,N) and (Ti,Al)N coatings 
obtained on sialon ceramics. An analysis of stress values obtained 
for the Ti(C,N)+Al2O3+TiN coating manufactured with chemical 
vapour deposition (CVD) on sialon ceramics revealed the 
existence of tensile stresses for the Ti(C,N) layer and compressive 
stresses for the Al2O3 layer. In the case of CVD coatings 
deposited onto Si3N4 nitride ceramics, the values obtained 
indicate the existence of tensile (positive) internal stresses within 
the coatings. The value of the studied coatings’ own stresses can 
be assumed as small for the value of up to 500 MPa and average 
for the value of approx. 1000 MPa as compared to data obtained 
in other research work [116] where stresses of CVD coatings are 
within the range of 1000 to 6000 MPa. The results of the 
undertaken tests of internal macrostresses in the analysed coatings 
point out a qualitative correlation between the value of stresses 
and hardness and adhesion. The hardness and adhesion of the 
coatings to the substrate material is enhanced along with the 
growth of compressive stresses (Figs. 33, 34, Table 3). 
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Fig. 34. Variations in the interplanar distance value of d reflex 
(200) of the (Ti,Al)N coating obtained in PVD process on the 
substrate made of s ceramics in the function of sin2  
(measurement of stresses with the sin2  method) a) measurement 
along the main cutting edge, b) perpendicular measurement to the 
main cutting edge 

 

 

18 

Table 3.  
Average results, standard deviations of measurements of stresses of the examined coatings on tool ceramics  

Coatings Substrate Stresses, MPa Standard deviation of stress, 
MPa 

Ti(B,N) Sialon ceramics 597.0 
611.5 

42.5 
65.4 

Ti(C,N) (1) Sialon ceramics -1102.4 
-1212.9 

39.8 
42.8 

(Ti,Al)N Sialon ceramics -1766.3 
-1758.2 

59.6 
35.0 

Ti(C,N)+Al2O3+TiN 
layer (Ti(C,N) Sialon ceramics 616.6 

610.4 
37.5 
32.3 

Ti(C,N)+Al2O3+TiN 
layer Al2O3 

Sialon ceramics -594.5 
-573.3 

41.8 
42.1 

Ti(C,N)+TiN Si3N4 
379 
302 

49.2 
38.3 

Ti(C,N)+Al2O3+TiN Si3N4 
299 
327 

17.4 
56.7 

TiC+TiN Si3N4 
616 
589 

73.4 
45.3 

TiN+Al2O3 Si3N4 
590 
625 

85.1 
77.8 

TiN+Al2O3+TiN* Si3N4 
1008 
963  

119.1 
89.4 

Al2O3+TiN (Iscar)*   Si3N4 
915 
879 

43.3 
54.9 

TiN+Al2O3+TiN+Al2O3+TiN* Si3N4 
512 
535 

46.2 
54.2 

 
 

 
An abrasion strength test with the pin-on-disc method was 

undertaken to determine fully the functional and operating 
characteristic of the investigated PVD coatings deposited onto a 
sialon ceramics substrate. It is one of the most popular 
tribological tests identifying the impact of abrasion on abrasive 
wear resistance. The parameters of tribological tests and the 
constant number of cycles of 10,000 for each of the coatings was 
selected based on the initial tests and based on the earlier results 
of thickness, adhesion and hardness measurements.  

The abrasive wear resistance tests carried out for the coatings 
deposited onto sialon ceramics with the pin-on-disc method show 
that CVD coatings have worse tribological properties as compared 
to coatings deposited with the PVD technology. The coatings’ 
damages nearly to the substrate zone made of sialon ceramics occur 
in nearly all cases of the studied coatings. Damages to such coatings 
are accompanied by lost adhesion. The most frequent coating wear 
mechanisms include chippings and flaking as well as partial 
delamination. The coatings having Ti(C,N), (Al,Cr)N and (Al,Ti)N 
layers, which are not subject to damage or where damage created is 
small, possess very good tribological properties.  

The damaged coating and the material of the counterspecimen 
used is adhering in all the studied PVD and CVD coatings, which 
has a direct effect on variations in friction factor values.The 
counterspecimen material is adhering strongest to (Al,Cr)N, 
(Ti,Al)N+(Al,Cr)N coatings. It was found by analysing the 

friction factor obtained during the abrasive wear resistance tests 
conducted with the pin on disc method that coatings with a 
Ti(C,N) layer have the lowest friction factor value of 0.2 to 0.3 
(Figs. 35-40). 

The abrasive wear resistance tests carried out for coatings 
deposited onto Si3N4 nitride ceramics (detailed in the work [6]) 
with the pin-on-disc method show, though, that PVD coatings 
have worse tribological properties as compared to coatings 
deposited with the CVD technology. The coatings’ damages 
nearly to the substrate zone made of Si3N4 nitride ceramics occur 
in almost all cases. Damages to such coatings are accompanied by 
extensive adhesion defects. Relatively high microhardness values 
were measured for the PVD coatings. This property was earlier 
considered as the main effect on abrasive wear. The largest 
variations are seen for the microhardness of CVD coatings and 
commercial coatings made of Al2O3 and TiN layers. Irrespective, 
the studied CVD coatings possess relatively good tribological 
properties as evidenced by the high numbers of load cycles 
obtained (up to 25,000). A Ti(C,N)+Al2O3+TiN coating is 
exhibiting high abrasive wear for this static load method. 
Although its microhardness does not reach the values assumed as 
sufficient for such systems of coatings, it is not damaged to the 
substrate material when loaded with 25,000 cycles. A TiN+Al2O3 
coating, which is not damaged, either, also exhibits very good 
tribological properties. 
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Fig. 32. Image of damages caused as a result of a scratch test for 
Ti(C,N)+Al2O3+TiN coating deposited onto sialon tool ceramics 
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Fig. 33. Variations in the interplanar distance value of d reflex 
(200) of the (Ti,B)N coating obtained in PVD process on the 
substrate made of s ceramics in the function of sin2  
(measurement of stresses with the sin2  method) a) measurement 
along the main cutting edge, b) perpendicular measurement to the 
main cutting edge 

Table 3 provides the results of measurements of internal 
stresses for the investigated PVD and CVD coatings in the outer 
layers with the sin2  method. The values obtained indicate the 
existence of tensile internal stresses in the (Ti,B)N coating and 
compressive internal stresses in the Ti(C,N) and (Ti,Al)N coatings 
obtained on sialon ceramics. An analysis of stress values obtained 
for the Ti(C,N)+Al2O3+TiN coating manufactured with chemical 
vapour deposition (CVD) on sialon ceramics revealed the 
existence of tensile stresses for the Ti(C,N) layer and compressive 
stresses for the Al2O3 layer. In the case of CVD coatings 
deposited onto Si3N4 nitride ceramics, the values obtained 
indicate the existence of tensile (positive) internal stresses within 
the coatings. The value of the studied coatings’ own stresses can 
be assumed as small for the value of up to 500 MPa and average 
for the value of approx. 1000 MPa as compared to data obtained 
in other research work [116] where stresses of CVD coatings are 
within the range of 1000 to 6000 MPa. The results of the 
undertaken tests of internal macrostresses in the analysed coatings 
point out a qualitative correlation between the value of stresses 
and hardness and adhesion. The hardness and adhesion of the 
coatings to the substrate material is enhanced along with the 
growth of compressive stresses (Figs. 33, 34, Table 3). 
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Fig. 34. Variations in the interplanar distance value of d reflex 
(200) of the (Ti,Al)N coating obtained in PVD process on the 
substrate made of s ceramics in the function of sin2  
(measurement of stresses with the sin2  method) a) measurement 
along the main cutting edge, b) perpendicular measurement to the 
main cutting edge 
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Table 3.  
Average results, standard deviations of measurements of stresses of the examined coatings on tool ceramics  

Coatings Substrate Stresses, MPa Standard deviation of stress, 
MPa 

Ti(B,N) Sialon ceramics 597.0 
611.5 

42.5 
65.4 

Ti(C,N) (1) Sialon ceramics -1102.4 
-1212.9 

39.8 
42.8 

(Ti,Al)N Sialon ceramics -1766.3 
-1758.2 

59.6 
35.0 

Ti(C,N)+Al2O3+TiN 
layer (Ti(C,N) Sialon ceramics 616.6 

610.4 
37.5 
32.3 

Ti(C,N)+Al2O3+TiN 
layer Al2O3 

Sialon ceramics -594.5 
-573.3 

41.8 
42.1 

Ti(C,N)+TiN Si3N4 
379 
302 

49.2 
38.3 

Ti(C,N)+Al2O3+TiN Si3N4 
299 
327 

17.4 
56.7 

TiC+TiN Si3N4 
616 
589 

73.4 
45.3 

TiN+Al2O3 Si3N4 
590 
625 

85.1 
77.8 

TiN+Al2O3+TiN* Si3N4 
1008 
963  

119.1 
89.4 

Al2O3+TiN (Iscar)*   Si3N4 
915 
879 

43.3 
54.9 

TiN+Al2O3+TiN+Al2O3+TiN* Si3N4 
512 
535 

46.2 
54.2 

 
 

 
An abrasion strength test with the pin-on-disc method was 

undertaken to determine fully the functional and operating 
characteristic of the investigated PVD coatings deposited onto a 
sialon ceramics substrate. It is one of the most popular 
tribological tests identifying the impact of abrasion on abrasive 
wear resistance. The parameters of tribological tests and the 
constant number of cycles of 10,000 for each of the coatings was 
selected based on the initial tests and based on the earlier results 
of thickness, adhesion and hardness measurements.  

The abrasive wear resistance tests carried out for the coatings 
deposited onto sialon ceramics with the pin-on-disc method show 
that CVD coatings have worse tribological properties as compared 
to coatings deposited with the PVD technology. The coatings’ 
damages nearly to the substrate zone made of sialon ceramics occur 
in nearly all cases of the studied coatings. Damages to such coatings 
are accompanied by lost adhesion. The most frequent coating wear 
mechanisms include chippings and flaking as well as partial 
delamination. The coatings having Ti(C,N), (Al,Cr)N and (Al,Ti)N 
layers, which are not subject to damage or where damage created is 
small, possess very good tribological properties.  

The damaged coating and the material of the counterspecimen 
used is adhering in all the studied PVD and CVD coatings, which 
has a direct effect on variations in friction factor values.The 
counterspecimen material is adhering strongest to (Al,Cr)N, 
(Ti,Al)N+(Al,Cr)N coatings. It was found by analysing the 

friction factor obtained during the abrasive wear resistance tests 
conducted with the pin on disc method that coatings with a 
Ti(C,N) layer have the lowest friction factor value of 0.2 to 0.3 
(Figs. 35-40). 

