
ADVANCES IN MANUFACTURING SCIENCE AND TECHNOLOGY Vol. 35, No. 2, 2011 

Address: Prof. Wit GRZESIK, Joanna MAŁECKA, Ph.D. Eng., Damian KOWALCZYK, M.Sc, 
Pior KISZKA, M.Sc, Department of Manufacturing Engineering and Production 
Automation, Opole University of Technology, Poland 45-271 Opole, 5th Mikolajczyka 
St., Poland, e-mail: w.grzesik@po.opole.pl  

WEAR BEHAVIOUR OF NITRIDE 
 CERAMIC CUTTING TOOLS IN THE MACHINING 

OF NODULAR CAST IRON  

Wit Grzesik, Joanna Małecka 
Damian Kowalczyk, Piotr Kiszka  

S u m m a r y 

The objective of this study is to reveal the wear behaviour of uncoated and coated nitride ceramic tools 
in the machining of pearlitic-ferritic nodular cast iron in terms of wear rate and destruction of tool faces 
under the given working conditions. Investigations include the tool wear curves and appropriate tool 
lives, as well as detailed identification of tool wear mechanisms occurring on both the rake and flank 
faces of the tools. Tool wear effects occurring for both nitride ceramic grades were compared at the 
flank wear VBB of about 0,3 mm. The occurrence of various wear mechanisms, such as abrasive, 
diffusive and chemical wear was revealed. Higher wear resistance of coated nitride tools with 
additional oxide ceramic layer was confirmed. In particular, such techniques as SEM, BSE and EDX 
analysis were employed to analyze tool wear. 
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Zużycie narzędzi skrawających z ceramiki azotkowej w obróbce żeliwa 

S t r e s z c z e n i e 

W pracy określono kinetykę procesu zużycia narzędzi z ceramiki azotkowej Si3N4 z naniesioną 
powłoką tlenków ferrytyczno-perlitycznego Al2O3 oraz bez powłoki z uwzględnieniem zużycia i 
destrukcji powierzchni ostrza w obróbce odlewów z żeliwa sferoidalnego ferrytyczno-perlitycznego. 
Wyznaczono krzywe zużycia i określono trwałość ostrza. Wykonano szczegółową identyfikację 
mechanizmów zużycia występujących na powierzchni natarcia i przyłożenia ostrza. Skutki zużycia 
występujące na ostrzach ceramicznych porównano dla szerokości starcia powierzchni przyłożenia ok. 
0,3 mm. Stwierdzono obecność różnych mechanizmów zużycia – ścierne, adhezyjne i chemiczne. 
Udowodniono większą odporność na zużycie ścierne narzędzi z ceramiki Si3N4 z nałożoną powłoką z 
ceramiki tlenkowej – Al2O3. W ocenie zużycia stosowano metody elektronowej mikroskopii 
skaningowej, BSE i EDX. 

Słowa kluczowe: narzędzie z ceramiki azotkowej, żeliwo sferoidalne, zużycie ostrza, mechanizm 
zużycia  
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Nomenclature 

ap – depth of cut, mm, 
f – feed rate, mm/rev, 
lc – cutting distance, m, 
t – duration of machining test, m (s), 
vc – cutting speed, m/min, 
NCI – nodular cast iron, 
PF – pearlitic-ferritic, 
VBB – width of flank wear, mm. 

1. Introduction 

Statistical data concerning the use of construction materials in industry 
show that despite many advanced materials such as superalloys with special 
service properties or composite materials, one of materials often applied in the 
machine building industry is cast iron. In particular, visible progress in using 
iron grades with substantially improved mechanical and tribological properties 
such as nodular iron, vermicular iron – CGI (GGV according to DIN) and the 
strongest grade – ADI (GGG according to DIN) is noticed. Machining all these 
grades is, due to characteristic microstructure and high ductility, difficult and to 
overcome technological problems arising cutting tool materials with higher 
durability, reliability and productivity should be applied. As a result, many 
manufacturing sectors use specially coated carbide, silicon nitride, sialon and 
CBN cutting tools. Silicon nitride Si3N4 ceramics belongs to the group of hard 
covalent materials [1, 2]. They often have amorphous structures in which atomic 
bondings are formed with very high cohesive forces [3] resulting in higher 
strength at higher temperatures, higher resistance to abrasive wear and improved 
chemical and oxidation resistance [1, 4]. 

