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A B S T R A C T

There is an increasing demand for physical vapor deposition nanocomposite tool coatings such as TiAlCrSiN for 
challenging cutting operations. Here, a holistic data-driven modeling approach including coating properties, 
thermomechanical tool loading, comprehensive tool wear analysis and cutting process data is required for coated 
tool qualification. Hence, current study focuses on development of an extended tool wear analysis approach for 
TiAlCrSiN coated cemented carbide inserts required for model-based qualification of such tools. Monolayer 
TiAlCrSiN and bilayer TiAlCrSiON/TiAlCrSiN coatings were deposited on cemented carbide inserts and char
acterized. The wear behavior of coated variants was studied during dry turning of quenched and tempered 
42CrMo4+QT alloy steel. In addition to VB measurement, an image analysis algorithm was developed to quantify 
the extended tool wear features with SEM images. Monolayer TiAlCrSiN, due to its higher temperature- 
dependent indentation hardness HIT, displayed higher abrasive wear resistance. The oxynitride top layer for 
bilayer variant reduced the workpiece material adhesion to the tool rake face and resultantly improved crater 
wear resistance of the inserts. Moreover, the qualitative observations on tool wear behavior were validated with 
quantitative evaluation of tool wear features and process forces. The study implemented initial steps to realize an 
extended quantitative tool wear analysis approach for improved understanding on wear development in PVD- 
coated cutting tools.

1. Introduction

Productivity of cutting processes represents an important aspect for 
economic viability of manufacturing components for industrial appli
cations. Here, tool life and choice of cutting parameters may contribute 
to the productivity improvement of cutting processes. Wear resistant 
physical vapor deposition (PVD) coatings are one of the established 
solutions to improve the service life of cutting tools [1]. However, with 
increasing demand for productivity improvement and development of 
difficult to cut materials, the cutting parameters are becoming more 
challenging, giving rise to high performance cutting processes. This has 
led to an increased demand of advanced wear resistant coating systems 
for such cutting operations. Here, the nanocomposite coating systems 
such as TiSiN, TiAlSiN, CrAlSiN and TiAlCrSiN represent promising wear 
reduction solutions for cutting tools. Si is known to restrict the growth of 
(Ti, Al, Cr)N grains by forming amorphous Si3N4 matrix, resulting in a 
nanocomposite structure [2]. Inclusion of Al gives the coating an 
increased oxidation resistance and hardness compared to binary CrN or 

TiN [3]. Due to the reduced grain size as well as the high cohesive 
strength between the nanograins and the amorphous matrix, the nano
composite coatings exhibit superior hardness and crack resistance 
compared to polycrystalline coating systems with a comparable chem
ical composition [2,4]. In addition, the amorphous Si3N4 matrix may 
inhibit the diffusion processes at the grain boundaries to increase the 
oxidation resistance and thermal stability of the nanocomposite coatings 
[5,6]. However, the advantageous properties of such coatings may 
depend on the size of nanograins and of Si-based amorphous content 
[7–9]. The improved thermomechanical properties of the nano
composite coatings may result in higher service life of coated tools 
during challenging cutting processes [10,11]. For this purpose, TiAlCr
SiN represents an advanced nanocomposite coating system to poten
tially combine the individual advantages of Al, Cr and Si addition to TiN 
matrix in a single coating [12]. The, incorporation of oxygen in nitride 
hard coatings has shown promising potential to reduce adhesion of steel 
workpiece material on coated cutting tool [13]. However, the oxygen 
incorporation in TiAlCrSiN may increase the amorphous content of the 
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resulting TiAlCrSiON coating and reduce the wear resistance of the 
coated tool [12]. The advantages of oxygen incorporation can poten
tially be combined with that of TiAlCrSiN in a bilayer coating archi
tecture with nitride interlayer and an oxynitride top layer.

