
TYPE Original Research
PUBLISHED 05 December 2024
DOI 10.3389/fmats.2024.1432039

OPEN ACCESS

EDITED BY

Nicola Maria Pugno,
University of Trento, Italy

REVIEWED BY

Mahmoud Ebrahimi,
University of Maragheh, Iran
Shuiquan Huang,
Yanshan University, China

*CORRESPONDENCE

Karel Šramhauser,
sramhauser@fzt.jcu.cz

RECEIVED 13 May 2024
ACCEPTED 11 November 2024
PUBLISHED 05 December 2024

CITATION

Šramhauser K, Kraus P, Černý P, Kříž P,
Špalek F, Horký R, Zoubek T and Vochozka V
(2024) Comparative flank wear and produced
chips types analysis of CNMG 120408
indexable cutting inserts after machining
hardened 1.6582 steel.
Front. Mater. 11:1432039.
doi: 10.3389/fmats.2024.1432039

COPYRIGHT

© 2024 Šramhauser, Kraus, Černý, Kříž,
Špalek, Horký, Zoubek and Vochozka. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Comparative flank wear and
produced chips types analysis of
CNMG 120408 indexable cutting
inserts after machining hardened
1.6582 steel

Karel Šramhauser1*, Pavel Kraus2, Pavel Černý1, Pavel Kříž1,
František Špalek1, Roman Horký2, Tomáš Zoubek1 and
Vladimír Vochozka1

1Department of Technology and Cybernetics, Faculty of Agriculture and Technology, University of
South Bohemia in České Budějovice, České Budějovice, Czechia, 2Faculty of Mechanical Engineering,
Institute of Technology and Materials, Jan Evangelista Purkyně University in Ústí nad Labem, Ústí and
Labem, Czechia

Introduction: The marking of interchangeable cutting inserts according to ISO
6987 does not include the know-how of cutting tool manufacturers in the
design of chip-breakers or the application of coatings. These small differences
have a key effect on the efficiency and service life of cutting tools and result
in qualitative and quantitative differences in production, which is related to
the reduction or increase in costs associated with the appropriate choice of
cutting tool. The design of the inserts also affects the shape and size of the
chips produced, which is important to monitor for a safe machining process and
subsequent waste management. This research deals with the effect of selected
factors on the tool life and the form of the chips produced.

Methods: Indexable cutting inserts of the type CNMG 120408 from three
different manufacturers were tested for their lifetime under identical cutting
conditions (vc =80 m s−1, ap = 1.5 mm, f = 0.3 mm·ot−1) on steel 1.6582 hardened
to 40–44 HRC. These inserts are made of sintered tungsten carbide in a cobalt
binder, coated with Al2O3 and TiCN layers. During machining, the wear of
the main flank was continuously measured until the critical wear rate VBmax =
0.3 mm was reached. At the same time, the produced chips were continuously
collected and analyzed in terms of their shape and size. The number of chips
produced per 100 g of chips was calculated to obtain an analogous value
indicating the total chip collection in terms of waste management. The SEM
was used to identify both the types of coating layers present on the investigated
inserts and the types of wear observed after reaching critical wear.

Results: The longest lifetime was achieved by the PM 4325 insert coated by 11.5
± 1.2 µm TiCN layer and 5.3 ± 0.3 µm Al2O3 layer with a time T = 19.5 min. The
chips produced were in the forms of arch connected and arch loose and the
average chip lengthwas 27.9 ± 7.6 mm. The number of chips per 100 g produced
by the PM 4325 was 1,494 ± 401 pieces, which was the lowest count of chips
within the experiment (which is not optimal). The MP3 -WPP20S insert coated
by 17.8 ± 0.4 µm TiCN layer and 15.1 ± 0.3 µm Al2O3 layer achieved lifetime
T = 17.4 min even though it has twice the thickness of the coating compared
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to PM 4325. Produced chips in the forms of arch connected, arch loose and
tubular short shape and the average chip length was 34.1 ± 5.5 mm, which was
the worst chip length result within the experiment in terms of chip evaluation.
The number of chips per 100 g produced by MP3 -WPP20S was 1,520 ± 401
pieces. The E-M GRADE T9325 insert coated by 7.2 ± 0.5 µm TiCN layer and 5.1
± 0.2 µm Al2O3 layer achieved the shortest lifetime with a time T = 10.8 min. The
chips produced were arch loose in shape, with an average chip length of 8.2 ±
0.7 mm. The number of chips per 100 g produced by the E-M GRADE T9325
was 2,392 ± 259 pieces, achieving the best result in the experiment in terms of
chips produced. The achieved results are correlated with different combinations
of thicknesses of Al2O3 and TiCN protective coatings revealed by SEM analysis.