The abrasive wear resistance tests carried out for coatings 
deposited onto Si3N4 nitride ceramics (detailed in the work [6]) 
with the pin-on-disc method show, though, that PVD coatings 
have worse tribological properties as compared to coatings 
deposited with the CVD technology. The coatings’ damages 
nearly to the substrate zone made of Si3N4 nitride ceramics occur 
in almost all cases. Damages to such coatings are accompanied by 
extensive adhesion defects. Relatively high microhardness values 
were measured for the PVD coatings. This property was earlier 
considered as the main effect on abrasive wear. The largest 
variations are seen for the microhardness of CVD coatings and 
commercial coatings made of Al2O3 and TiN layers. Irrespective, 
the studied CVD coatings possess relatively good tribological 
properties as evidenced by the high numbers of load cycles 
obtained (up to 25,000). A Ti(C,N)+Al2O3+TiN coating is 
exhibiting high abrasive wear for this static load method. 
Although its microhardness does not reach the values assumed as 
sufficient for such systems of coatings, it is not damaged to the 
substrate material when loaded with 25,000 cycles. A TiN+Al2O3 
coating, which is not damaged, either, also exhibits very good 
tribological properties. 
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a)  b) 

 

   
c)  d) 

   

Fig. 35. a) Trace of tribological damage on the surface of the Ti(C,N)+(Ti,Al)N coating deposited onto a sialon ceramics substrate
and diagrams of energy of backscatter X-ray radiation from the microarea: b) X1, c) X2, d) X3 

 
 

Fig. 36. Diagram of friction coefficient according to the friction path during the pin-on-disc test for Ti(C,N)+(Ti,Al)N coating deposited 
onto a sialon ceramics substrate 
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Fig. 37. a),b) Trace of tribological damage on the surface of the (Ti,Al)N coating deposited onto a sialon ceramics substrate and diagrams 
of energy of backscatter X-ray radiation from the microarea: c) X1, d) X2 

 

 
 
Fig. 38. Diagram of friction coefficient according to the friction path during the pin-on-disc test for (Ti,Al)N coating deposited onto  
a sialon ceramics substrate 
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Fig. 35. a) Trace of tribological damage on the surface of the Ti(C,N)+(Ti,Al)N coating deposited onto a sialon ceramics substrate
and diagrams of energy of backscatter X-ray radiation from the microarea: b) X1, c) X2, d) X3 

 
 

Fig. 36. Diagram of friction coefficient according to the friction path during the pin-on-disc test for Ti(C,N)+(Ti,Al)N coating deposited 
onto a sialon ceramics substrate 
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Fig. 37. a),b) Trace of tribological damage on the surface of the (Ti,Al)N coating deposited onto a sialon ceramics substrate and diagrams 
of energy of backscatter X-ray radiation from the microarea: c) X1, d) X2 

 

 
 
Fig. 38. Diagram of friction coefficient according to the friction path during the pin-on-disc test for (Ti,Al)N coating deposited onto  
a sialon ceramics substrate 
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a)  b) 

 
   
c)  d) 

 

Fig. 39. a) Trace of tribological damage on the surface of the Ti(C,N) coating deposited onto a sialon ceramics substrate and diagrams 
of energy of backscatter X-ray radiation from the microarea: b) X1, c) X2, d) X3 

 

 
 
 

Fig. 40. Diagram of friction coefficient according to the friction path during the pin-on-disc test for Ti(C,N) coating deposited onto  
a sialon ceramics substrate 
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Fig. 41. Diagram of friction coefficient according to the friction 
path during the pin-on-disc test for TiN+Al2O3 coating deposited 
onto a Si3N4 nitride ceramics substrate 
 
 
a) 

 

b) 

Fig. 42. a), b) Trace of tribological damage on the surface of the 
TiN+Al2O3 coating deposited onto the Si3N4 nitride ceramics 
substrate, 13,000 cycles

It is very difficult to determine the degree of damage during a 
tribological analysis, especially in the case of coatings which are 
not damaged to the substrate material. In the course of 
observations with a light microscope, the adhering particles of the 
damaged coating or the counterspecimen particles in the 
tribological damage trace are manifested as defects reaching the 
substrate material and the analysis is interrupted prematurely for 
this reason. In the case of commercial coatings, a layer damage to 
the substrate material on the nitride ceramics takes place only for 
the TiN+Al2O3+TiN coating. This damage is initiated after a 
relatively large number of cycles which, for other coatings in this 
series, are smaller by a half. From this point of view, this series of 
inserts can be considered as resistant to abrasion. In general, CVD 
coatings, especially Ti(C,N)+Al2O3+TiN and TiN+Al2O3  
(Figs. 41, 42) coatings, can be considered most resistant to 
abrasion. 

8. Structure, texture, phase composition 
and chemical composition of the 
studied PVD and CVD coatings

 
Fractographic tests of the fractures of the assessed nitride tool 

ceramics with coatings deposited with the PVD and CVD method 
do not reveal fracture delamination along the separation area 
between the coating and the substrate, which also indicates good 
adhesion of the coatings obtained. It was also found based on such 
tests made with a scanning electron microscope that the PVD and 
CVD coatings obtained are deposited evenly and adhere tightly to 
the tested substrates. In addition, the specific layers in multilayer 
coating systems Ti(C,N)+(Ti,Al)N, (Ti,Al)N+(Al,Cr)N, 
(Al,Cr)N+(Ti,Al)N, TiN+multi(Ti,Al,Si,N)+TiN, TiN+(Ti,Al,Si)N+TiN, 
TiN+(Ti,Al,Si)N+(Al,Si,Ti)N, Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN 
possess a compact structure without stratifications and defects and 
tightly adhere to each other. A structure of about 150 nanolayers 
of complex nitride (Ti,Al,Si)N with the total thickness of 2-2.2 

m (Fig. 43) was observed between TiN layers with the thickness 
of 0.8-1.2 m for a TiN+multi(Ti,Al,Si)N+TiN coating. 

It was determined that multilayer Ti(C,N)+Al2O3+TiN and 
Ti(C,N)+TiN-type coatings manufactured with the CVD method 
in the coating-substrate interphase zone have a thin layer of a 
fine-grained TiC phase which was confirmed with X-ray 
diffraction methods and described further in this paper. Besides, a 
Ti(C,N) layer in CVD coatings is characterised by a structure 
changing in a gradient manner from a fine-grained structure near 
the substrate gradually transiting to a column structure. An Al2O3 
layer exhibits a structure similar to a column structure, though. A 
top TiN layer in CVD coatings is very thin, thus preventing from 
determining its structure. A column structure of the individual 
layers (Fig. 44) is also clearly visible for two-layer Ti(C,N)+TiN 
and TiC+TiN coatings obtained on Si3N4 ceramics (Fig. 44). 

It was also discovered by observing the fractures of PVD 
coatings that Ti(C,N) (1), (Al,Ti)N, (Ti,Al)N, Ti(C,N) (2), 
(Ti,Al)N+(Al,Cr)N, (Al,Cr)N+(Ti,Al)N and (Al,Cr)N possess a 
structure classified as the T zone acc. to Thornton’s model [117]. 
Ti(B,N), (Ti,Zr)N coatings, though, possess a structure with 
thicker column grains (zone II acc. to Thornton’s model [117]). 

100 m

100 m

http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org


77

Forming of the surface structure and properties of tool‘s ceramic inserts with improved abrasion resistance

Volume 64    Issue 2   December 2013
21 

a)  b) 

 
   
c)  d) 

 

Fig. 39. a) Trace of tribological damage on the surface of the Ti(C,N) coating deposited onto a sialon ceramics substrate and diagrams 
of energy of backscatter X-ray radiation from the microarea: b) X1, c) X2, d) X3 

 

 
 
 

Fig. 40. Diagram of friction coefficient according to the friction path during the pin-on-disc test for Ti(C,N) coating deposited onto  
a sialon ceramics substrate 
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Fig. 41. Diagram of friction coefficient according to the friction 
path during the pin-on-disc test for TiN+Al2O3 coating deposited 
onto a Si3N4 nitride ceramics substrate 
 
 
a) 

 

b) 

Fig. 42. a), b) Trace of tribological damage on the surface of the 
TiN+Al2O3 coating deposited onto the Si3N4 nitride ceramics 
substrate, 13,000 cycles

It is very difficult to determine the degree of damage during a 
tribological analysis, especially in the case of coatings which are 
not damaged to the substrate material. In the course of 
observations with a light microscope, the adhering particles of the 
damaged coating or the counterspecimen particles in the 
tribological damage trace are manifested as defects reaching the 
substrate material and the analysis is interrupted prematurely for 
this reason. In the case of commercial coatings, a layer damage to 
the substrate material on the nitride ceramics takes place only for 
the TiN+Al2O3+TiN coating. This damage is initiated after a 
relatively large number of cycles which, for other coatings in this 
series, are smaller by a half. From this point of view, this series of 
inserts can be considered as resistant to abrasion. In general, CVD 
coatings, especially Ti(C,N)+Al2O3+TiN and TiN+Al2O3  
(Figs. 41, 42) coatings, can be considered most resistant to 
abrasion. 

8. Structure, texture, phase composition 
and chemical composition of the 
studied PVD and CVD coatings

 
Fractographic tests of the fractures of the assessed nitride tool 

ceramics with coatings deposited with the PVD and CVD method 
do not reveal fracture delamination along the separation area 
between the coating and the substrate, which also indicates good 
adhesion of the coatings obtained. It was also found based on such 
tests made with a scanning electron microscope that the PVD and 
CVD coatings obtained are deposited evenly and adhere tightly to 
the tested substrates. In addition, the specific layers in multilayer 
coating systems Ti(C,N)+(Ti,Al)N, (Ti,Al)N+(Al,Cr)N, 
(Al,Cr)N+(Ti,Al)N, TiN+multi(Ti,Al,Si,N)+TiN, TiN+(Ti,Al,Si)N+TiN, 
TiN+(Ti,Al,Si)N+(Al,Si,Ti)N, Ti(C,N)+Al2O3+TiN and Ti(C,N)+TiN 
possess a compact structure without stratifications and defects and 
tightly adhere to each other. A structure of about 150 nanolayers 
of complex nitride (Ti,Al,Si)N with the total thickness of 2-2.2 

m (Fig. 43) was observed between TiN layers with the thickness 
of 0.8-1.2 m for a TiN+multi(Ti,Al,Si)N+TiN coating. 

It was determined that multilayer Ti(C,N)+Al2O3+TiN and 
Ti(C,N)+TiN-type coatings manufactured with the CVD method 
in the coating-substrate interphase zone have a thin layer of a 
fine-grained TiC phase which was confirmed with X-ray 
diffraction methods and described further in this paper. Besides, a 
Ti(C,N) layer in CVD coatings is characterised by a structure 
changing in a gradient manner from a fine-grained structure near 
the substrate gradually transiting to a column structure. An Al2O3 
layer exhibits a structure similar to a column structure, though. A 
top TiN layer in CVD coatings is very thin, thus preventing from 
determining its structure. A column structure of the individual 
layers (Fig. 44) is also clearly visible for two-layer Ti(C,N)+TiN 
and TiC+TiN coatings obtained on Si3N4 ceramics (Fig. 44). 