As the wear process of coated tools is an intricate system of inter
related physical processes, the qualification of advanced nanocomposite 
tool coatings, such as TiAlCrSiN, for high performance cutting opera
tions requires cost and time intensive experimental efforts. Analytical 
models [14] and numerical simulation models [15] may provide useful 
information on thermomechanical tool load. However, these models are 
mostly based on simplified boundary conditions and largely ignore the 
effect of coating on wear mechanisms and tool wear behavior. In last few 
years, machine learning based data-driven models have shown encour
aging results in terms of tool wear prediction for considered scenarios 
[16,17]. However, their robustness is associated with uncertainties 
when it comes to changing boundary conditions. Moreover, these 
models are mostly based on cutting process data and limited information 
on tool wear behavior in terms of flank wear land width measurements 
VB. The robustness of data-driven models can be improved through 
greybox-modelling approach [18,19]. Greybox models couple the 
analytical or simulation-based information with data-driven models. In 
order to develop such grey box models for accurate tool wear prediction, 
a comprehensive data-set containing information on coating properties, 
thermomechanical tool loading, cutting process data and detailed 
analysis of tool wear behavior is required. Currently, wear analysis of 
coated tools is mostly comprising of VB measurements and qualitative 
observations on underlying wear mechanisms based on scanning (SEM) 
or transmission electron microscopy (TEM) images of worn out tools. 
Hence, current study presents an extended tool wear analysis approach 
for nanocomposite TiAlCrSiN coated cemented carbide inserts, which 
may contribute to the development of wear prediction models for 

Fig. 1. Schematic of coating chamber of industrial coating unit CC800/ 
9 HPPMS.

Table 1 
Process parameters used for deposition of investigated coatings.

Coating process Monolayer 
TiACrSiN

Bilayer TiAlCrSiON/ 
TiAlCrSiN

Sample ID/- 5006 5007
Pressure p/mPa 520 520
Argon flow Q(Ar)/sccm 200 200
Nitrogen flow Q(N2)/sccm Pressure 

controlled
Pressure controlled

Oxygen flow Q(O2)/sccm – 18
Heating power PH/kW 8 8
Heating power in middle PH2/kW 4 4
Maximum coating temperature 

Tmax/◦C
590 590

Substrate bias UB/V − 80 − 80
Average power of HPPMS 

cathodes 
PHPPMS/kW

7 7

Power dcMS-1 PdcMS-1/kW 0.6 0.6
Power dcMS-2 PdcMS-2/kW 0.3 0.3
Pulse frequency f/Hz 2000 2000
Pulse duration ton/μs 60 60
Coating time TiAlCrN-Bond layer 

tTiAlCrN/s
5400 5400

Coating time TiAlCrSiN tTiAlCrSiN/s 14,500 10,400
Coating time TiAlCrSiON 

tTiAlCrSiON/s
– 4800

Fig. 2. Schematic representation of the approach used for quantitative analysis of tool wear features.

Table 2 
Coating thickness s, average line roughness Ra, chemical composition and 
adhesion strength class HF of monolayer TiAlCrSiN and bilayer TiAlCrSiON/ 
TiAlCrSiN.

Coating Monolayer TiACrSiN Bilayer TiAlCrSiON/TiAlCrSiN

s/μm 2.8 2.6
Ra/μm 0.08 0.08
Ti/at.% 17 16
Al/at.% 25 23
Cr/at. % 3 <1
Si/at. % 2 1
O/at. % <1 30
N/at. % 53 30
HF/- 1 1
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qualification of such tools. The wear behavior of cemented carbide in
serts coated with monolayer TiAlCrSiN and bilayer TiAlCrSiON/
TiAlCrSiN is investigated during high performance cutting of quenched 
and tempered 42CrMo4+QT alloy steel. The effect of oxynitride 
TiAlCrSiON top layer on wear behavior of coated inserts is qualitatively 
understood and quantitatively validated using the extended tool wear 
analysis approach.