The silicon-nitride based ceramics is better than aluminium-oxide based 
ceramics in standing-up to thermal shocks and has more toughness. On the other 
hand, it does not have the chemical stability of the aluminium-oxide based 
ceramics when machining steel [4]. The silicon-nitride based ceramics was 
found to be excellent choice for machining grey cast iron in dry and wet 
conditions and cutting speeds over 400 m/min (1450 ft/min) [5÷8]. In addition, 
machining process is economical and ecological because low thermal 
conductivity of Si3N4 ceramics causes the cutting tools can perform dry without 
cutting fluids. The technological experience in applying uncoated and coated 
Si3N4 ceramic based cutting tools to machine ductile cast irons and other ductile 
iron grades is not enough to optimize the cutting process and increase tool life 
[9]. Especially, the economical use of coated silicon nitride tools to machine 
ductile irons needs in-depth investigations of tool wear and corresponding wear 
mechanisms. 
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In this paper investigations are focused on the fundamental wear problems 
of uncoated Si3N4 and CVD-Al 2O3/TiN coated nitride ceramic tools in turning of 
the nodular cast iron with pearlitic-ferritic microstructure. The main scope of 
these investigations was the influence of the cutting speed as the main 
technological factor controlling the cutting temperature and tool life [5]. The 
research program includes standard tool wear tests, assessment of worn rake and 
flank faces and detailed analysis of characteristic wear areas, as well as 
differentiating the rates and prevailing wear mechanisms for uncoated and CVD-
Al 2O3/TiN coated nitride ceramic tools. Tool wear data were used to determine 
characteristic wear curves. 

2. Investigation program and methodology 

2.1. Workpiece and cutting tool materials 

Workpiece material used was the nodular cast iron of EN-GJS-500 grade 
with pearlitic-ferritic microstructure and about 50% pearlite, 40% ferrite and 
10% graphite. The ultimate tensile strength was Rm = 500 MPa, and Brinell 
hardness was 175 HB. Chemical composition of the workpiece material is 
presented in Table 1.  

Table 1. Chemical composition of EN-GJS-500 cast iron 

Element, % at. 

C Si Cu Mg Mn P S Cr Zn 

3,78 2,46 0,01 0,05 0,32 0,038 0,065 0,031 0,004 
 

 

Cutting tool inserts of TNGA 160408T02520 designation and tool shank  
of ISO-TGNR 2020-16 type were employed. As mentioned above, cutting tool 
inserts were made of uncoated Si3N4 and coated Al2O3/TiN nitride ceramics. 
Cutting and tool wear test conditions are listed in Table 2. Two cutting speeds  
of 100 and 160 m/min were selected based on industrial recommendations  
and the depth of cut was kept equal to 2 mm. The feed rate was also constant at  
0,16 mm/rev. 

Table 2. Specification of investigation conditions 

Cutting tool Cutting speed vc, 
 m/s 

Depth of cut ap, 
mm Time, s Width of flank 

wear VBB, mm 

160 2 70 0,32 Uncoated nitride  
ceramic Si3N4 100 2 85 0,32 

Coated nitride ceramic 
Si3N4+Al2O3/TiN 160 2 280 0,34 
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2.2. Wear analysis  

After machining tests during which the values of flank wear width were 
measured using light optical microscope, worn surfaces of the tool inserts were 
examined by means of a scanning microscope, model HITACHI S-3400N 
equipped with X-ray diffraction head EDS, model THERMO NORAN System 
Six. Due to the fact that silicon nitride is an electric isolator the investigations 
were carried out in a low vacuum chamber keeping the vacuum pressure of 50 
Pa. Both BSE (back scattered electrons) and ESED (secondary electrons) images 
were recorded. Wear products, which were produced on the tool faces during 
cutting process, were analyzed using EDX technique. 