It was also discovered by observing the fractures of PVD 
coatings that Ti(C,N) (1), (Al,Ti)N, (Ti,Al)N, Ti(C,N) (2), 
(Ti,Al)N+(Al,Cr)N, (Al,Cr)N+(Ti,Al)N and (Al,Cr)N possess a 
structure classified as the T zone acc. to Thornton’s model [117]. 
Ti(B,N), (Ti,Zr)N coatings, though, possess a structure with 
thicker column grains (zone II acc. to Thornton’s model [117]). 
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a) TiN+multi(Ti,Al,Si)N+TiN [9] b) TiN+Al2O3 [8] 

c) (Al,Cr)N+(Ti,Al)N d) (Ti,Al)N+(Al,Cr)N [3] 

 
Fig. 43. Surface of tool ceramics fracture with coatings 

a) Ti(C,N)+Al2O3+TiN b) Ti(C,N)+TiN 

     
c) TiC+TiN d) TiC+Ti(C,N)+Al2O3+TiN [8] 

      
 

Fig. 44. Surface of tool ceramics fracture with coatings 

24 

a) (Al,Cr)N [2] b) (Ti,Al)N 

c) Ti(C,N) [4] d) (Ti,Zr)N [4] 

 
Fig. 45. Surface of tool ceramics fracture with coatings 

 
a) Ti(B,N) b) Ti(C,N)+(Ti,Al)N 

c) (Al,Ti)N d) TiN+multi(Ti,Al,Si)N+TiN [9] 

 
 

Fig. 46. Surface topography of PVD coatings deposited onto tool ceramics 
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It was confirmed for a Ti(C,N)+(Ti,Al)N coating that that the 
Ti(C,N) layer lying closer to the substrate and covering two-third 
of the whole coating’s thickness does not have a column structure, 
a fine-grained structure rather corresponding to the zone T acc. to 
Thornton’s model [117]. On the other hand, the (Ti,Al)N layer 
has a compact column structure classified as the transition zone 
between the zone T and zone II acc. to Thornton’s model [117] 
(Fig. 45). 

It was found as a result of metallographic examinations 
performed with a scanning electron microscope that the surface 
morphology of the coatings produced with the PVD technique on 
sialon tool ceramics is characterised by a high inhomogeneity 
because numerous droplet-shaped particles are present. The 
occurrence of such morphological defects is connected with the 
essence of the cathodic arc evaporation process. The droplets 
observed with the SEM are clearly differentiated according to 
their size and shape. The sizes of such particles range between the 
tenths of a micrometer to a dozen or so micrometers. Some 
particles become regularly shaped and slightly flattened, which 
may signify a high kinetic energy of droplets crashing against a 
relatively cold substrate. Irregularly shaped solidified droplets and 
agglomerates made of several joined microparticles were also 
observed. The presence of depressions was also discovered, which 
are formed, most probably, by solidified droplets being ejected 
after the end of the PVD process. It was concluded that the 
depressions, evidencing the ejection of some microparticles, often 
do not reach the substrate (Fig. 46).  

The droplets chemical composition tests carried out with an 
EDS X-ray scattered radiation energy spectrometer reveal that the 
droplets are formed with a pure metal, i.e. titanium, removed from 
a titanium target, which is deposited and solidified on the 
substrate surface (Fig. 47, Tables 4, 5). 
 
 
Table 4.
Quantitative results of the chemical composition analysis of the 
X1 area of the TiN+(Ti,Al,Si)N+TiN coating deposited onto a 
Si3N4 nitride ceramics substrate 

Element
Mass 

concentration of 
element [%] 

Atomic 
concentration of 

element [%] 
N 15.86 37.52 
Al 6.00 7.36 
Si 2.19 2.58 
Ti 75.95 52.53 

Sum 100.00 100.00 
 
Table 5.
Quantitative results of the chemical composition analysis of the 
X2 area of the TiN+(Ti,Al,Si)N+TiN  coating deposited onto a 
Si3N4 nitride ceramics substrate

Element 
Mass 

concentration of 
element [%] 

Atomic 
concentration of 

element  [%] 
N 27.94 50.04 
Al 26.03 24.20 
Si 4.47 3.99 
Ti 41.57 21.77 

Sum 100.00 100.00 

a) 

b) 

 keV 
c) 

keV 

Fig. 47. a) Surface topography and backscatter X-ray radiation 
energy diagrams from microareas of the TiN+(Ti,Al,Si)N+TiN 
coating surface deposited onto a Si3N4 nitride ceramics substrate - 
b) X1 area, c) X2 area [6] 
 
 

For coatings applied with the CVD method onto a substrates 
made of tool Si3N4 nitride ceramics and sialon ceramics ended 
with a TiN layer, surface morphology observations indicate that a 
heterogeneity exists related to the occurrence of multiple pores on 
the surface and a networks of microcracks characteristic for such 
process. In case of Ti(C,N)+TiN and TiC+TiN coatings, single 
minor ball-shaped microparticles can be observed on their 
surface. When an Al2O3 layer is on the substrate surface, 
however, or if this layer is in the under-the-surface zone (upper 
TiN layer is very thin), then the particles are needle-like or 
angularly shaped.  A network of microcracks on the surface of 
Ti(C,N)+Al2O3+TiN and TiC+Ti(C,N)+Al2O3+TiN coatings is 
very extensive as compared to other CVD coatings, which has a 
decisive impact on the usable properties of the studied inserts. A 
CVD coating ended with Al2O3 with black colour has a different  
topography. A surface of this coating is very inhomogeneous and 
rough with sharply angled particles (Fig. 48). 

X1

X2

26 

a) Ti(C,N)+Al2O3+TiN b) Ti(C,N)+TiN 

c) TiC+Ti(C,N)+Al2O3+TiN d) TiN+Al2O3 

 
Fig. 48. Surface topography of CVD coatings deposited onto tool ceramics, SEM 

 
a)                                                                                                             b) 

 
 
Fig. 49. X-ray diffraction patterns of a) Ti(C,N) b) (Ti,Al)N coatings on a substrate made of sialon ceramics obtained with the Bragg-
Brentano technique using a band detector 
 

A qualitative phase composition analysis carried out with the 
X-ray diffraction method allows to conclude that, as assumed, 
coatings were formed on the tool ceramics substrates containing 
TiN, Ti(C,N), AlN and CrN phases and an Al2O3 phase in case of 
CVD coatings. It was also found on X-ray diffraction patterns 
obtained with the Bragg-Brentano technique that reflexes are 
present from the Si3N4 phase existing in the substrate material. 
The presence of reflexes from the substrate was determined for all 
diffraction patterns from PVD coatings and on a diffraction 
pattern from a CVD coating of the Ti(C,N)+TiN type, which is 
due to the thickness of the 1.3-5.0 m coatings obtained, smaller  

than the penetration depth of X-ray beams inside the material. The 
presence of isomorphic TiN phases was identified on the X-ray 
diffraction patterns obtained from Ti(B,N), (Ti,Zr)N, 
Ti(C,N)+(Ti,Al)N and (Ti,Al)N coatings because such phases are 
a secondary TiN-based solid solution. In the case of Ti(C,N) (1) 
and Ti(C,N) (2) coatings, the presence of titanium carbonitride 
was confirmed, and in the case of (Al,Ti)N and (Al,Cr)N coatings, 
a diffraction analysis showed the presence of the AlN phase with 
a hexagonal lattice in the both coatings and of, respectively, TiN 
and CrN phases (Fig. 49).  
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It was confirmed for a Ti(C,N)+(Ti,Al)N coating that that the 
Ti(C,N) layer lying closer to the substrate and covering two-third 
of the whole coating’s thickness does not have a column structure, 
a fine-grained structure rather corresponding to the zone T acc. to 
Thornton’s model [117]. On the other hand, the (Ti,Al)N layer 
has a compact column structure classified as the transition zone 
between the zone T and zone II acc. to Thornton’s model [117] 
(Fig. 45). 

It was found as a result of metallographic examinations 
performed with a scanning electron microscope that the surface 
morphology of the coatings produced with the PVD technique on 
sialon tool ceramics is characterised by a high inhomogeneity 
because numerous droplet-shaped particles are present. The 
occurrence of such morphological defects is connected with the 
essence of the cathodic arc evaporation process. The droplets 
observed with the SEM are clearly differentiated according to 
their size and shape. The sizes of such particles range between the 
tenths of a micrometer to a dozen or so micrometers. Some 
particles become regularly shaped and slightly flattened, which 
may signify a high kinetic energy of droplets crashing against a 
relatively cold substrate. Irregularly shaped solidified droplets and 
agglomerates made of several joined microparticles were also 
observed. The presence of depressions was also discovered, which 
are formed, most probably, by solidified droplets being ejected 
after the end of the PVD process. It was concluded that the 
depressions, evidencing the ejection of some microparticles, often 
do not reach the substrate (Fig. 46).  

The droplets chemical composition tests carried out with an 
EDS X-ray scattered radiation energy spectrometer reveal that the 
droplets are formed with a pure metal, i.e. titanium, removed from 
a titanium target, which is deposited and solidified on the 
substrate surface (Fig. 47, Tables 4, 5). 
 
 
Table 4.
Quantitative results of the chemical composition analysis of the 
X1 area of the TiN+(Ti,Al,Si)N+TiN coating deposited onto a 
Si3N4 nitride ceramics substrate 

Element
Mass 

concentration of 
element [%] 

Atomic 
concentration of 

element [%] 
N 15.86 37.52 
Al 6.00 7.36 
Si 2.19 2.58 
Ti 75.95 52.53 

Sum 100.00 100.00 
 
Table 5.
Quantitative results of the chemical composition analysis of the 
X2 area of the TiN+(Ti,Al,Si)N+TiN  coating deposited onto a 
Si3N4 nitride ceramics substrate

Element 
Mass 

concentration of 
element [%] 

Atomic 
concentration of 

element  [%] 
N 27.94 50.04 
Al 26.03 24.20 
Si 4.47 3.99 
Ti 41.57 21.77 

Sum 100.00 100.00 

a) 

b) 

 keV 
c) 

keV 

Fig. 47. a) Surface topography and backscatter X-ray radiation 
energy diagrams from microareas of the TiN+(Ti,Al,Si)N+TiN 
coating surface deposited onto a Si3N4 nitride ceramics substrate - 
b) X1 area, c) X2 area [6] 
 
 

For coatings applied with the CVD method onto a substrates 
made of tool Si3N4 nitride ceramics and sialon ceramics ended 
with a TiN layer, surface morphology observations indicate that a 
heterogeneity exists related to the occurrence of multiple pores on 
the surface and a networks of microcracks characteristic for such 
process. In case of Ti(C,N)+TiN and TiC+TiN coatings, single 
minor ball-shaped microparticles can be observed on their 
surface. When an Al2O3 layer is on the substrate surface, 
however, or if this layer is in the under-the-surface zone (upper 
TiN layer is very thin), then the particles are needle-like or 
angularly shaped.  A network of microcracks on the surface of 
Ti(C,N)+Al2O3+TiN and TiC+Ti(C,N)+Al2O3+TiN coatings is 
very extensive as compared to other CVD coatings, which has a 
decisive impact on the usable properties of the studied inserts. A 
CVD coating ended with Al2O3 with black colour has a different  
topography. A surface of this coating is very inhomogeneous and 
rough with sharply angled particles (Fig. 48). 