2. Experimental methods

2.1. Coating deposition

Cemented carbide inserts SNUN 120412 and CNMA 120404, ISO 
code K20-K40 and grade CTS18D, CERATIZIT Luxembourg S.á.r.l, 
Mamer, Luxembourg, were coated with monolayer TiAlCrSiN and 
bilayer TiAlCrSiN/TiAlCrSiON. An industrial PVD unit CC800/9 
HPPMS, CemeCon AG, Wuerseln, Germany, was used for this purpose. 
Both coatings were deposited using same target configuration, see Fig. 1. 
TiAl48 and TiAl20 targets having 40 and 20 Al plugs, respectively, were 
installed on high power pulse magnetron sputtering (HPPMS) cathodes. 
Direct current magnetron sputtering (dcMS) cathodes were operated 
with pure Si and Cr targets. The temperature inside the coating chamber 
was measured by placing a K-Type thermocouple at the location shown 
in Fig. 1.

The process parameters from both coating variants are shown in 
Table 1. As apparent from cathode powers, the coatings were designed 
to have a high HPPMS content. The coating process of monolayer 
TiAlCrSiN was used as the basis for bilayer variant. For TiAlCrSiON top 
layer, oxygen with a flowrate Q(O2) = 18 sccm was introduced after 
deposition of TiAlCrSiN interlayer. The coating time for TiAlCrSiON was 
adjusted to achieve a comparable overall coating thickness for both 
variants. During coating, the samples were subjected to three-fold 
rotation with table speed nTable = 2.5 min− 1.

Fig. 3. SEM cross-section images of (a) monolayer TiAlCrSiN and (b) bilayer TiAlCrSiON/TiAlCrSiN.

Fig. 4. Temperature dependent (a) indentation hardness HIT, (b) indentation 
modulus EIT and (c) plastic work percentage ηplast of monolayer and 
bilayer variants.

Fig. 5. Flank wear land width VB for cutting inserts coated with monolayer 
TiAlCrSiN and bilayer TiAlCrSiON/TiAlCrSiN from cuttings tests.
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2.2. Coating and compound characterization

Coating morphology and thickness were analyzed using SEM images 
of coating cross-section. For this purpose, Zeiss DSM 982 Gemini, Carl 
Zeiss AG, Oberkochen, Germany, was used. Chemical composition of the 
coatings was determined by electron probe microanalysis (EPMA) using 
JEOL JXA-8530, JEOL Ltd., Tokyo, Japan. SEM and EPMA investigations 
were carried out at Central Facility for Electron Microscopy (GFE), 
RWTH Aachen University, Aachen, Germany. Confocal laser scanning 
microscope (CLSM), Keyence VK-X210, Tokyo, Japan, was used to 
measure the average line roughness Ra. The elastic-plastic deformation 
behavior of the coatings was studied with nanoindentation. Here, 
measurements were carried out at T = 23 ◦C, T = 200 ◦C, T = 400 ◦C and 
T = 600 ◦C as well as at T = 23 ◦C after cooling down the sample. A 
TriboIndenter TI 950 equipped with xSol 25 high temperature stage, 
Bruker Corporation, Billerica, Massachusetts, USA, was used for high 
temperature nanoindentation measurements. The samples were placed 
between two heating plates which were equipped with heating ele
ments, thermocouples, insulators and water-cooling channels. The 
temperature during the measurements was controlled by a PID 
controller. A Berkovich shaped diamond indenter tip with nominal 
radius r ≈ 150 nm was used for measurements. For each sample variant 
and temperature, 15 measurements with maximum indentation force F 
= 8 mN were carried out. The indenter tip was air-cooled during the 
measurements. Moreover, forming gas 95 % N2 + 5 % H2 was purged 
between the heating plates to achieve a protected atmosphere for the 
sample as well as the indenter. This also helped to minimize wear of the 