Discussion/Conclusion: Together with the geometrical nuances of the design
of the different manufacturers, factor of combinations of coatings thicknesses
has an influence on the variation of the wear progress and the achievement
of a specific lifetime value of the cutting inserts. The experiment concludes
that the thickness of the coating layers alone does not have a direct effect
on the overall lifetime of the tool, and the approximate lifetime of the cutting
edge cannot be predicted based on the parameters of the coating layers. When
choosing a cutting tool, the manufacturer should carry out a test series for the
specific material to be machined, despite the declaration of the composition
and thickness of the coating layers. The analysis of the produced chips led to
the conclusion that the wafers with a thinner coating layer, especially the Al2O3

layer, formed better chips in terms of their shape and size due to the different
heat distribution during machining.

KEYWORDS

toolwear, coated carbide layers, indexable inserts, hardened steel, chip evaluation, SEM,
turning

1 Introduction

Compared to solid conventional tools, manufacturing
companies nowadays use an exchangeable cutting tool system in
the form of standardized indexable cutting inserts quite commonly.
However, it is still true that the correct choice of a cutting tool
depends on its geometrical, physical and chemical properties
(Denkena et al., 2020). These properties determine the behavior
of the cutting tool in interaction with the workpiece and the cutting
environment, which have a natural tendency to change its geometry
and the efficiency of removing the processed material (Marko et al.,
2014). A non-optimal tool choice for a given manufacturing
situationmay reduce the quality of themachined surface and reduce
the tool life, thereby causing unwanted losses to the company
in the form of increased tool costs, incidental costs associated
with tool costs such as increased consumption of process fluids,
increased waste management costs and possible increase in product
scrap (Suresh et al., 2012). Ideally, before starting a particular
type of production, a company should conduct a test series to
observe the behavior of different cutting tool variants in terms
of their tool life and effect on the desired workpiece. During the
development of cutting inserts, the portfolio of their geometric
variations has been greatly expanded, and the classification system
according to ISO 3687 is continuously being expanded. With the
development of computer programs and applications, the algorithms
for assigning a specific type of cutting tool to a certain machined
material and cutting conditions are being improved. However, since

chip machining is a complex system in which every parameter
plays a role, it is still an approximate recommendation within the
application, rather than a strict assignment of a tool with maximum
optimization (Sohal and Eyada, 1989; Isakov, 2014).

Tooling costs are approximately 3% of total machining costs.
The direct impact of cost reduction within the optimization of the
cutting tool is relatively negligible (around 1% cost reduction with
a 50% increase in tool efficiency). However, the indirect impact
is significant in the form of a reduction in the cost of machines,
additional tools or production time. If the optimization of tool
selection could increase the cutting speed by 20%, it would reduce
the production cost of the machined part by up to 15%. The saving
of cooling lubricants is also related to the saving of machine time,
or rather to the use of more efficient cutting tools (Bobzin, 2017). In
practice, however, this is neglected, primarily to reduce the cost of
researching and purchasing cutting tools, as well as for time reasons
(Astakhov, 2004). Also, the work capacity of employees who would
otherwise be engaged in regularmanufacturing activities needs to be
considered (Krar and Gill, 2003). Paradoxically, the cost of selecting
the ideal cutting tool is represented in a very small amount in
the sum of the costs associated with an inappropriate tool for a
particular situation (Wu et al., 2017). Manufacturing companies,
with the effort to reduce unwanted losses, are increasingly trying to
consider the mentioned phenomenon of selecting the appropriate
cutting tool. However, beyond financial and personnel constraints,
they are also forced to spend money on specific measuring devices
that have very limited use beyond the initial (testing) phase of
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production, which is related to the efficiency of the workload of
specially trained operators of these devices (Janásek et al., 2012;
Wijanarka et al., 2018). Also, for these reasons, there is a greater
integration between manufacturing companies and commercially
oriented testing laboratories or universities with well-equipped
laboratories and trained researchers (Bi and Wang, 2012).