X1

X2

26 

a) Ti(C,N)+Al2O3+TiN b) Ti(C,N)+TiN 

c) TiC+Ti(C,N)+Al2O3+TiN d) TiN+Al2O3 

 
Fig. 48. Surface topography of CVD coatings deposited onto tool ceramics, SEM 

 
a)                                                                                                             b) 

 
 
Fig. 49. X-ray diffraction patterns of a) Ti(C,N) b) (Ti,Al)N coatings on a substrate made of sialon ceramics obtained with the Bragg-
Brentano technique using a band detector 
 

A qualitative phase composition analysis carried out with the 
X-ray diffraction method allows to conclude that, as assumed, 
coatings were formed on the tool ceramics substrates containing 
TiN, Ti(C,N), AlN and CrN phases and an Al2O3 phase in case of 
CVD coatings. It was also found on X-ray diffraction patterns 
obtained with the Bragg-Brentano technique that reflexes are 
present from the Si3N4 phase existing in the substrate material. 
The presence of reflexes from the substrate was determined for all 
diffraction patterns from PVD coatings and on a diffraction 
pattern from a CVD coating of the Ti(C,N)+TiN type, which is 
due to the thickness of the 1.3-5.0 m coatings obtained, smaller  

than the penetration depth of X-ray beams inside the material. The 
presence of isomorphic TiN phases was identified on the X-ray 
diffraction patterns obtained from Ti(B,N), (Ti,Zr)N, 
Ti(C,N)+(Ti,Al)N and (Ti,Al)N coatings because such phases are 
a secondary TiN-based solid solution. In the case of Ti(C,N) (1) 
and Ti(C,N) (2) coatings, the presence of titanium carbonitride 
was confirmed, and in the case of (Al,Ti)N and (Al,Cr)N coatings, 
a diffraction analysis showed the presence of the AlN phase with 
a hexagonal lattice in the both coatings and of, respectively, TiN 
and CrN phases (Fig. 49).  
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a)                                                                                                               b) 

    
 
Fig. 50.  Pole figures (111), (200) and (220) of (Ti,B)N coating obtained in the PVD process on sialon ceramics substrate: a) experimental, 
b) calculated from ODF 
 

                                a) 

 
 

  b)                                                                           c) 

   
Fig. 51. Orientation distribution function of (Ti,B)N coating obtained in the PVD process on sialon ceramics substrate: a) cross section 
after 2 (for the following 2 values: 0, 5, 10…90º), b) 3D ODF view, c) ODF determined on the basis of pole figures subjected  
to symmetrisation (cross section after 1) 

  

28 

                                  a)                                                                                b) 
 

  
 
Fig. 52. Pole figures of (Ti,Al)N+(Al,Cr)N coating obtained in PVD process on sialon ceramics substrate: a) (Ti,Al)N layer - pole figure 
(111), b) (Al,Cr)N layer - pole figure (101) 

 
 
Fig. 53. Structure of TiN+multi(Ti,Al,Si)N+TiN coating; thin foil parallel to the (TEM) layer surface a) image in light field, b) diffraction 
pattern from the area as in Fig. a, c) image in the dark field from (111) TiN reflex, d) diffraction pattern solution from Fig. b [8]
 
 

A texture analysis of the investigated coatings was performed 
with the reflection method. A concentric intensity distribution of 
pole figures, varying along the axis of such figures, indicates the 
presence of a constituent axial texture of the coatings produced 

with the PVD arc technique. A texture image of a (Ti,B)N coating 
formed with a PVD arc process is presented as experimental pole 
figures marked as CPF, as complete pole figures calculated with 
the ODF marked as RPF, (Fig. 50) and as the ODF (Fig. 51). The 
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Fig. 53. Structure of TiN+multi(Ti,Al,Si)N+TiN coating; thin foil parallel to the (TEM) layer surface a) image in light field, b) diffraction 
pattern from the area as in Fig. a, c) image in the dark field from (111) TiN reflex, d) diffraction pattern solution from Fig. b [8]
 
 

A texture analysis of the investigated coatings was performed 
with the reflection method. A concentric intensity distribution of 
pole figures, varying along the axis of such figures, indicates the 
presence of a constituent axial texture of the coatings produced 

with the PVD arc technique. A texture image of a (Ti,B)N coating 
formed with a PVD arc process is presented as experimental pole 
figures marked as CPF, as complete pole figures calculated with 
the ODF marked as RPF, (Fig. 50) and as the ODF (Fig. 51). The 
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calculations of volume fractions of the texture components were 
made using their integration in the ODF space. A texture analysis 
carried out for the coatings obtained in a PVD process allows to 
conclude, based on a qualitative analysis of the registered single 
pole figures, that the differentiated growth plane in the (Ti,B)N 
coating is a plane from the {111} family where the fraction of the 
differentiated component is 45%.  

In the case of a Ti(C,N) coating formed in a PVD process on a 
sialon ceramics substrate, the <111> texture was determined and 
the fraction of the differentiated component is 12%. As the 
reflexes of the substrate material and of the coating are 
overlapping, a qualitative texture analysis was only made in the 
case of the (Ti,Al)N coating and two-layer (Ti,Al)N+(Al,Cr)N 
and (Al,Cr)N+(Ti,Al)N coatings. It was found based on the 
investigations conducted that the (Ti,Al)N coating and the two-
layer (Ti,Al)N+(Al,Cr)N and (Al,Cr)N+(Ti,Al)N coatings do not 
reveal a privileged orientation of growth (Fig. 52). 

Good cutting properties of the tested cutting tools with PVD 
and CVD coatings deposited resulting from enhanced 
microhardness are mainly the effect of obtaining a nanocrystalline 
structure of (Al,Ti)N and TiN+multi(Ti,Al,Si)N+TiN coatings in 
the process of cathodic arc evaporation (CAE)  as confirmed with 
investigations in the transmission electron microscope.

The tests of thin foils from the TiN+multi(Ti,Al,Si)N+TiN 
coating confirm that according to the assumptions made, coatings 
containing TiN-type phases were deposited onto a substrate made 
of Si3N4- based tool ceramics. As the TiN and (Ti,Al,Si)N phases 
are isomorphic, the diffraction differentiation of each of the 
phases is impossible [118-120]. The structure of the 
TiN+multi(Ti,Al,Si)N+TiN coatings shown in Figure 53 is fine-
grained (as signified by, in particular, the clear rings of reflexes 
on diffraction images), and the size of the TiN phase particles 
with a regular lattice does not exceed 50 nm.  

The tests of thin foils from the Ti(B,N) coating confirm that, 
according to the assumptions made, the coatings produced contain 
TiN-type phases with a regular lattice of the spatial group Fm3m 
(Fig. 54). It should be accentuated that the isomorphicity of TiN 
and Ti(B,N) phases allowed their diffraction differentiation. It 
was also confirmed based on the tests of thin foils from the 
(Al,Ti)N substrate that the coating contains AlN phases with a 
hexagonal lattice (spatial group P63mc) and TiN (Fig. 55). All the 
observed coating structures are characterised by highly fine grains 
responsible for high microhardness of the studied materials.  

The tests of thin foils from the TiN+Al2O3 (CVD) coating 
also confirm that according to the assumptions made, coatings 
containing TiN and Al2O3-type phases were deposited onto a 
substrate made of nitride tool ceramics. The TiN structure 
observed in the thin foil parallel to the area of the studied coating 
is characterised be fine grains as confirmed, in particular, by the 
rings of reflexes in diffraction images coming from fine-grained 
phases (Fig. 56).  

Transition zones between a substrate and individual layers 
play a significant role in such configurations of coatings. The 
presence of such zones in TiN+Al2O3 and TiN+Al2O3+TiN 
+Al2O3+TiN coatings was confirmed in an electron transmission 
microscope. Transition zones support good adhesion between 
individual layers and a substrate which, coupled with high 
hardness of such coatings, contributes to high abrasive resistance 
of the surface layer formed.

a) 

 
 
b) 

 
 

c) 

 
 
Fig. 54. Structure of Ti(B,N) coating deposited onto sialon tool 
ceramics; thin foil parallel to the surface of layer, a) image in light 
field, b) diffraction pattern from the area as in Fig. a, c) 
diffraction pattern solution from Fig. b [1] 

30 

 
 
Fig. 55. Structure of (Al,Ti)N coating deposited onto sialon tool ceramics; thin foil parallel to the layer surface a) image in light field, b) 
diffraction pattern from the area as in Fig. a, c) image in the dark field from reflex 111 , d) diffraction pattern solution from Fig. b [1]

 
Fig. 56. Structure of TiN+Al2O3 coating; thin foil parallel to the (TEM) layer surface a) image in light field, b) diffraction pattern from the 
area as in Fig. a, c) image in the dark field from (111) TiN reflex, d) diffraction pattern solution from Fig. b [5] 
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calculations of volume fractions of the texture components were 
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pole figures, that the differentiated growth plane in the (Ti,B)N 
coating is a plane from the {111} family where the fraction of the 
differentiated component is 45%.  
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and (Al,Cr)N+(Ti,Al)N coatings. It was found based on the 
investigations conducted that the (Ti,Al)N coating and the two-
layer (Ti,Al)N+(Al,Cr)N and (Al,Cr)N+(Ti,Al)N coatings do not 
reveal a privileged orientation of growth (Fig. 52). 

Good cutting properties of the tested cutting tools with PVD 
and CVD coatings deposited resulting from enhanced 
microhardness are mainly the effect of obtaining a nanocrystalline 
structure of (Al,Ti)N and TiN+multi(Ti,Al,Si)N+TiN coatings in 
the process of cathodic arc evaporation (CAE)  as confirmed with 
investigations in the transmission electron microscope.

The tests of thin foils from the TiN+multi(Ti,Al,Si)N+TiN 
coating confirm that according to the assumptions made, coatings 
containing TiN-type phases were deposited onto a substrate made 
of Si3N4- based tool ceramics. As the TiN and (Ti,Al,Si)N phases 
are isomorphic, the diffraction differentiation of each of the 
phases is impossible [118-120]. The structure of the 
TiN+multi(Ti,Al,Si)N+TiN coatings shown in Figure 53 is fine-
grained (as signified by, in particular, the clear rings of reflexes 
on diffraction images), and the size of the TiN phase particles 
with a regular lattice does not exceed 50 nm.  

The tests of thin foils from the Ti(B,N) coating confirm that, 
according to the assumptions made, the coatings produced contain 
TiN-type phases with a regular lattice of the spatial group Fm3m 
(Fig. 54). It should be accentuated that the isomorphicity of TiN 
and Ti(B,N) phases allowed their diffraction differentiation. It 
was also confirmed based on the tests of thin foils from the 
(Al,Ti)N substrate that the coating contains AlN phases with a 
hexagonal lattice (spatial group P63mc) and TiN (Fig. 55). All the 
observed coating structures are characterised by highly fine grains 
responsible for high microhardness of the studied materials.  