indenter tip at increased temperatures. The wear of the indenter tip was 
monitored through additional indentations on polycarbonate sample 
before and after high temperature measurements. In present case, no 
significant wear of the indenter tip was observed. Indentation hardness 
HIT and indentation modulus EIT were calculated from measurement 
data as per the method suggested by Oliver and Pharr [20]. As 
commonly known for ceramic coatings, Poisson’s ratio v = 0.25 was 
used for calculations. The adhesion between coating and substrate was 
measured at rake and flank face of coated CNMA 120404 inserts as per 
DIN 4856 Rockwell C indentation method. The tests with a normal force 
F ≈ 588.4 N were carried out using diamond indenter with cone angle Θ 
= 120◦ installed on HP100 Rockwell tester, KNUTH Machine Tools 
GmbH, Wasbek, Germany. Afterwards, the indents were analyzed by 
CLSM to determine the adhesion strength class (HF).

2.3. Cutting tests

For cutting tests, cemented carbide inserts CNMA 120404, ISO code 
K20-K40, grade CTS18D, CERATIZIT Luxembourg S.á.r.l, Mamer, 
Luxembourg, were coated as mentioned in section 2.1. The cutting in
serts had a wedge angle β = 80◦ and corner radius rε = 0.4 mm. In order 
to investigate the wear behavior of the coated inserts, CNC longitudinal 
turning of quenched and tempered 42CrMo4+QT alloy steel was per
formed using DMG MORI NEF 600, DMG MORI AG, Bielefeld, Germany. 
The cutting tests were carried out in dry condition with the cutting speed 
vc = 150 m/min, the depth of cut ap = 1.5 mm and the feed f = 0.3 mm. 
These cutting parameters were determined based on tool manufacturer 

Fig. 6. Wear on flank and rake face of (a–f) TiAlCrSiN and (g–l) TiAlCrSiON/TiAlCrSiN coated cutting inserts at varying cutting lengths lc over the tool service life.
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recommendations and preliminary turning tests. The evaluation of tool 
life was made by flank wear land width VB measurements after regular 
cutting length intervals. Maximum flank wear land width VBmax = 250 
μm or tool cutting edge outbreaks larger than d = 100 μm were set as 
tool life criteria. Cutting process data in terms of process forces was 
measured using a three-component piezoelectric dynamometer Kistler 
9255C, Kistler Instrumente AG, Winterthur, Switzerland. For each 
coated tool variant two cutting tests until the end of tool service life were 
carried out. Moreover, in order to analyze the tool wear progress, 
additional cutting tests until cutting lengths lc = 100 m and lc = 500 m 
were carried out.

2.4. Extended tool wear analysis

After cutting tests, the wear behavior and underlying wear mecha
nisms of the cutting inserts were analyzed in detail using Desktop SEM 
Phenom XL, Thermo Fischer Scientific, Eindhoven, Netherlands. Addi
tionally, flank face of the inserts was analyzed using energy dispersive 
spectroscopy (EDX) mappings. In order to bring qualitative observations 
from analysis of EDX maps into a quantitative information, an algorithm 
based on OpenCV© computer vision libraries for image segmentation 
and analysis was developed in Python© programming language. The 
algorithm was designed to identify the tool wear features in EDX maps, 
generate segmented images and lastly quantify the identified features in 
segmented images using pixel counting, as exemplarily shown in Fig. 2.

Here three main tool wear features, coating, exposed substrate and 
workpiece material adhesions on the tool surface were defined. The 
coating was included as tool wear feature as it represented the tool area 
where the coating was subjected to wear, but remained largely intact. 
The segmented images show the calculated area for coating, exposed 
substrate and workpiece material adhesions as well as their individual 

percentual contributions to the total calculated wear area Aw. The total 
calculated wear area was defined as the sum of the calculated area for 
coating, exposed substrate and workpiece material within the ROI. For 
rake face of the inserts, the algorithm was programmed to analyze the 
grey scale SEM images. Both algorithms were iteratively fine-tuned so 
that npixel > 90 % of the total identified pixels relevant to tool wear were 
assigned to either of the three defined wear features. Moreover, CLSM 
was used to measure the length KL, width KB and depth KT of crater wear 
on rake face of cutting inserts.