As mentioned above, when choosing a cutting tool for a
specific machined material and cutting conditions, for time
reasons, manufacturers orient themselves mainly according to
the information that producers of cutting tools publish for their
products. Data on the ideal range of cutting parameters, the category
of machined material, the recommended character of machining
(heavy roughing to fine finishing) or only the names of the coating
layers used are often available. Less often, there is a graph available
for ideal chip formation or comparisonwith a competitive, unnamed
insert. However, these are always data related to themodelmachined
material and model cutting conditions. Due to the nature of the
multi-criteria machining process, there is a risk of a situation where,
despite the available information about a specific cutting tool, it
turns out in practice that the cutting process does not proceed
ideally, the tool wears quickly, the machined surface does not meet
the required parameters or a chip is formed, which can make the
process itself difficult or even to stop. The data obtained from this
research show, on selected inserts of the same type according to
ISO 6987, how their wear takes place in different ways, taking into
account the findings from a detailed analysis of their functional
components, especially the composition of the coating layers. At
the same time, this research deals with the correlation between the
achieved service life of the inserts under the given cutting conditions
and the form of the formed chip, which in terms of shape and length
may ormay not meet the safety and environmental requirements for
a specific machining process, see below.

1.1 Coated carbide-based tools

Since the invention of the electric arc furnace, the development
of cutting materials has advanced significantly. One of the main
benefits of the arc furnace has been the ability to melt hard
materials in the form of carbides. Sintered carbides have the highest
flexural strength, Young’s modulus and fracture toughness of the
cutting materials used and can therefore be used for high feed rate
machining and heavy-duty interrupted cutting (Prengel et al., 2001).
The disadvantage is the lower thermomechanical stability, which
limits the use at higher cutting speeds (Reis et al., 2019).

A sintered carbide is a heterogeneousmaterial consisting of hard
carbide particles in a metallic binder, which is prepared by powder
metallurgy technology. For practical purposes, mainly hexagonal
tungsten carbide (WC) and cubic carbides of titanium (TiC),
tantalum (TaC) and niobium (NbC) are used in the manufacturing
of cutting tools (Nordin et al., 1998). Carbide particles increase
strength, hardness and chemical stability and their size is usually
between 0.1 and 14 μm. Carbide particles are fixed in a metallic,
most commonly cobalt (Co.) binder, with the volume of the binder
tending to be around 5%–40% of the total volume (Aneiro et al.,
2008). To increase the cutting performance of this group of tools,
the application of coatings on their surface, either in the total
area or on its functional part, is used. Coatings are usually made

in multiple layers with different properties, mainly to increase
resistance to mechanical wear, to protect the tool against high
cutting temperatures or to increase the chemical stability of the
functional parts of the cutting tool (Prengel et al., 1998). The
combinations of the selected coatings are applied byChemical Vapor
Deposition (CVD) or Physical Vapor Deposition (PVD) methods
and beyond the actual design of the layers, the application of the
coatings must be technologically precise, as otherwise there is a
risk of a reduction in the useful properties of the coating layer,
either due to imperfect adhesion to the substrate, a reduction in
the required hardness or toughness of the individual layers or
a lack of a smooth surface without the presence of inequalities
(Schintlmeister et al., 1984; Ducros et al., 2003; Bobzin, 2017).
Problems with cracked layers have been virtually solved thanks to
the trend of lowering application temperatures, and innovations
in the development of PVD coatings for precision applications.
CVD coatings for roughing applications are also supported by
the recently developed High Power Impulse Magnetron Sputtering
(HIPIMS) coating deposition method (Hsu et al., 2005; Martan and
Beneš, 2012; Bradley et al., 2015).

1.2 The environmental consequences

The advantage of sintered carbide cutting tools is their
established recycling process. After the tool has worn out or
reached the end of its useful life, it tends to be recycled, which
involves dissolution into atomic particles, cleaning, separation and
subsequent crystallization into primary powder products (Mitchel,
2013). However, this process requires some energy consumption
and by optimizing for maximum tool durability of functional
parts, the recycling portion of the cutting material life cycle can
be reduced (Dahmus and Gutowski, 2004).

In addition to worn cutting tools, the natural waste product of
chip machining is the removed workpiece material in the form of
chips. The issue of chips lies in their shape and size (length), and
these parameters are addressed at several levels (Sai et al., 2005).The
first concerns the productmanufacturing process itself, where due to
the requirement for continuous tool change on automatedmachines
and systems, waste material in the form of chips must not interfere
with the tool change path (Bhuiyan et al., 2014). In this case, there
is a risk of chips becoming entangled on the tool or tool holder,
making it impossible to change the machining operation. For this
reason, chips may also be judged by the direction of departure from
the cutting point (Barry and Gerald, 2002). In extreme cases, the
machining process may be interrupted due to chip ingress between
the tool cutting edge and the machined layer, which may cause tool
destruction (Yılmaz et al., 2020).