The tests of thin foils from the TiN+Al2O3 (CVD) coating 
also confirm that according to the assumptions made, coatings 
containing TiN and Al2O3-type phases were deposited onto a 
substrate made of nitride tool ceramics. The TiN structure 
observed in the thin foil parallel to the area of the studied coating 
is characterised be fine grains as confirmed, in particular, by the 
rings of reflexes in diffraction images coming from fine-grained 
phases (Fig. 56).  

Transition zones between a substrate and individual layers 
play a significant role in such configurations of coatings. The 
presence of such zones in TiN+Al2O3 and TiN+Al2O3+TiN 
+Al2O3+TiN coatings was confirmed in an electron transmission 
microscope. Transition zones support good adhesion between 
individual layers and a substrate which, coupled with high 
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of the surface layer formed.
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Fig. 54. Structure of Ti(B,N) coating deposited onto sialon tool 
ceramics; thin foil parallel to the surface of layer, a) image in light 
field, b) diffraction pattern from the area as in Fig. a, c) 
diffraction pattern solution from Fig. b [1] 

30 

 
 
Fig. 55. Structure of (Al,Ti)N coating deposited onto sialon tool ceramics; thin foil parallel to the layer surface a) image in light field, b) 
diffraction pattern from the area as in Fig. a, c) image in the dark field from reflex 111 , d) diffraction pattern solution from Fig. b [1]

 
Fig. 56. Structure of TiN+Al2O3 coating; thin foil parallel to the (TEM) layer surface a) image in light field, b) diffraction pattern from the 
area as in Fig. a, c) image in the dark field from (111) TiN reflex, d) diffraction pattern solution from Fig. b [5] 
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Fig. 57. Structure of TiN+Al2O3 coating; thin foil from cross section to the surface of layer (TEM) (a,b), diffraction (c) from the area as in 
Fig. a; d) diffraction pattern solution from Fig. b [7]
 
 

 
 
Fig. 58. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3 layer; thin foil parallel to the (TEM) layer surface a) image in light 
field, b) diffraction pattern from the area as in Fig. a, c) image in the dark field from (012) Al2O3 reflex, d) diffraction pattern solution 
from Fig. b [5] 

32 

 

Fig. 59. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3+TiN layer; thin foil parallel to the (TEM) layer surface
 

 
 
Fig. 60. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Si3N4 substrate + TiN layer; thin foil from cross section lateral to the (TEM) 
layer surface a) image in light field, b) diffraction pattern from the X1 area as in Fig. a, c) diffraction from the X2 area in Fig. a, d) 
diffraction pattern solution from Fig. b, e) diffraction pattern solution from Fig. c [8]
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Fig. 57. Structure of TiN+Al2O3 coating; thin foil from cross section to the surface of layer (TEM) (a,b), diffraction (c) from the area as in 
Fig. a; d) diffraction pattern solution from Fig. b [7]
 
 

 
 
Fig. 58. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3 layer; thin foil parallel to the (TEM) layer surface a) image in light 
field, b) diffraction pattern from the area as in Fig. a, c) image in the dark field from (012) Al2O3 reflex, d) diffraction pattern solution 
from Fig. b [5] 
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Fig. 59. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3+TiN layer; thin foil parallel to the (TEM) layer surface
 

 
 
Fig. 60. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Si3N4 substrate + TiN layer; thin foil from cross section lateral to the (TEM) 
layer surface a) image in light field, b) diffraction pattern from the X1 area as in Fig. a, c) diffraction from the X2 area in Fig. a, d) 
diffraction pattern solution from Fig. b, e) diffraction pattern solution from Fig. c [8]
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a) 

 
b) 

 
Fig. 61. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - TiN 
layer; thin foil from cross section lateral to the (TEM) layer 
surface a) image in light field, b) image in dark field from (111) 
TiN reflex 

The results of thin foil tests from the cross section of the 
TiN+Al2O3 coating indicate that a TiN layer has a column 
structure and an Al2O3 layer has a coarse-grained structure. A 
transition zone exists between TiN and Al2O3 layers in which fine 
grains exist of such two phases. The presence of few fine Al2O3 
grains with a monoclinic structure was found in this zone, as 
opposed to the typical Al2O3 phase structure with a rhombohedral 
lattice present outside this limited area within the whole width of 
the layer (Fig. 57). 

The tests of thin foils made parallel and perpendicular to the 
surface of the studied TiN+Al2O3+TiN+Al2O3+TiN coating 
confirm that a coating containing TiN and Al2O3-type phases 
were deposited onto a substrate made of nitride tool ceramics. The 
Al2O3 layer structure with a rhombohedral lattice is characterised 
in its cross section by fine grains and grain size below 500 nm 
(Fig. 58). A fine-crystalline structure of the TiN phase with a 
regular lattice (Fig. 59) is visible in the same cross section of thin 
foil between Al2O3 phase grains. An analysis of thin foils made in 
the cross section of the studied coating allows to examine a 
structure of the separation boundary (the substrate - coating 
transition zone) between a substrate formed by a -Si3N4 phase 
with a hexagonal lattice and a TiN layer with a regular lattice 

(Fig. 60). The TiN layer is made up of evenly laid grains in the 
form of longitudinal columns whose maximum width is approx. 
500 nm (Fig. 61). The Al2O3 layer with a  rhombohedral lattice 
shows a structure in the cross section of the examined 
TiN+Al2O3+TiN+Al2O3+TiN coating similar to a column 
structure (Fig. 62). 
 
 
a) 

 
b) 

 
c) 

 
 
Fig. 62. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3 
layer; thin foil from cross section to the surface of layer (TEM), a) 
image in light field, b) diffraction from the area as in Fig. a, c) 
diffraction pattern solution from Fig. b [5] 

 
 

Figs. 63 and 65 illustrate variations to the mass concentration 
of coatings components and substrate material depending on the 
number of coatings deposited, made with a Glow Discharge 

34 

Optical Emission Spectroscope GDOS. The investigations allow 
only to assess quality variations to chemical composition in the 
chosen microarea of each specimen. The correct distribution of 
elements forming part of the coatings and the substrate was 
determined. All the elements forming part of the investigated 
coatings occur only in the area of coatings, and elements forming 
part of ceramics exist in the substrate area. The tests of chemical 
composition made with the Glow Discharge Optical Emission 
Spectroscope GDOS confirm the existence of the relevant 
elements in the graded layers Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), 
Ti(C,N) (2), (Al,Ti)N and in multi-layer coatings 
Ti(C,N)+(Ti,Al)N, (Al,Cr)N+(Ti,Al)N, Ti(C,N)+Al2O3+TiN, 
Ti(C,N)+TiN. The curve of variations in the concentration of the 
elements forming the coatings shows their gradient structure. A 
clear dependence exists between changes in the concentration of 
elements in Ti(B,N), (Ti,Zr)N, Ti(C,N) (1) and Ti(C,N)+(Ti,Al)N 
coatings (Fig. 63-65) and the coatings’ deposition conditions 
(Table 1, Figs. 1-4).  

 

 
 
Fig. 63. Variations in the concentration of (Ti,Zr)N coating 
components and the substrate material from sialon ceramics 
analysed in GDOES spectrometer 
 

 
 
Fig. 64. Variations in the concentration of Ti(C,N) (1) coating 
components and the substrate material from sialon ceramics 
analysed in GDOES spectrometer 

The cross section profile of the tested coatings obtained as a 
result of tests with the GDOES spectrometer shows that, as 
assumed, a change in the flow rate of N2 and C2H2 reactive gases 
and a change in the intensity of Ti and TiZr target sputtering 
current, depending on the type of the coating deposited, affect a 
gradient change in the concentration of the elements forming part 
of this coating. The nature of changes of components in 
multilayer coatings obtained in a PVD process of 
Ti(C,N)+(Ti,Al)N, (Al,Cr)N+(Ti,Al)N type and in coatings 
obtained in a CVD process of Ti(C,N)+Al2O3+TiN Ti(C,N)+TiN 
type indicate their layered structure. Titanium, nitrogen and 
carbon occur in the inner later in both cases and, respectively, 
titanium, aluminium and nitrogen and titanium and nitrogen in the 
outer layer. 

 

 
 

Fig. 65. Variations in the concentration of Ti(C,N)+(Ti,Al)N 
coating components and the substrate material from sialon 
ceramics analysed in GDOES spectrometer 

 
It was found as a result of a GDOES analysis that a 

concentration of elements forming part of the substrate is 
increased in the bonding zone from the surface of coatings with a 
reduction, at the same time, in the concentration of elements 
forming part of the coating. This fact may be linked to the 
existence of a transition zone with of a diffusive character 
between the substrate material and the coating as implied by 
authors of earlier works [24,25,29,30,120], although it cannot be 
precluded that uneven evaporation of the material is possible at 
the same time from the surface of the specimens during an 
examination with a glow discharge spectrometer. The existence of 
the transition layer should be linked to the higher desorption of 
the substrate surface and defects occurring in the substrate as well 
as the mixing of elements in the bonding zone due to the activity 
of high-energy ions. The existence of diffusive transition layers is 
supportive to the good adhesion of coatings to the substrate. 
 
 

9. Summary 
 

The progress associated with growth in the efficiency of 
manufacturing processes is possible mainly owing to the 
development of cutting technologies as such technologies have 
been largely driving growth in production efficiency. 
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a) 

 
b) 

 
Fig. 61. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - TiN 
layer; thin foil from cross section lateral to the (TEM) layer 
surface a) image in light field, b) image in dark field from (111) 
TiN reflex 

The results of thin foil tests from the cross section of the 
TiN+Al2O3 coating indicate that a TiN layer has a column 
structure and an Al2O3 layer has a coarse-grained structure. A 
transition zone exists between TiN and Al2O3 layers in which fine 
grains exist of such two phases. The presence of few fine Al2O3 
grains with a monoclinic structure was found in this zone, as 
opposed to the typical Al2O3 phase structure with a rhombohedral 
lattice present outside this limited area within the whole width of 
the layer (Fig. 57). 