2.3. Test Procedure 

Tool wear tests were carried out with two material combinations, at varying 
cutting speed of 100, 160 and 240 m/min. For each material combinations, the 
cutting time and corresponding sliding distance was selected to achieve the end 
of tool life defined by the value of VBB = 0,3 mm. Based on the current 
measurements of flank wear width the plots VBB versus cutting time or cutting 
distance were drawn, as shown in Fig. 1. A minimum of three trials were 
conducted for each material/sliding speed combination.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1. Changes of tool wear indicator VBB for uncoated nitride ceramic (a) and coated nitride 
ceramic (b) tools as functions of cutting distance for different cutting speeds 100÷240 m/min [10] 

In general, light optical microscopy (LOM) and scanning electron 
microscopy (SEM) were used to examine worn surfaces and to characterise the 
dominant wear scars and wear mechanisms of the tool materials. In addition, the 
selected wear scars produced on tool inserts were visualized using CCD camera 
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and stored into a PC computer memory. These images deal with a new 
observation of the geometrical changes of the minor cutting edge and tool nose 
resulting in the formation of small local tool noses. Subsequently, the recorded 
images were processed and dimensioned by means of a computer image 
processing system developed earlier in machining laboratory used. 

3. Experimental results and discussion 

3.1. Factors affecting wear mechanisms 

These investigations were carried out in order to geometrically and 
tribologically assess the effects of wear progress up to maximum value of  
VBB ≈ 0,3 mm and to select some prevailing wear mechanisms characteristic for 
silicon nitride-nodular cast iron with participation of Al2O3/TiN coating which 
modified the wear products on the contact surfaces of the tool insert. According 
to tribological knowledge in case of machining process the wear mechanism 
depends on several factors including contact loads (equivalently the coefficient  
of friction), contact temperatures, sliding velocities on the contacting surfaces 
and both geometrical and physio-chemical properties of the sliding/mating 
materials [3÷4, 11]. 

According to previous investigations devoted to the typical machining wear 
tests [10] and microscopic wear analysis, substantially higher resistance to 
abrasive wear when machining P-F nodular cast iron with cutting speed of 
100÷240 m/min was indicated by Si3N4 cutting inserts coated with Al2O3/TiN 
coating. This fact is clearly illustrated in Fig.1 in which flank wear was plotted 
against the cutting distance. However, this study is basically focused on SEM 
and BSE image-based analysis of tool wear and recognition of characteristic 
wear scars and tool wear mechanisms. 

 

3.2. Wear of flank and rake surfaces 

In this section the wear state of worn tool surfaces was assessed by means 
of appropriate SEM and BSE images shown successively in Fig. 2÷7. It should 
be noticed that Figs. 2 and 3 present SEM images of the rake faces including the 
chamfer and cutting edges, whereas Fig. 4÷7 illustrate the worn major and minor 
flank surfaces. 

In general, it can be concluded based on EDS analysis of the chemical 
contents of wear products that during sliding friction between mating surfaces 
some parts of nodular iron were locally transferred on the rake face in the 
vicinity of tool-chip contact area. This phenomenon is documented in Fig. 2 
and 3 for uncoated and coated tools respectively. Moreover, it was also 
illustrated in details in Fig. 4÷7 as separate figures denoted by symbols (b)  
and (c). 
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Fig. 2. Worn rake faces for cutting speed of vc = 100 m/min (mag. 50x, BSE):  
a) uncoated Si3N4 ceramic tool, b) coated Si3N4 + Al2O3/TiN ceramic tool 
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Fig. 3. Worn rake faces for cutting speed of vc = 160 m/min (mag. 50x, BSE):  
a) uncoated Si3N4 ceramic tool, b) coated Si3N4 + Al2O3/TiN ceramic tool 