The qualitative plane of optimal chip shape is mainly concerned
with the workpiece surface parameters (Su et al., 2015). The chip, as
such, generally has a higher hardness than the original (machined)
material. In addition, its edges are very sharp and thus risk
disturbing the structure of the machined surface, characteristically
with long continuous chips. A similar case also occurs on the
tool side, where the outgoing chip (in this case, too small)
disturbs the tool surface layers and can initiate microcracks on
the tool edge, which would lead to premature breakage of the
cutting edge (Woody et al., 2008).

Frontiers in Materials 03 frontiersin.org

https://doi.org/10.3389/fmats.2024.1432039
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Šramhauser et al. 10.3389/fmats.2024.1432039

The quantitative level refers to the management of the generated
chips in the context of waste management. In the case of the
formation of long continuous chips (arch connected chips), the
machine workspace fills up quickly and needs to be emptied
continuously. The large volume of waste in the form of long and
continuous chips excessively occupies the storage space and makes
subsequent handling difficult (Viharos et al., 2003). In the case of
the formation of elementary or small cell chips (loose connected
chips), the storage layout is used more efficiently, the frequency of
removal of waste products from the production area is reduced and
the recycling process is made more efficient. These factors have a
significant impact on reducing the financial costs associated with
waste management (Kuntoğlu and Sağlam, 2019).

The shape and length of the chip produced is dependent on
the properties of the work material, the set cutting conditions, the
application of process fluids in the cutting environment, the tool
geometry, the properties of the cutting material and also the type
of cutting tool coating (Barry and Gerald, 2002). The description
and classification of the shape, size and direction of the chip
leaving the cutting point is addressed in ISO 3685 (Viharos et al.,
2003). In many studies, optimization of the cutting process by
the Taguchi method or by ANOVA (analysis of variance) can
be encountered. In the evaluation of cutting tool wear, the chip
formation factor is also important in terms of monitoring the
wear process and the machining process as such (Leksycki et al.,
2020). However, the evaluation of waste material in the form
of chips is time-consuming and despite the obvious importance
of the shape and length of the produced chips, this part of the
qualitative and quantitative evaluation of the cutting process is often
neglected (Janeková et al., 2018).

2 Experimental methodology

This article presents data and conclusions that are part
of the research on the wear of cutting tools carried out in
cooperation between the Faculty of Mechanical Engineering of the
Jan Evangelista Purkyně University in Ústí nad Labem and the
Faculty of Agriculture and Technology of the University of South
Bohemia in České Budějovice. The following subsections describe
the experimental part of the work in terms of the components and
materials that served the research purposes described in this article.

The essence of this experiment is to compare the service life and
wear of indexable cutting inserts of the same type from different
manufacturers. It follows from the above facts that the choice of a
specific cutting tool has a complex effect on the machining process.
Each parameter involved affects the course of machining, and this is
also the case with the geometric and utility properties of a specific
type of insert from a specific manufacturer. Assuming that inserts
of the same type according to ISO 6987 will be compared with
each other, among the main difference parameters that individual
manufacturers implement in their cutting tools, one can count
in particular the different chamfering structure of the edge, the
different design of the chip breaker and the differences in the
composition and thickness of the coating layers that protect the
surface of the cutting tool especially against the effects of high
cutting temperatures and abrasive wear due to the interaction
with the hard parts of the machined material. The differences in

the designs of the selected inserted inserts are described in the
subsection, see below.

2.1 Workpiece material and tool material

As part of the experiment, steel 1.6582 according to EN 10027–2
was used. The supplied material was hardened to 40–44 HRC for
the purpose of the experiment. The chemical composition of the
supplied experimental material was subjected to chemical analysis
with a Bruker Q4 Tasman spark emission spectrometer, which
confirmed that the supplied material complies with the chemical
composition tolerance of the standard, see Table 1 (EN 10027-
2:2015, 2015).