The tests of thin foils made parallel and perpendicular to the 
surface of the studied TiN+Al2O3+TiN+Al2O3+TiN coating 
confirm that a coating containing TiN and Al2O3-type phases 
were deposited onto a substrate made of nitride tool ceramics. The 
Al2O3 layer structure with a rhombohedral lattice is characterised 
in its cross section by fine grains and grain size below 500 nm 
(Fig. 58). A fine-crystalline structure of the TiN phase with a 
regular lattice (Fig. 59) is visible in the same cross section of thin 
foil between Al2O3 phase grains. An analysis of thin foils made in 
the cross section of the studied coating allows to examine a 
structure of the separation boundary (the substrate - coating 
transition zone) between a substrate formed by a -Si3N4 phase 
with a hexagonal lattice and a TiN layer with a regular lattice 

(Fig. 60). The TiN layer is made up of evenly laid grains in the 
form of longitudinal columns whose maximum width is approx. 
500 nm (Fig. 61). The Al2O3 layer with a  rhombohedral lattice 
shows a structure in the cross section of the examined 
TiN+Al2O3+TiN+Al2O3+TiN coating similar to a column 
structure (Fig. 62). 
 
 
a) 

 
b) 

 
c) 

 
 
Fig. 62. Structure of TiN+Al2O3+TiN+Al2O3+TiN coating - Al2O3 
layer; thin foil from cross section to the surface of layer (TEM), a) 
image in light field, b) diffraction from the area as in Fig. a, c) 
diffraction pattern solution from Fig. b [5] 

 
 

Figs. 63 and 65 illustrate variations to the mass concentration 
of coatings components and substrate material depending on the 
number of coatings deposited, made with a Glow Discharge 
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Optical Emission Spectroscope GDOS. The investigations allow 
only to assess quality variations to chemical composition in the 
chosen microarea of each specimen. The correct distribution of 
elements forming part of the coatings and the substrate was 
determined. All the elements forming part of the investigated 
coatings occur only in the area of coatings, and elements forming 
part of ceramics exist in the substrate area. The tests of chemical 
composition made with the Glow Discharge Optical Emission 
Spectroscope GDOS confirm the existence of the relevant 
elements in the graded layers Ti(B,N), (Ti,Zr)N, Ti(C,N) (1), 
Ti(C,N) (2), (Al,Ti)N and in multi-layer coatings 
Ti(C,N)+(Ti,Al)N, (Al,Cr)N+(Ti,Al)N, Ti(C,N)+Al2O3+TiN, 
Ti(C,N)+TiN. The curve of variations in the concentration of the 
elements forming the coatings shows their gradient structure. A 
clear dependence exists between changes in the concentration of 
elements in Ti(B,N), (Ti,Zr)N, Ti(C,N) (1) and Ti(C,N)+(Ti,Al)N 
coatings (Fig. 63-65) and the coatings’ deposition conditions 
(Table 1, Figs. 1-4).  

 

 
 
Fig. 63. Variations in the concentration of (Ti,Zr)N coating 
components and the substrate material from sialon ceramics 
analysed in GDOES spectrometer 
 

 
 
Fig. 64. Variations in the concentration of Ti(C,N) (1) coating 
components and the substrate material from sialon ceramics 
analysed in GDOES spectrometer 

The cross section profile of the tested coatings obtained as a 
result of tests with the GDOES spectrometer shows that, as 
assumed, a change in the flow rate of N2 and C2H2 reactive gases 
and a change in the intensity of Ti and TiZr target sputtering 
current, depending on the type of the coating deposited, affect a 
gradient change in the concentration of the elements forming part 
of this coating. The nature of changes of components in 
multilayer coatings obtained in a PVD process of 
Ti(C,N)+(Ti,Al)N, (Al,Cr)N+(Ti,Al)N type and in coatings 
obtained in a CVD process of Ti(C,N)+Al2O3+TiN Ti(C,N)+TiN 
type indicate their layered structure. Titanium, nitrogen and 
carbon occur in the inner later in both cases and, respectively, 
titanium, aluminium and nitrogen and titanium and nitrogen in the 
outer layer. 

 

 
 

Fig. 65. Variations in the concentration of Ti(C,N)+(Ti,Al)N 
coating components and the substrate material from sialon 
ceramics analysed in GDOES spectrometer 

 
It was found as a result of a GDOES analysis that a 

concentration of elements forming part of the substrate is 
increased in the bonding zone from the surface of coatings with a 
reduction, at the same time, in the concentration of elements 
forming part of the coating. This fact may be linked to the 
existence of a transition zone with of a diffusive character 
between the substrate material and the coating as implied by 
authors of earlier works [24,25,29,30,120], although it cannot be 
precluded that uneven evaporation of the material is possible at 
the same time from the surface of the specimens during an 
examination with a glow discharge spectrometer. The existence of 
the transition layer should be linked to the higher desorption of 
the substrate surface and defects occurring in the substrate as well 
as the mixing of elements in the bonding zone due to the activity 
of high-energy ions. The existence of diffusive transition layers is 
supportive to the good adhesion of coatings to the substrate. 
 
 

9. Summary 
 

The progress associated with growth in the efficiency of 
manufacturing processes is possible mainly owing to the 
development of cutting technologies as such technologies have 
been largely driving growth in production efficiency. 
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More efficient, accurate and automated machines have been 
designed in response to such demands. By launching innovative 
high-performance high-speed machining technologies and by 
machining new materials and materials in the hardened condition, 
a search for new solutions in the manufacturing of tools and 
materials used for producing them is forced [121,122]. Moreover, 
the use of cooling and lubricating emulsions in traditional cutting 
technologies is a major economic and environmental issue. The 
use of coolants implicates costs related to purchase of emulsions 
and their disposal costs after use to prevent environmental 
contamination [88,89]. An alternative for this weight issue has 
emerged together with new materials for cutting edges and new 
abrasion resistant coatings [122-125]. 

Considering the state-of-the-art tool materials, especially 
note-worthy is sialon tool ceramics developed at the end of the 
20th century in response to defects of Si3N4 nitride ceramics, 
mainly their low oxidisation resistance at high temperatures. 
Sialon ceramics combine superior mechanical properties adequate 
for isomorphic -Si3N4 and superior chemical properties adequate 
for Al2O3 oxide ceramics [55-58,126]. The ceramics’ 
manufacturing costs remain to be high, though. The contemporary 
science is, therefore, faced with an important issue to improve 
mechanical properties and wear resistance thereof.  

New solutions are being sought to enhance the abrasion wear 
resistance of a tool material and machining dynamics. Functional 
properties of tools can be enhanced and environmental hazards 
lessened by employing the tool deposition technologies with hard 
coatings in PVD and CVD processes, mainly by improving the 
conditions of tribological contact in the cutting area and by 
eliminating machining liquids [78]. Abrasion resistant coatings 
have been successfully employed for nearly five decades 
primarily for steel cutting edges made of tool steel and sintered 
carbides and sintered carbides and cermetals [127-130]. 
Furthermore, contrary to a common view that the deposition of 
coatings onto tool ceramics is unjustified due to their high 
hardness, the growing interest has been observed in such type of 
solutions [131-133]. Numerous research works have been 
dedicated to coated tool materials and coated tool ceramics. It was 
revealed in the works that the deposition of thin coatings onto 
ceramic cutting edges is justified as improved cutting properties 
are observed of ceramic tools with coatings deposited in CVD and 
PVD processes. It was demonstrated that the deposition of 
coatings onto the surface of cutting tools such as sintered 
carbides, tool cermetals, Al2O3- based ceramics enhances the 
cutting edge life by several times, in particular, by reducing the 
wear of cutting edges as compared to uncoated tools, by 
improving tribological contact in the tool-machined item contact 
area and by securing a tool cutting edge against oxidisation and 
excessive heating. Such results are directly reducing the energy 
consumption of cutting processes, increase adequate technological 
reliability and limit the downtimes of entire process lines 
associated with insufficient durability of tools [24-53,59-78]. 

This work explains reasons for improved cutting properties of 
coated tools made of nitride and sialon ceramics by means of 
investigations into mechanical properties, including 
microhardness, adhesion and abrasive resistance of the coatings 
deposited and by means of investigations into the chemical 
composition and structure of coatings.  

The PVD and CVD coatings deposited onto a tool ceramics 
substrate have a compact structure without visible pores and 

discontinuities in form delamination between the coating and 
substrate and between the individual layers in case of multi-layer 
coatings. The observed column structure of Ti(C,N) and 
Ti(C,N)(2) coatings corresponds to the T zone of the Thornton 
model, and Ti(B,N) and (Ti,Zr)N coatings on sialon ceramics to 
the zone II of the Thornton model. (Al,Ti)N, (Al,Cr)N and 
(Al,Cr)N+(Ti,Al)N coatings exhibit a fine-grained structure.  
A Ti(C,N) layer in a Ti(C,N)+(Ti,Al)N coating exhibits a 
structure corresponding to the zone T of the Thornton model, 
whereas a (Ti,Al)N layer a transition structure between the zone T 
and zone II. The existence of the IV (T)-type structure, as shown 
in earlier works [39,120], is determined by process control with 
plasma, influencing coatings crystallisation. A structure in this 
zone is characterised by the desired properties such as high 
strength and hardness. Coatings with such fine grades, also called 
nanostructural coatings, feature highest usable properties as 
acknowledged by literature studies [134-138]. A fine-crystalline 
structure of coatings is also confirmed by the tests of thin foils in 
a transmission electron microscope, and especially rings in 
diffraction images.  

A morphology of the PVD coatings obtained on sialon tool 
ceramics shows a high surface inhomogeneity caused by the 
existence of solidified metal droplets removed from targets in a 
coating deposition process, and also by the observed recesses 
created when some droplets are ejected once the PVD process is 
finished. The work [112] explains that this effect is undoubtedly 
connected with differences in heat transfer coefficients between 
the formed nitride or carbonitride coating and metallic droplets 
and a difference in stresses between the coating and such 
microparticles created when cooling the substrate surface after the 
concluded coating deposition process. It was confirmed in an 
analysis of chemical composition from the droplet microarea that 
elements mainly exist appropriate for the sputtered target 
depending on the coating type. The similar phenomena have 
already been observed by the authors of earlier works [39,120].  

A surface inhomogeneity related to the existence of solidified 
metal droplets and recesses in coatings is a reason for the growing 
surface roughness versus the uncoated inserts. The roughness of 
the investigated coatings determined with the Ra parameter is 
within the range of 0.15-0.82 m and is decisively higher than in 
the case of a material surface without coatings. The roughness 
parameter Ra for the substrate is 0.06 m. The highest growth of 
roughness was recorded for a CVD coating of the 
Ti(C,N)+Al2O3+TiN type for which the Ra parameter is 0.82 m. 
It is connected with the existing Al2O3 phase having a multiwalled 
structure and the similar values of the Ra parameter for coatings 
containing aluminium oxide were presented in work by [139].  
The smallest surface roughness is exhibited by a nanocrystalline 
(Al,Ti)N coating for which the parameter Ra is 0.15 m. 

A profile analysis of chemical composition performed with 
the GDOES method has revealed that all the studied coatings have 
a chemical composition gradient which correlates with coatings 
deposition conditions. The analysis elucidates that a concentration 
of elements forming part of the substrate is growing in the 
bonding zone from the coatings’ surface with a lowering 
concentration of elements forming part of the coating at the same 
time. A chemical composition analysis with the GDOES method 
for a Ti(C,N)+Al2O3+TiN coating has shown that aluminium 
concentration in the Al2O3 layer reaches up to 85% at., and 
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oxygen concentration is 5% at. showing that an unbalanced 
concentration of elements exists in the layer. A test with the EDS 
method shows that the discussed layer exhibits a concentration of 
elements adequate for the Al2O3 phase in this layer. It should 
therefore be concluded that a quantitative analysis of a layer 
containing aluminium oxide with the GDES method did not 
display actual concentrations in this layer and this should be 
linked to the nature of the GDES method.  