3. Results and discussion

3.1. Coating and compound properties

Table 2 shows the overall coating thickness, chemical composition of 
the top layer, average line roughness Ra and adhesion strength class HF 
of the coatings. The chemical composition of the TiAlCrSiN interlayer 
for bilayer variant was similar as that of monolayer TiAlCrSiN. For 
TiAlCrSiON top layer, the Cr and Si content reduced due to poisoning of 
corresponding targets installed at dcMS cathodes. Moreover, incorpo
ration of oxygen came at the expense of nitrogen and in an increased 
non-metallic content of the coating.

SEM cross-section images exhibited similar columnar morphology 
for both coatings, see Fig. 3. Fine vertical columns grew together in form 
of large clusters resulting in cauli-flower like surface morphology as 
common for columnar PVD coatings.

Fig. 4 shows the results from elastic-plastic deformation behavior of 
coatings at varying temperatures characterized by nanoindentation 
measurements. The plastic work percentage ηplast represents percentual 
contribution of plastic deformation work Wplast to the total work Wtotal 
during indentation. Wtotal is calculated as sum of elastic reverse 

Fig. 7. Fig. 7: (a) Cutting force Fc, (b) passive force Fp, (c) feed force Ff and (d) resultant force Fr of TiAlCrSiN and TiAlCrSiON/TiAlCrSiN coated cutting inserts at 
varying cutting lengths lc over the tool service life.
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deformation work Welast and plastic deformation work Wplast. Wplast is 
calculated as area between the loading and unloading segments of the 
force-displacement curve. Welast is calculated as area under the 
unloading segment of the force-displacement curve. At T = 23 ◦C 
monolayer showed a higher average HIT = (29.4 ± 2.4) GPa compared 
to bilayer variant with average HIT = (26.5 ± 1.8) GPa. As discussed in 
Ref. [21], incorporation of oxygen may led to an increased amorphous 
content in the coating and reduce indentation hardness HIT. A similar 
trend was also observed for indentation modulus EIT and plastic work 
percentage ηplast at T = 23 ◦C. An increased ηplast combined with a lower 
HIT for bilayer TiAlCrSiON/TiAlCrSiN means an increased coating 
deformation in terms of maximum indentation depth hmax and reduced 
elastic recovery of the coating compared to monolayer TiAlCrSiN. As the 
measurement temperature increased, both coatings showed a gradual 
decrease in HIT. At T = 600 ◦C, the coatings displayed an overall 
reduction of ΔHIT ≈ 5.5 GPa compared to initial HIT values at T = 23 ◦C. 
However, the monolayer TiAlCrSiN consistently showed higher HIT 
values compared to bilayer variant as the measurement temperatures 
increased, see Fig. 4a). Monolayer variant showed a slight increase in EIT 
with measurement temperature, whereas bilayer TiAlCrSiON/TiAlCrSiN 
did not show any significant temperature dependent increase in EIT. 
Hence, monolayer TiAlCrSiN showed better elastic recovery and 
consequently reduced plastic work percentage ηplast compared to bilayer 
variant at considered measurement temperatures. After cooling down 
HIT, EIT and ηplast values for monolayer TiAlCrSiN returned to its initial 
values at T = 23 ◦C before heating. Interestingly, bilayer TiAlCrSiON/
TiAlCrSiN showed increased HIT and EIT values and resultantly reduced 
ηplast after cooling down compared to its initial values. As previously 
investigated in Ref. [12], TiAlCrSiN and TiAlCrSiON coatings have 
shown phase stability until T = 1200 ◦C and oxidation resitance until T 

= 900 ◦C. The discussed trends for temperature dependent elastic-plastic 
deformation behavior of both variants could presumably be attributed to 
changes in compressive residual stress state of the coatings as a conse
quence of relaxation effects taking place at higher temperatures. An 
increase in temperature may reduce the residual stresses of the coating, 
resulting in an increased coating deformation in terms of indentation 
depth h and consequently reduced hardness HIT and increased plastic 
work percentage ηplast of the coatings. However, the relaxation effects 
and resulting change in residual stress state at higher temperatures may 
also be dependent on non-metallic content of the coating as observed in 
present case.