In general, the Cr-Ni-Mo steels have good ductility, high
strength and very good corrosion resistance after quenching and
tempering (Maropoulos et al., 2004).The selected steel is commonly
used for manufacturing high-stress components used in general
engineering, especially in the automotive industry (e.g., gears, shafts,
pins, eccentrics, etc.) and aircraft industry (include propeller shafts,
rotors, discs, connecting rods, gear shafts, and heavy forgings).
Outside of machining operations, this material can be used for
drawn, extruded or cold-formed products (Branco et al., 2012). It
is suitable for heat treatment and steel 1.6582 has a partial vibration
damping capability and is therefore also used for the manufacturing
of cutting tool shanks. Due to the high variability of use and a
relatively lower purchase price, the testedmaterial has potential from
both the utility and cost perspectives (Nagode et al., 2016). In terms
of the above information, this material presents challenges for the
machining process and the optimization of machining techniques
through a significant potential for industrial applications, especially
in industries that require durable and robust components such as
aerospace and automotive. A great advantage for the experiment is
the high suitability for hardening to required level. Thanks to this,
it is possible to ensure the repeatability of experimental conditions
in the case of research on indexable cutting inserts from other
manufacturers or under different cutting conditions.

The subjects of testing were the replaceable inserts of the
type CNMG 120408 according to ISO 6987 from three different
manufacturers. The substrate of the cutting inserts consists of
sintered carbide type WC and Co. binder with the addition of other
carbides (Ta, Nb). This is an ISO group of inserts composed of HC
carbides (coated hardmetals) with coating layers to reduce wear due
to the mechanisms accompanying the machining process. Before
machining, the tested inserts were subjected to energy dispersive
X-ray (EDX)/scanning electron microscope (SEM) analysis using
a Tescan Vega 3 scanning electron microscope, supplemented by a
Bruker X-Flash analyzer to describe the composition of the coated
layers in the unworn condition, see below. Namely, these are the
cutting inserts.

2.1.1 CNMG 120408E-M GRADE T9325
Substrate - HC with CVD coated by titanium carbo-nitride

(TiCN) + Al2O3 (Figure 1B). Primary use is for P - steel group,
alternative use is for stainless steels - M and cast iron K. EDX
analysis confirmed the presence of a TiCN layer with a thickness
of 7.2 ± 0.5 µm and an Al2O3 layer with a thickness of 5.1 ±
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TABLE 1 Chemical composition of workpiece material 1.6582 steel.

Chemical composition according to Q4 Tasman measurement [wt%]

C Mn P Cr Mo S No Si

0.342 0.57 max. 0.005 1.519 0.193 max. 0.001 1.470 0.329

Chemical composition according to EN 100027–2 [wt%]

C Mn P Cr Mo S No Si

0.30–0.38 0.50–0.8 max. 0.035 1.30–1.70 0.15–0.30 max. 0.035 1.3–1.7 max. 0.40

FIGURE 1
(A) SEM analysis of unworn coated layers. (B) Macroscopic composition of CNMG 120408E-FM T9325 cutting insert.

0.2 µm, see Figure 1. The substrate material is composed of W
carbide and Co. binder.

2.1.2 CNMG 120408-PM 4325
Substrate - HC with CVD coating Ti (C, N) + Al2O3 + TiN

(Figure 1A).The primary use is for group P - steel, the alternative use
is for cast iron - group K. EDX analysis confirmed the presence of a
TiCN layerwith a thickness of 11.5 ± 1.2 µmand anAl2O3 layerwith
a thickness of 5.3 ± 0.3 µm, see Figure 2. Furthermore, the substrate
material composed of carbide W and Co. binder is also visible. The
Chemical bonding of the applied coating layers was confirmed, and
on the contrary, diffusion of elements from the carrier substrate into
the coating was not observed.

2.1.3 CNMG 120408-MP3 WPP20S
Substrate - HC with CVD coating TiCN + Al2O3 (Figure 1A).

The Primary use is for P-group steels, alternative use is for cast iron
-K-group. EDXanalysis confirmed the presence of aTiCN layerwith
a thickness of 17.8 ± 0.4 µm and an Al2O3 layer with a thickness of
15.1 ± 0.3 µm, see Figure 3. The substrate material is composed of
carbide W and Co. binders.

It is clear from Figures 1–3 that despite the properties
corresponding to the marking of the CNMG 120408 inserts, the

processing of the individual inserts differs in the design of functional
elements such as the chip sealer. The primary designation of the
selected inserts corresponds to the material used as test material in
the experiment, see Table 2. For clarity, the abbreviated marking of
the selected inserts is used in Table 2 and the following subsections,
except for the conclusion. Effective applications for machined
materials are classified by ISO 513:2012. The selected inserts are
recommended by the manufacturers for machining low, medium
and high alloy steels, ferritic and martensitic steels - group P, gray,
ductile and tempered cast iron - K and stainless, austenitic-ferritic
steels - group M.