Worn uncoated Si3N4 inserts at cutting speeds of vc = 100 m/min and  
160 m/min are shown in Fig. 4 and 6 respectively. On the other hand, Fig. 5 and 
7 illustrate worn coated Si3N4 + Al2O3/TiN inserts at the same cutting conditions. 
Moreover, Fig. 8 presents a fragment of the chamfered rake face with deposited 
coating (point 1) and built-up edge formed from the adhered workpiece material 
(point 2). EDS spectra obtained in points 1 and 2 in Fig. 8 are presented in Fig. 
9a and 9b respectively. 

As shown in Fig. 2 and 3, built-up edge and transfer of the workpiece 
material are observed on the rake faces of uncoated and coated tools. This fact 
suggests that the dominant wear mechanism was abrasive wear. In the area of 
the chamfer which is highly mechanically and thermally stressed, visible groove 
from the side of the major cutting edge is observed, as exemplarily shown in 
Figs. 4b and 5b. For tool inserts coated with Al2O3/TiN coating, some parts of  
 

Cutting tool material Removed coating 

Transferred 
workpiece material 

Transferred 
workpiece material 

Transferred 
workpiece material Transferred 

workpiece material 

Cutting tool material Removed coating 
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Fig. 4. SEM image of nitride ceramic tool for cutting speed of vc = 100 m/min: a) mag. 50x, 
ESED, b) part of the face in area A according to Fig. 4a (mag. 100x, BSE), c) part of the  
face in area B according to Fig. 4a (mag. 50x, BSE), d) energetic spectrum in place 1 according  
 to Fig. 4b 

the deposited layer were removed from the rake and flank faces and, as a result, 
cratering wear results in the formation of a groove. This wear type can be 
observed in Fig. 5 a and c and Fig. 7 a and c. In many places localized in the 
tool-chip and tool-workpiece contact areas the Al2O3/TiN coating was partly or 
entirely removed from the Si3N4 substrate. At the end of wear tests the crater in 
the form of a groove appears on uncoated ceramic inserts and coated ceramic 
inserts but at higher cutting speed of 160 m/min, as shown in Fig. 5b and 7b. 

Wear effects of the cutting edges from the side of flank face are roughly 
comparable for uncoated and coated tools as illustrated successively in Fig. 4÷7. 
The Al2O3/TiN coating is systematically removed during wear test but the wear 
rate is lower than for uncoated tool inserts. As mentioned earlier, SEM images 
confirmed that the coating is removed from the main cutting edge and adjacent 
surfaces, as for example can be seen in Fig. 7b. Only small parts remain locally 
as in point 2 in Fig. 7b. 

Worn rake 
face 

Particles of workpiece 
material 
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Fig. 5. SEM image of coated Al2O3/TiN nitride ceramic tool for cutting speed of vc = 100 m/min: 
a) mag. 50x, ESED, b) part of the face in area A according to Fig. 5a (mag. 100x, BSE), c) part 
of the face in area B according to Fig. 5a (mag. 50x, BSE), d) energetic spectrum in place 1 
 according to Fig. 5b 

It can be concluded that at the beginning of the wear test abrasive wear 
takes place resulting in removing the deposited coating. When coating is 
removed, the pure Si3N4 substrate indicates higher adhesive affinity to the iron 
and more intensive adhesive wear is observed along with abrasive wear. The 
presence of adhesive wear is documented by appropriate EDS spectra shown in 
Fig. 4d and 5d as well 6d and 7d. Fe concentration in wear products resulting 
from the transfer of iron increases up to 80 at% as in case of Al2O3/TiN coated 
ceramic tool and cutting speed of 160 m/min (EDS analysis in point 1 in Fig. 7b 
and 7d). 
 