3.2. Tool wear and process data

Results of cutting tests for inserts coated with monolayer TiAlCrSiN 
and bilayer TiAlCrSiON/TiAlCrSiN are shown in Fig. 5. The cutting tests 
are represented by their test number V whereas additional test series 
until lc = 100 m and lc = 500 m are marked by T100 m and T500 m, 
respectively. As the cutting length lc increased, both variants showed a 
gradual increase in flank wear land width VB until lc = 500 m. As 
compared to bilayer variant, the monolayer variant exhibited a reduced 
VB until lc = 300 m. However, the cutting inserts for both coatings went 
into progressive tool wear phase after lc = 500 m.

Fig. 6 exemplarily displays the wear progress at flank face and rake 
face of the inserts as the cutting length increased. The results from other 
tests were comparable to the ones shown in Fig. 6.

The inserts primarily underwent abrasive wear on tool flank face and 
crater wear on tool rake face. As the cutting length increased, the area of 
crater wear increased and eventually reached the minor cutting edge of 
the insert. This led to chipping and breakage along the minor cutting 

Fig. 8. EDX maps of flank face of TiAlCrSiN and TiAlCrSiON/TiAlCrSiN coated cutting inserts after cutting length (a–b) lc = 100 m and (c–d) lc = 500 m.
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edge and an increase in tool load. Resultantly, the flank wear along the 
major cutting edge accelerated and the cutting inserts went into pro
gressive tool wear phase. The crater wear is known to originate in chip- 
tool interaction zone at the rake face. The chip flow across the rake face 
leads to gradual abrasive wear of coating and exposure of cemented 
carbide substrate. At this stage, the workpiece material adheres on the 
rake face and may diffuse into the substrate. This diffusion eventually 
reduces the resistance of the cemented carbide against abrasive wear 
resulting in crater formation on tool rake face [22]. The process forces 
for the cutting tests with the inserts in Fig. 6 are shown in Fig. 7. The 
process forces for the remaining cutting tests were comparable. As the 
VB increased almost linearly over the cutting length until lc = 500 m, 
both variants showed a slight change in cutting force Fc, passive force Fp, 
feed force Ff and resultant force Fr. As expected, the process forces 
increased significantly as the cutting inserts went into progressive tool 
wear mode after lc = 500 m. Interestingly, all three force components Fc, 
Fp and Ff and the resultant force Fr consistently showed reduced absolute 
values for the cutting inserts coated with bilayer TiAlCrSiON/TiAlCrSiN. 
The reason for this reduction in process forces became apparent during 
detailed tool wear analysis discussed in next section.

3.3. Qualitative and quantitate analysis of tool wear behavior

Fig. 8 displays EDX maps of flank face of the inserts after lc = 100 m 
and lc = 500 m. The coating is represented in light green color by Ti, tool 
material or substrate in red by W and adhesions from workpiece material 
in blue by Fe. Ti, W and Fe were chosen due to their exclusive presence 
in coating, substrate and workpiece material, respectively. Other ele
ments such as Al, Cr, Si, Mo and Co were ignored as they overlapped 
with either of the three considered elements in EDX maps. Moreover, 