The differences in the dimensions of the edges of the examined
cutting inserts are summarized in Table 3. These are chamfering
structure parameters, where the value a [°] expresses the rake angle,
the value b [°] expresses the bevel of chamfering land and the value
c [mm] expresses the land width.

2.2 Experimental setup

The experiment was carried out on a Doosan Lynx 220 LMCNC
lathe, controlled by a Fanuc i-series system.Themachined blank was
in the form of a cylindrical bar with an initial diameter of 50 mm
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FIGURE 2
(A) SEM analysis of unworn coated layers. (B) Macroscopic composition CNMG 120408-PM 4325 cutting insert.

FIGURE 3
(A) SEM analysis of unworn coated layers. (B) Macroscopic composition of CNMG 120408E-MP3 WPP20S cutting insert.

TABLE 2 Work piece recommendation for investigated cutting inserts.

Indexable cutting insert Primary workpiece material Secondary workpiece material

E-M GRADE T9325 P15 - P35 K15 - K35
M10 - M30

PM 4325 P20 - P30 K10 - K25

MP3WPP20S P10 - P30 K25 - K35

and a length of 330 mm, with a hardened depth of 15 mm from
the surface of the part. Due to the insert holder used, a minimum
machinable diameter of 23 mm was specified.

The machining parameters were identical for all the inserts
tested. After an initial series of test cuts, a range of cutting parameters

was determined that ensured a stable cutting process without
undesirable system chatter. The cutting speed (vc) was chosen to
be 80 m s−1, the depth of cut (ap) was set to 1.5 mm and the feed
rate (f) was set to 0.3 mm·ot−1. The aim was to approximate the
cutting conditions used in practice during conventional machining
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TABLE 3 Chamfering structure parameters of investigated cutting inserts.

Schematic view Indexable cutting insert a [°] b [°] c [mm]

E-M GRADE T9325 16 5 0.3

PM 4325 20 5 0.25

MP3WPP20S 22.5 5 0.25

at lower cutting speeds due to the combined effect of the process
fluid (cutting fluid) and the lower cutting temperature. Depth of
cut and feed rate values are based on the recommendations of
the insert manufacturers. Higher cutting speeds have been shown
to reduce the effect of cutting force, especially when machining
steel workpieces. In practice, there is thus a balance between the
advantage of reduced cutting forces andhigher production efficiency
resulting from the use of higher cutting speeds, and the undesirable
higher thermal stress on the cutting tool caused by higher cutting
temperatures (Xu et al., 2021).

2.3 Experimental design

The data acquisition procedure was based on design of
experiment (DOE) policy.Themain flank wear as a function of time
of tool engagement on workpiece material was evaluated. Under
the specified cutting conditions, workpiece material was removed
to maintain the stability of the cutting process. After removing
a material layer with ap = 1.5 mm and a length of cut (lc) -
0.5 mm (to prevent engagement with the adjacent cutting edge),
the machining was stopped. The insert under examination was
removed from the holder and wear wasmeasured using anOlympus
SZX10 stereomicroscope equipped with a Bresser MicroCam-II
camera to take a record of the actual condition, see Figure 4A.
Using the measurement software, the VBmax value was measured
by micrometrical method, see Figure 4B. After measurement, the
indexable insert was returned to the standard PCLNR 2020 K12
holder, ensuring repeatability of the measurement in terms of
tool position.

At the same time, a sample of the produced chips was taken
from a special container placed under the workpiece in the working
area of the CNC lathe. The chips were then evaluated for their
size and shape in the same way as the wear on the cutting tool.
The chip recovery vessel was cleaned after each tool run into the
workpiece to avoidmixing up chips fromdifferentmachining stages.
The visual assessment of chips was performed with an Olympus
SZX10 stereomicroscope equipped with a Bresser MicroCam-II
digital camera equipped with measurement software. The result is
a chronological documentation of the chip shape and length, see
selected macro images in Figures 5A–D.The digitally assessed chips
were selected in numbers of 4–6 pieces so that their compositionwas
representative of the chips produced within the sample.

At the same time, the chips were evaluated in terms of the
number of chips per 100 g of chips collected, for which precise
laboratory scales A&D GF-200P were used. This is a value that

corresponds analogously to their shape and size and can be used
to quantify the quantity produced, which is practical information
for waste management planning. This procedure was repeated until
the specified critical flank wear of the cutting tool VBmax = 0.3 mm
was reached. This value is based on the recommendations used in
manufacturing practice for a flank wear limit of 0.3–0.5 mm for
coated carbide cutting tools (Sheikh-Ahmad and Davim, 2012).