The existence of transition zones between the substrate and the 
coating improves adhesion, thus the cutting properties of the studied 
ceramics. GDES test point out that the concentration of elements 
forming part of the substrate is growing in the bonding zone for the 
analysed cases starting with the substrate surface, and the 
concentration of elements forming the coating is lowering. This 
may signify that a transient diffusion layer exists between the 
substrate material and the coating which improves the adhesion of 
the deposited coatings to the substrate, despite the fact that the 
results cannot be interpreted unequivocally in connection with the 
inhomogeneous evaporation of the material from the specimens’ 
surface in the analysis. The existence of the transition layer should 
be linked to the higher desorption of the substrate surface and the 
defects occurring in the substrate as well as the mixing of elements 
in the bonding zone due to the activity of high-energy ions. 

It was found as a result of the XRD analyses performed that 
the examined coatings show that the differentiated growth plane is 
the plane from the {111} family and the degree of texturisation is 
highest for a graded coating (Ti,B)N. It was also concluded that 
advantageous compressive stresses exist in Ti(C,N), (Ti,Al)N 
layers and in the Al2O3 layer. The hardness and adhesion of the 
coatings to the substrate material is enhanced along with the 
growth of compressive stresses. The coatings contain isomorphic 
phases mainly with titanium nitride, titanium carbide-nitride, 
chromium nitride and aluminium nitride with a hexagonal lattice, 
i.e. Ti(B,N), (Ti,Zr)N, Ti(C,N), (Ti,Al)N and (Al,Ti)N, and also 
TiN itself, while the Ti(C,N)+Al2O3+TiN coating also contains 
the Al2O3 phase. An analysis with the X-ray diffraction method 
did not confirm, however, the presence of any phase with boron 
for a Ti(B,N) coating, the existence of which suggests the Ti-B-N 
phase balance system. The presence of TiB2 and BN phases in 
Ti(B,N)-type coatings was, however, pointed out by other authors 
in earlier works [140-143]. A diffraction analysis from thin foils 
from the discussed coating revealed that the presence of TiB 
phase was likely, nevertheless, the results cannot be interpreted 
unequivocally in connection with a small difference in the lattice 
parameters of TiB and TiN phases thus making such phases 
undifferentiable with such method. A quantitative chemical 
composition analysis of this coating revealed a small 
concentration of boron in the coating within up to 0.6 %at. 
suggesting that boron in such coatings forms a solid solution with 
titanium nitride, not a separate phase. The existence of an 
isomorphic phase with TiN was evidenced for the (Ti,Zr)N 
coating, although references provide [144-145] that zirconium in 
such type of coatings may occur in a separate ZrN phase. This, 
however, depends on the method of fabricating such coatings, and 
specifically on the source of titanium and zirconium vapours. The 
coatings presented in the work were obtained in the process of 
cathodic arc evaporation of a TiZr alloy target which conditions 
the presence of a single (Ti,Zr)N phase, not a mixture of TiN and 
ZrN phases which could exist in case of a separate source of 

vapours for titanium and zirconium. The (Al,Ti)N, (Al,Cr)N 
coatings and (Al,Cr)N layers in multilayer (Ti,Al)N+(Al,Cr)N and 
(Al,Cr)N+(Ti,Al)N-type coatings contain an AlN phase with a 
hexagonal lattice. The presence of such phase is linked to good 
adhesion of coatings to the tool ceramics substrate.  

A critical load measuring the adhesion of coatings to a 
substrate largely depends on the appropriate coating material 
(chemical composition, phase composition). The coatings with 
only TiN and Ti(C,N) phases present have low adhesion to tool 
ceramics of the substrate Lc = 13 -36 N. The coatings containing 
the AlN phase, though, posses very good adhesion to the substrate 
Lc = 53-112 N, which has an effect on the studied materials’ 
cutting properties.  

The microhardness of the studied tool ceramics is between 
1850 to 2035 HV. The surface microhardness of the examined 
indexable inserts is greatly enhanced by depositing PVD and 
CVD coatings. The highest hardness is seen for (Al,Ti)N coatings 
with their microhardness of 3600 HV, which accounts for nearly a 
100% increase in surface layer hardness. Enhanced microhardness 
is primarily the effect of obtaining a nanocrystalline structure of 
the studied (Al,Ti)N and TiN+multi(Ti,Al,Si)N+TiN coatings in 
the process of cathodic arc evaporation (CAE) as confirmed with 
examinations with a transmission electron microscope. 

The abrasive wear resistance tests carried out with the pin-on-
disc method show that CVD coatings have worse tribological 
properties as compared to coatings deposited with the PVD 
technology. Coatings are damaged nearly to the substrate zone 
made of sialon ceramics in nearly all cases of the studied coatings. 
Damages to such coatings are accompanied by extensive adhesion 
defects. The most frequent coating wear mechanisms include 
chippings and flaking as well as delamination. The coatings 
having Ti(C,N) and (Al,Cr)N layers, which are not subject to 
damage or where damage created is small, possess very good 
tribological properties. The damaged coating and material of the 
counterspecimen used is adhering in all the studied PVD and 
CVD coatings, which has a direct effect on variations in friction 
factor values. The counterspecimen material is adhering strongest 
to (Al,Cr)N, (Ti,Al)N+(Al,Cr)N coatings.  It was found by 
analysing the friction factor obtained during the abrasive wear 
resistance tests conducted with the pin on disc method that 
coatings with a Ti(C,N) layer have the lowest friction factor of 0.2 
to 0.3.  

Single-point grey cast iron cutting tests were undertaken to 
verify a correlation between the structure and mechanical 
properties of the coatings obtained and the functional properties 
of indexable inserts. The examinations are comparative, i.e. the 
life of the inserts was identified with the identical cutting 
parameters according to cutting time until the set wear criterion is 
reached determined by the wear track width of VB = 0.2 mm. 
A comparative test of inserts made of coated sialon ceramics 
indicate accelerated cutting edge wear as compared to an 
uncoated tool (11 min for vc = 170 m/min, 13 min for  
vc = 425 m/min). The (Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and 
Ti(C,N)+TiN coatings improve the wear resistance of sialon 
ceramics tools only. An insert with a (Al,Ti)N coating deposited 
for which the criterion VB for vc = 170 m/min was reached after 
72 minutes, exhibited highest strength, while for vc = 425 m/min 
the set wear criterion  was reached for a (Al,Cr)N+(Ti,Al)N 
coating after 40 minutes of constant grey cast iron cutting. It was 
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More efficient, accurate and automated machines have been 
designed in response to such demands. By launching innovative 
high-performance high-speed machining technologies and by 
machining new materials and materials in the hardened condition, 
a search for new solutions in the manufacturing of tools and 
materials used for producing them is forced [121,122]. Moreover, 
the use of cooling and lubricating emulsions in traditional cutting 
technologies is a major economic and environmental issue. The 
use of coolants implicates costs related to purchase of emulsions 
and their disposal costs after use to prevent environmental 
contamination [88,89]. An alternative for this weight issue has 
emerged together with new materials for cutting edges and new 
abrasion resistant coatings [122-125]. 

Considering the state-of-the-art tool materials, especially 
note-worthy is sialon tool ceramics developed at the end of the 
20th century in response to defects of Si3N4 nitride ceramics, 
mainly their low oxidisation resistance at high temperatures. 
Sialon ceramics combine superior mechanical properties adequate 
for isomorphic -Si3N4 and superior chemical properties adequate 
for Al2O3 oxide ceramics [55-58,126]. The ceramics’ 
manufacturing costs remain to be high, though. The contemporary 
science is, therefore, faced with an important issue to improve 
mechanical properties and wear resistance thereof.  

New solutions are being sought to enhance the abrasion wear 
resistance of a tool material and machining dynamics. Functional 
properties of tools can be enhanced and environmental hazards 
lessened by employing the tool deposition technologies with hard 
coatings in PVD and CVD processes, mainly by improving the 
conditions of tribological contact in the cutting area and by 
eliminating machining liquids [78]. Abrasion resistant coatings 
have been successfully employed for nearly five decades 
primarily for steel cutting edges made of tool steel and sintered 
carbides and sintered carbides and cermetals [127-130]. 
Furthermore, contrary to a common view that the deposition of 
coatings onto tool ceramics is unjustified due to their high 
hardness, the growing interest has been observed in such type of 
solutions [131-133]. Numerous research works have been 
dedicated to coated tool materials and coated tool ceramics. It was 
revealed in the works that the deposition of thin coatings onto 
ceramic cutting edges is justified as improved cutting properties 
are observed of ceramic tools with coatings deposited in CVD and 
PVD processes. It was demonstrated that the deposition of 
coatings onto the surface of cutting tools such as sintered 
carbides, tool cermetals, Al2O3- based ceramics enhances the 
cutting edge life by several times, in particular, by reducing the 
wear of cutting edges as compared to uncoated tools, by 
improving tribological contact in the tool-machined item contact 
area and by securing a tool cutting edge against oxidisation and 
excessive heating. Such results are directly reducing the energy 
consumption of cutting processes, increase adequate technological 
reliability and limit the downtimes of entire process lines 
associated with insufficient durability of tools [24-53,59-78]. 

This work explains reasons for improved cutting properties of 
coated tools made of nitride and sialon ceramics by means of 
investigations into mechanical properties, including 
microhardness, adhesion and abrasive resistance of the coatings 
deposited and by means of investigations into the chemical 
composition and structure of coatings.  

The PVD and CVD coatings deposited onto a tool ceramics 
substrate have a compact structure without visible pores and 

discontinuities in form delamination between the coating and 
substrate and between the individual layers in case of multi-layer 
coatings. The observed column structure of Ti(C,N) and 
Ti(C,N)(2) coatings corresponds to the T zone of the Thornton 
model, and Ti(B,N) and (Ti,Zr)N coatings on sialon ceramics to 
the zone II of the Thornton model. (Al,Ti)N, (Al,Cr)N and 
(Al,Cr)N+(Ti,Al)N coatings exhibit a fine-grained structure.  
A Ti(C,N) layer in a Ti(C,N)+(Ti,Al)N coating exhibits a 
structure corresponding to the zone T of the Thornton model, 
whereas a (Ti,Al)N layer a transition structure between the zone T 
and zone II. The existence of the IV (T)-type structure, as shown 
in earlier works [39,120], is determined by process control with 
plasma, influencing coatings crystallisation. A structure in this 
zone is characterised by the desired properties such as high 
strength and hardness. Coatings with such fine grades, also called 
nanostructural coatings, feature highest usable properties as 
acknowledged by literature studies [134-138]. A fine-crystalline 
structure of coatings is also confirmed by the tests of thin foils in 
a transmission electron microscope, and especially rings in 
diffraction images.  