qualitative analysis of EDX maps showed no oxidation of investigated 
coatings in present case. As apparent from EDX maps, the tool damage 
on flank face started initially with abrasive wear of the coating resulting 
in development of flank wear land zone. The length of the flank wear 
land zone was limited by the end of chip flow zone along the main 
cutting edge on rake face. The abrasive wear of the coating on flank face 
increased with the cutting length lc leading to exposure of substrate 
material. Within the flank wear land zone, the workpiece material 
mainly adhered to the exposed substrate. The flank wear land zone was 
followed by extensive adhesion of the workpiece material on the tool 
surface as expected in case of dry turning processes. As compared to 
monolayer TiAlCrSiN, bilayer TiAlCrSiON/TiAlCrSiN showed a reduced 
resistance to abrasive wear and resultantly increased workpiece material 
adhesion on exposed substrate surface. This could be attributed to the 
lower temperature dependent hardness HIT of the bilayer variant. 
However, below the flank land wear zone, the workpiece material 
showed a reduced adhesion tendency to bilayer coating as evident in 
Fig. 8c) and d). In order to bring these qualitative observations on tool 
wear into quantitate information, the EDX maps were evaluated using 
the image analysis algorithm explained in section 2.4. For this purpose, 
region of interest (ROI) of h ≈ 150 μm in height around the major cutting 
edge and length dependent on the end the of flank wear land zone was 
selected, as exemplarily marked in Fig. 8c). The ROI was divided around 
the major cutting edge in a way that AROI ≈ 60 % covered the area below 
the major cutting edge. In order to maintain a consistent ROI for the 
analyzed cutting inserts, any workpiece material adhesions on the major 
cutting edge visible from the flank face were also included in the 
analysis.

Fig. 9 shows the quantified information on the identified features 
relevant for quantitative tool wear analysis. The calculated wear area 

Fig. 9. Quantitative analysis of tool wear features on flank face of TiAlCrSiN and TiAlCrSiON/TiAlCrSiN coated inserts at cutting lengths (a) lc = 100 m and lc =

500 m.
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Fig. 10. EDX maps of flank face of (a&c) TiAlCrSiN and (b&d) TiAlCrSiON/TiAlCrSiN coated cutting inserts at the end of tool service life.
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Fig. 11. Quantitative analysis of tool wear features on flank face of (a&c) TiAlCrSiN and (b&d) TiAlCrSiON/TiAlCrSiN coated cutting inserts at the end of tool 
service life.
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represents the area belonging to coating, exposed substrate and work
piece material adhesions within the ROI. The pie charts show the per
centual contribution of coating, exposed substrate and workpiece 
adhesion to the calculated wear area Aw. As qualitatively observed from 
EDX maps, the quantitative results exhibited a larger calculated wear 
area Aw and increased combined contribution from exposed substrate 
and workpiece material adhesions at lc = 500 m for bilayer variant 
compared to monolayer variant.

Fig. 10 shows EDX maps of flank face of the cutting inserts at the end 
of their service life. Again, the inserts coated with bilayer variant 
showed an increased flank wear land zone compared to the ones coated 
with monolayer TiAlCrSiN. Moreover, the reduced abrasion resistance 
of bilayer variant resulted in increased substrate exposure combined 
with workpiece material adhesion.

The quantified information on qualitative tool wear analysis at the 
end of tool service life is shown in Fig. 11. The quantitative analysis 
resonates well with the qualitative observations. The cutting inserts with 
monolayer TiAlCrSiN showed a reduced overall calculated wear area Aw 
and higher contribution from coating inside Aw as compared to inserts 
coated with bilayer variant. Interestingly, the inserts with monolayer 
TiAlCrSiN showed similar percentual contributions from tool wear fea
tures to the Aw. Due to the lower abrasive wear resistance, the bilayer 
variant exhibited an increased joint contribution from exposed substrate 
and workpiece material adhesions to Aw.

SEM images of rake face of the cutting inserts along with the 

measured length KL, width KB and depth KT of crater wear are shown in 
Fig. 12. As confirmed by EDX-analysis, coating is represented in dark 
grey, workpiece material adhesions in light grey and exposed substrate 
in white color.