After the completion of the experimental part, the individual
inserts were subjected to SEM analysis including elemental analysis
of the worn surface. A Tescan Vega 3 electron microscope with a
Bruker elemental analyzer was used for the evaluation.

3 Results and discussion

Themeasured wear values of the tool’s main flank were analyzed
and plotted on a timeline relative to the time the tool was
engaged. At the same time, the collected samples of produced chips
were examined in terms of their shape, length and number of
chips per 100 g of chips collected. The examined inserts that had
reached critical wear were evaluated using SEM and EDX analyzer,
focusing on the type and extent of wear of the main tool flank
surface area.

3.1 Investigated tool flank wear

Figure 6 shows graphically the wear history over time of all the
examined indexable inserts. The PM 4325 insert with a time of
19.5 min achieved the best result, respectively the longest cutting
edge life.Thiswas followed by theMP3WPP20S insert with a cutting
edge life of 17.4 min and the lowest cutting edge life was achieved by
the E-M GRADE T9325 insert with a time of 10.8 min.

Several types of cutting edgewear were identified by SEM,which
are, however, characteristic of carbide cutting tools.Main flankwear,
crater wear on rake face, local chipping and workpiece material in
the form of built-up edge (BUE) were the most represented.

The E-M GRADE T9325 insert has been worn down to the
TiCN coating level below the cutting edge line to the area where the
interface between the tool cutting edge and the workpiece is located.
In this area, notch wear is observed due to the aforementioned
spinning as well as the chip mass leaving the cutting plane,
as indicated by the underlying abrasive wear area on the main
spine created by the departing chip, see Figure 7A. The wear was
identified in the form of a worn area along the cutting edge line
which transitioned to a crater wear on the tool rake face, see
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FIGURE 4
(A) Flank wear measuring microscope setup. (B) Example of micrometric measurement of flank wear.

FIGURE 5
(A) Macroscopic chip evaluation at T = 2 [min]. (B) Macroscopic chip evaluation at T = 7.5 [min]. (C) Macroscopic chip evaluation at T = 12 [min]. (D)
Macroscopic chip evaluation at T = 21 [min].

Figure 7B. Elemental analysis allowed the level of wear observed
to be determined. The cutting edge line was worn down to the
level of the TiCN layer with a gradual transition to the underlying
support substrate consisting of WC, see Figures 7C, D. The greatest
material loss on the tool occurred at the interface between the
tool cutting edge and the workpiece.

The wear of the main spine on the PM 4325 insert followed the
cutting edge line evenly. There is partial chipping in the area where
the tool is in point contact with the workpiece material, but this is
replaced by BUE material on the tool rake face, see Figure 8A. A
clearer identification of the chipping of small particles of the cutting
edge can be seen in Figure 8B, looking at the tool rake face. Also,
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FIGURE 6
Progression of VBmax parameter of investigated cutting inserts for 1.6582 steel, vc = 80 m min−1.

FIGURE 7
(A) SEM analysis of worn main flank. (B) SEM analysis of worn rake face. (C) EDX analysis of worn main flank. (D) EDX analysis of worn rake face.
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FIGURE 8
(A) SEM analysis of worn main flank. (B) SEM analysis of worn rake face. (C) EDX analysis of worn main flank. (D) EDX analysis of worn rake face.

wear in the form of notch wear is more easily identified.The cutting
edge line wear visible on the tool rake face gradually transitions to
notch wear, similar to the PM 4325 insert.

Elemental analysis confirmed the extent of wear on themain tool
flank down to the level of the supporting substrate and the relatively
minor abrasive wear on the flank surface by the departing chips,
which left traces of adhered machining material and exposed the
protective layer of Al2O3, see Figure 8C. Wear to the level of the
support material also occurred on the tool rake face, in the groove-
shaped wear area.There was also a well identifiable BUE in the areas
of the hollowed out cutting edge and also in the area of notch wear
occurring, see Figure 8D.

The wear on the main flank of the MP3WPP20S insert followed
the line of the cutting edge with a gradual transition to the interface
between the tool edge and the workpiece. From this point onwards,
massive abrasive wear occurred on the tool’s main spine area
from the exiting chip, see Figure 9A. Edge wear is evident on
the tool rake face with a transition to slight groove-shaped wear.
Slight notch wear is also evident on the rake face, see Figure 9B.