3.3. Wear of tool nose 

In general, the nose wear is visually similar for uncoated and coated nitride 
ceramic tools and geometrical features are comparable as documented by SEM 
images shown in Fig. 4÷7 (case a). Characteristic geometrical feature observed  
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Fig. 6. SEM image of nitride ceramic tool for cutting speed of vc = 160 m/min: a) mag. 50x, 
ESED, b) part of the face in area A according to Fig. 6a (mag. 200x, BSE), c) part of the face in 
area B according to Fig. 6a (mag. 50x, BSE), d) energetic spectrum in place 1 according  
 to Fig. 6b 

in all these images is that the chamfer grooving extends up to the secondary 
cutting edge (squared detail A). As a result, the configuration of the nose 
changes and small parts of the secondary cutting edge with local radius smooth 
the workpiece surface like wiper tools [10]. EDS analysis performed in these 
parts of tool inserts (Fig. 4d and 5d, Fig. 6d and 7d) revealed that built-up edges 
are formed on the rounded cutting edges due to intensive adhesion interaction 
between the insert and the workpiece material. Lower wear intensity observed 
for coated nitride ceramic tools, confirmed by corresponding wear curves shown 
in Fig. 1, can probably result from the relatively large fragments of coating 
remaining on the tool nose (Fig. 8), which still reduce the abrasion process and 
formation of the built-up edges. 

The second characteristic phenomenon occurring in this area is that higher 
concentrations of iron and silicon, represented by visible peaks in EDS spectra, 
appear, for instance Fe = 76,0% at. and Si = 21,7% at., in places where built-up 
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Fig. 7. SEM image of coated Al2O3/TiN nitride ceramic tool for cutting speed of vc = 160 m/min: 
a) mag. 50x, ESED, b) part of the face in area A according to Fig. 7a (mag. 100x, BSE), c) part  
of the face in area B according to Fig. 7a (mag. 50x, BSE), d) energetic spectrum in place 1 
 according to Fig. 7b 

x 1 x 2

 
 

Fig. 8. Part of wedge surface in place 1 according to Fig. 7b 
(mag. 500x, BSE)-fragments of deposited coating (Fig. 9a) 

and built-up workpiece material (Fig. 9b) 
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edges are formed, as documented in Fig. 4d and similarly in Fig. 5d÷7d. It can 
be stated based on these data that in addition to abrasive and adhesive wear 
modes, also chemical wear (chemical dissolution) takes place under machining 
conditions employed. During the chemical analysis  the presence of oxygen was 
also revealed, which, in turn, can suggest the oxidation of wear products. 
Probably this wear mode will be activated at higher cutting speeds, for example 
at vc = 240 m/min or higher. Finally, three wear mechanisms including abrasive, 
adhesive and chemical (oxidation) summarily influence the wear of uncoated 
and coated nitride ceramic tools.  

4. Conclusions 

In this study wear products and possible wear mechanisms were identified 
using advanced microscopy and X-ray diffraction technique. It was documented 
that despite two dominant wear mechanisms, i.e. abrasive and adhesive wear 
also chemical wear can probably locally take place under tribological and 
thermal conditions existing during machining of nodular cast iron with uncoated 
and coated nitride ceramic tools. 

The hypothesis about the presence of chemical wear is based on the well-
known fact that this tool material is very sensitive to this type of wear at 
temperatures higher than 700(800) oC. The formation of iron silicide results in 
acceleration of the chemical wear and faster tool wear [1, 7, 8]. On the other 
hand, thermodynamically stable Al2O3 inner layer in deposited coating acts as 
diffusion barrier and causes the tool life to increase. 

It was proven that CVD- Al2O3/TiN coated nitride ceramic tools indicate 
higher resistance to abrasive wear, which, in turn, extend visibly their tool life. 
For this reason, Si3N4 -based ceramic tools can be recommended to medium and 
finish machining of PF nodular cast iron, EN-GJS-500 grade, with cutting 
speeds of 100-160 m/min. 
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