The cutting inserts with bilayer TiAlCrSiON/TiAlCrSiN displayed a 
higher resistance against crater wear. As compared to monolayer 
TiAlCrSiN, the bilayer TiAlCrSiON/TiAlCrSiN reduced the width KB and 
depth KT of crater wear on the rake face of the inserts. This could be 
attributed to reduced adhesion tendency of workpiece material to oxy
nitride top layer of bilayer variant. As apparent from the initial stage of 
crater development at lc = 100 m, see Fig. 12a) and b), cutting inserts 
with bilayer TiAlCrSiON/TiAlCrSiN exhibited reduced adhesion of 
workpiece material in chip-tool interaction zone. This may lead to 
reduced friction between the chip and tool surface to increase the crater 
wear resistance for TiAlCrSiON/TiAlCrSiN coated cutting inserts. The 
quantitative tool wear analysis on rake face of the inserts mirror the 
observations from qualitative analysis, see Figs. 13 and 14.

ROI for analysis on rake face for each cutting insert was chosen in a 
way that the complete crater wear area as well as the major and minor 
cutting edges were included, as shown exemplarily in Fig. 12c). At lc =

100 m and lc = 500 m, inserts with monolayer coating exhibited com
parable calculated wear area Aw to the corresponding inserts with 
bilayer coating. However, an increased workpiece material adhesion 
was observed for the inserts coated with monolayer TiAlCrSiN.

Depending on the coating, the cutting inserts at the end of their 
service life also displayed different calculated wear areas Aw. This also 
correlates well with qualitative analysis and crater wear measurements 
as the bilayer TiAlCrSiON/TiAlCrSiN resulted in an increased resistance 
of coated inserts against crater wear. Furthermore, the effect of oxy
nitride top layer on improvement of chip-tool tribological interaction 
and reduction of crater wear correlates well with the measured process 
forces. As compared to monolayer TiAlCrSiN, bilayer TiAlCrSiON/ 
TiAlCrSiN coating resulted in lower process forces during the cutting 
process, see Fig. 7. This reduction in process forces is attributed to the 
improved tribological behavior and increased crater wear resistance of 
the cutting inserts coated with bilayer TiAlCrSiON/TiAlCrSiN.

4. Conclusion

Wear behavior of cemented carbide inserts coated with monolayer 
TiAlCrSiN and bilayer TiAlCrSiON/TiAlCrSiN for high performance 
turning of 42CrMo4+QT alloy steel was investigated using an extended 
qualitative and quantitative tool wear analysis approach. Although the 
cutting inserts showed a comparable performance in terms of tool ser
vice life, the extended tool wear analysis approach disclosed the dif
ference in wear behavior of the coated inserts. On tool flank face, 
abrasive wear of the coating was followed by substrate exposure and 
workpiece material adhesion to the exposed substrate. Here, monolayer 
TiAlCrSiN, due to its higher temperature-dependent indentation hard
ness HIT, displayed increased resistance to abrasive wear. However, the 
oxynitride top layer for bilayer variant reduced the adhesion tendency of 
workpiece material to the tool rake face and resultantly improved the 
resistance of the cutting inserts against crater wear. Hence, despite the 
reduced abrasive wear resistance of bilayer TiAlCrSiON/TiAlCrSiN the 
corresponding cutting inserts showed comparable performance to the 
ones coated with monolayer TiAlCrSiN. Moreover, the qualitative ob
servations on tool wear behavior were validated with quantitative tool 
wear analysis data and measured process forces. The findings highlight 
the importance of the presented extended tool wear analysis approach to 
qualitatively as well as quantitatively investigate the wear behavior of 
PVD coated cutting tools for an improved understanding of correlations 
between tool wear and cutting process data. Moreover, the detailed 
quantified information on tool wear behavior and underlying wear 
mechanisms may contribute, in future, to the development of accurate 
tool wear prediction models required for qualification of PVD coated 
cutting tools.

Fig. 12. SEM images of rake face for TiAlCrSiN and TiAlCrSiON/TiAlCrSiN 
coated cutting inserts at cutting lengths (a,b) lc = 100 m, (c,d) lc = 500 m and 
(e–h) at end of tool service life.
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Fig. 13. Quantitative analysis of tool wear features on rake face of TiAlCrSiN and TiAlCrSiON/TiAlCrSiN coated inserts at cutting lengths (a) lc = 100 m and lc =

500 m.
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