A morphology of the PVD coatings obtained on sialon tool 
ceramics shows a high surface inhomogeneity caused by the 
existence of solidified metal droplets removed from targets in a 
coating deposition process, and also by the observed recesses 
created when some droplets are ejected once the PVD process is 
finished. The work [112] explains that this effect is undoubtedly 
connected with differences in heat transfer coefficients between 
the formed nitride or carbonitride coating and metallic droplets 
and a difference in stresses between the coating and such 
microparticles created when cooling the substrate surface after the 
concluded coating deposition process. It was confirmed in an 
analysis of chemical composition from the droplet microarea that 
elements mainly exist appropriate for the sputtered target 
depending on the coating type. The similar phenomena have 
already been observed by the authors of earlier works [39,120].  

A surface inhomogeneity related to the existence of solidified 
metal droplets and recesses in coatings is a reason for the growing 
surface roughness versus the uncoated inserts. The roughness of 
the investigated coatings determined with the Ra parameter is 
within the range of 0.15-0.82 m and is decisively higher than in 
the case of a material surface without coatings. The roughness 
parameter Ra for the substrate is 0.06 m. The highest growth of 
roughness was recorded for a CVD coating of the 
Ti(C,N)+Al2O3+TiN type for which the Ra parameter is 0.82 m. 
It is connected with the existing Al2O3 phase having a multiwalled 
structure and the similar values of the Ra parameter for coatings 
containing aluminium oxide were presented in work by [139].  
The smallest surface roughness is exhibited by a nanocrystalline 
(Al,Ti)N coating for which the parameter Ra is 0.15 m. 

A profile analysis of chemical composition performed with 
the GDOES method has revealed that all the studied coatings have 
a chemical composition gradient which correlates with coatings 
deposition conditions. The analysis elucidates that a concentration 
of elements forming part of the substrate is growing in the 
bonding zone from the coatings’ surface with a lowering 
concentration of elements forming part of the coating at the same 
time. A chemical composition analysis with the GDOES method 
for a Ti(C,N)+Al2O3+TiN coating has shown that aluminium 
concentration in the Al2O3 layer reaches up to 85% at., and 
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oxygen concentration is 5% at. showing that an unbalanced 
concentration of elements exists in the layer. A test with the EDS 
method shows that the discussed layer exhibits a concentration of 
elements adequate for the Al2O3 phase in this layer. It should 
therefore be concluded that a quantitative analysis of a layer 
containing aluminium oxide with the GDES method did not 
display actual concentrations in this layer and this should be 
linked to the nature of the GDES method.  

The existence of transition zones between the substrate and the 
coating improves adhesion, thus the cutting properties of the studied 
ceramics. GDES test point out that the concentration of elements 
forming part of the substrate is growing in the bonding zone for the 
analysed cases starting with the substrate surface, and the 
concentration of elements forming the coating is lowering. This 
may signify that a transient diffusion layer exists between the 
substrate material and the coating which improves the adhesion of 
the deposited coatings to the substrate, despite the fact that the 
results cannot be interpreted unequivocally in connection with the 
inhomogeneous evaporation of the material from the specimens’ 
surface in the analysis. The existence of the transition layer should 
be linked to the higher desorption of the substrate surface and the 
defects occurring in the substrate as well as the mixing of elements 
in the bonding zone due to the activity of high-energy ions. 

It was found as a result of the XRD analyses performed that 
the examined coatings show that the differentiated growth plane is 
the plane from the {111} family and the degree of texturisation is 
highest for a graded coating (Ti,B)N. It was also concluded that 
advantageous compressive stresses exist in Ti(C,N), (Ti,Al)N 
layers and in the Al2O3 layer. The hardness and adhesion of the 
coatings to the substrate material is enhanced along with the 
growth of compressive stresses. The coatings contain isomorphic 
phases mainly with titanium nitride, titanium carbide-nitride, 
chromium nitride and aluminium nitride with a hexagonal lattice, 
i.e. Ti(B,N), (Ti,Zr)N, Ti(C,N), (Ti,Al)N and (Al,Ti)N, and also 
TiN itself, while the Ti(C,N)+Al2O3+TiN coating also contains 
the Al2O3 phase. An analysis with the X-ray diffraction method 
did not confirm, however, the presence of any phase with boron 
for a Ti(B,N) coating, the existence of which suggests the Ti-B-N 
phase balance system. The presence of TiB2 and BN phases in 
Ti(B,N)-type coatings was, however, pointed out by other authors 
in earlier works [140-143]. A diffraction analysis from thin foils 
from the discussed coating revealed that the presence of TiB 
phase was likely, nevertheless, the results cannot be interpreted 
unequivocally in connection with a small difference in the lattice 
parameters of TiB and TiN phases thus making such phases 
undifferentiable with such method. A quantitative chemical 
composition analysis of this coating revealed a small 
concentration of boron in the coating within up to 0.6 %at. 
suggesting that boron in such coatings forms a solid solution with 
titanium nitride, not a separate phase. The existence of an 
isomorphic phase with TiN was evidenced for the (Ti,Zr)N 
coating, although references provide [144-145] that zirconium in 
such type of coatings may occur in a separate ZrN phase. This, 
however, depends on the method of fabricating such coatings, and 
specifically on the source of titanium and zirconium vapours. The 
coatings presented in the work were obtained in the process of 
cathodic arc evaporation of a TiZr alloy target which conditions 
the presence of a single (Ti,Zr)N phase, not a mixture of TiN and 
ZrN phases which could exist in case of a separate source of 

vapours for titanium and zirconium. The (Al,Ti)N, (Al,Cr)N 
coatings and (Al,Cr)N layers in multilayer (Ti,Al)N+(Al,Cr)N and 
(Al,Cr)N+(Ti,Al)N-type coatings contain an AlN phase with a 
hexagonal lattice. The presence of such phase is linked to good 
adhesion of coatings to the tool ceramics substrate.  

A critical load measuring the adhesion of coatings to a 
substrate largely depends on the appropriate coating material 
(chemical composition, phase composition). The coatings with 
only TiN and Ti(C,N) phases present have low adhesion to tool 
ceramics of the substrate Lc = 13 -36 N. The coatings containing 
the AlN phase, though, posses very good adhesion to the substrate 
Lc = 53-112 N, which has an effect on the studied materials’ 
cutting properties.  

The microhardness of the studied tool ceramics is between 
1850 to 2035 HV. The surface microhardness of the examined 
indexable inserts is greatly enhanced by depositing PVD and 
CVD coatings. The highest hardness is seen for (Al,Ti)N coatings 
with their microhardness of 3600 HV, which accounts for nearly a 
100% increase in surface layer hardness. Enhanced microhardness 
is primarily the effect of obtaining a nanocrystalline structure of 
the studied (Al,Ti)N and TiN+multi(Ti,Al,Si)N+TiN coatings in 
the process of cathodic arc evaporation (CAE) as confirmed with 
examinations with a transmission electron microscope. 

The abrasive wear resistance tests carried out with the pin-on-
disc method show that CVD coatings have worse tribological 
properties as compared to coatings deposited with the PVD 
technology. Coatings are damaged nearly to the substrate zone 
made of sialon ceramics in nearly all cases of the studied coatings. 
Damages to such coatings are accompanied by extensive adhesion 
defects. The most frequent coating wear mechanisms include 
chippings and flaking as well as delamination. The coatings 
having Ti(C,N) and (Al,Cr)N layers, which are not subject to 
damage or where damage created is small, possess very good 
tribological properties. The damaged coating and material of the 
counterspecimen used is adhering in all the studied PVD and 
CVD coatings, which has a direct effect on variations in friction 
factor values. The counterspecimen material is adhering strongest 
to (Al,Cr)N, (Ti,Al)N+(Al,Cr)N coatings.  It was found by 
analysing the friction factor obtained during the abrasive wear 
resistance tests conducted with the pin on disc method that 
coatings with a Ti(C,N) layer have the lowest friction factor of 0.2 
to 0.3.  

Single-point grey cast iron cutting tests were undertaken to 
verify a correlation between the structure and mechanical 
properties of the coatings obtained and the functional properties 
of indexable inserts. The examinations are comparative, i.e. the 
life of the inserts was identified with the identical cutting 
parameters according to cutting time until the set wear criterion is 
reached determined by the wear track width of VB = 0.2 mm. 
A comparative test of inserts made of coated sialon ceramics 
indicate accelerated cutting edge wear as compared to an 
uncoated tool (11 min for vc = 170 m/min, 13 min for  
vc = 425 m/min). The (Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and 
Ti(C,N)+TiN coatings improve the wear resistance of sialon 
ceramics tools only. An insert with a (Al,Ti)N coating deposited 
for which the criterion VB for vc = 170 m/min was reached after 
72 minutes, exhibited highest strength, while for vc = 425 m/min 
the set wear criterion  was reached for a (Al,Cr)N+(Ti,Al)N 
coating after 40 minutes of constant grey cast iron cutting. It was 
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demonstrated in the case of the coatings obtained on nitride 
ceramics that the deposition of hard, antiwear, multilayer coatings 
based on Al2O3 and TiN layers onto the surface of the studied 
nitride tool ceramics with the CVD method leads to the attainment 
of better functional properties determined by extended cutting 
edge life than the functional properties of nitride ceramics 
uncoated and coated with PVD coatings and selected CVD 
coatings. 

Investigations into the service life allowed to select coatings 
with the best cutting properties:  

(Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and T(C,N)+TiN 
deposited onto sialon ceramics and  
(Ti,Zr)N, (Ti,Al)N, Al2O3+TiN (1), Al2O3+TiN (2), 
TiN+Al2O3+TiN, TiN+Al2O3, TiN+Al2O3+TiN+Al2O3+TiN 
deposited onto nitride ceramics  

exhibiting best cuttability, which is correlated with their high 
adhesion to the substrate and high hardness. The above-mentioned 
coatings improve the life of a cutting edge by up to 550% and for 
this reason, as well as due to a possibility of using them in 
environmental dry cutting processes without the  use of process 
cooling and lubricating liquids, the coatings qualify for 
widespread industrial applications in cutting tools. 
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demonstrated in the case of the coatings obtained on nitride 
ceramics that the deposition of hard, antiwear, multilayer coatings 
based on Al2O3 and TiN layers onto the surface of the studied 
nitride tool ceramics with the CVD method leads to the attainment 
of better functional properties determined by extended cutting 
edge life than the functional properties of nitride ceramics 
uncoated and coated with PVD coatings and selected CVD 
coatings. 

Investigations into the service life allowed to select coatings 
with the best cutting properties:  

(Al,Ti)N, (Al,Cr)N, (Al,Cr)N+(Ti,Al)N and T(C,N)+TiN 
deposited onto sialon ceramics and  
(Ti,Zr)N, (Ti,Al)N, Al2O3+TiN (1), Al2O3+TiN (2), 
TiN+Al2O3+TiN, TiN+Al2O3, TiN+Al2O3+TiN+Al2O3+TiN 
deposited onto nitride ceramics  

exhibiting best cuttability, which is correlated with their high 
adhesion to the substrate and high hardness. The above-mentioned 
coatings improve the life of a cutting edge by up to 550% and for 
this reason, as well as due to a possibility of using them in 
environmental dry cutting processes without the  use of process 
cooling and lubricating liquids, the coatings qualify for 
widespread industrial applications in cutting tools. 
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