Workpiece material adherence to the main tool flank in the form
of BUE is visible in the area below the cutting edge and partially
on the abrasive worn surface in Figure 9C. More significant is
the level of wear caused by the exiting chip, which has exposed
a larger area of the TiCN layer on the spine surface. Elemental
analysis of the tool rake face allows to define the boundaries of
the groove-shaped wear on the rake face exposed by the TiCN
coating and its connection to the notch wear area, where wear
occurred down to the level of the supporting substrate. At the
same time, the areas where BUE formed on the rake face are
visible, see Figure 9D.

3.2 Produced chips

Simultaneously with the detection of the degree of wear of the
examined inserts as a function of the tool time in the shot, the
produced chips were collected according to the same methodology
described in subsection 3.1.
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FIGURE 9
(A) SEM analysis of worn main flank. (B) SEM analysis of worn rake face. (C) EDX analysis of worn main flank. (D) EDX analysis of worn rake face.

TABLE 4 Comparison of chips produced by investigated cutting inserts.

Indexable cutting insert Chip type Average chip length
[mm]

Average numbers of
chips at 100 g of chips

E-M GRADE T9325 arch loose 8.2 ± 0.7 2,392 ± 259

PM 4325 arch connected/arch loose 27.9 ± 7.6 1,494 ± 401

MP3WPP20S arch connected/arch loose/tubular
short

34.1 ± 5.5 1,520 ± 350

The data presented in Table 4 show the differences in the shape
and length of the chips produced for the complete experimental
section. Since the cutting tool-material contact interface is
continuously changing due to cutting edge wear and cyclic adhesion
of workpiece material, the evolution of chip size relative to a given
indexable insert was also placed in the context of the time the
cutting tool spent in engagement. The progression of changes in
the average chip lengths produced for a given insert is visualized
in Figure 10.

3.3 Discussion of the data obtained

The following obvious results emerge from the data obtained.
In terms of the cutting edge life of the examined indexable inserts,
or the time to reach the specified critical wear, the PM 4325 insert
performs best with a time of 19.5 min, see Figure 6. The wear
identified on the insert surface is consistent with carbide sintered
tools, except for the local chipping of the cutting edge. This has
multiple causes, most commonly high tensile stresses on the cutting
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FIGURE 10
Chip length progression according to machining time of investigated cutting inserts for 1.6582 steel, vc 80 m min−1.

edge caused by high cutting parameters, cyclic stresses from chip
formation, and the presence of inclusions or BUE. Due to the
EDX analysis using SEM, a correlation between chipping and BUE
is observed just near the cutting edge on the tool rake face, see
Figure 8D. In contrast to the other inserts examined, PM4325 has an
applied Al2O3 layer to protect against thermal stress approximately
half the size of the TiCN layer, which protects the surface against
mechanical abrasion.Thismay be related to the nature of the types of
wear observed, due to the distribution of heat at the cutting point to
the surrounding area, specifically part of it to the cutting tool mass.
The thickness of the coating layers is known to influence the wear
pattern of the cutting tool, however, an increase in thickness does not
necessarily mean an increase in wear resistance (Vereschaka et al.,
2021). Within the parameters of the experiment, the disposition of
the coated layers of the PM 4325 insert appears to have proven to be
effective.

The MP3 WPP20S insert is in second place in terms of edge life
evaluation with a time of 17.4 min, see Figure 5. The difference in
reaching the specified critical value of the main flank wear VBmax
= 0.3 mm is therefore not significant. The observed wear patterns
on the tool’s main flank and rake face again correspond to those
of sintered carbide tools. Compared to the PM 4325 insert, a lower
amount of BUE and less exposure of the substrate underneath the
coating layers can be observed, see Figure 9. This is probably due to
the relatively thick protective layers of Al2O3 and TiCN compared to
the other investigated inserts, see Figure 3A. It is possible to account
for the factor of changes in the internal structure of the coatings
during their growth as part of the wear rate (Ophus et al., 2010;
Dulmaa et al., 2021). Differences in the cutting geometry of the tool
can also be added to the observed wear rates - for example, the
apparent difference in cutting edge angle, see Figure 3B, despite the
generally identical markings with the other CNMG 120408 inserts
according to ISO 6987.

Theworst result in the experimentwas achieved by the indexable
cutting insert E-M T9325 with a cutting edge life of 10.8 min.

Flank wear and rake face wear are characteristics of sintered
carbide cutting tools, in this case with higher rake face wear to
the level of the substrate, see Figure 6. Notch wear identified at
the tool/workpiece interface was more significant in contrast to the
other inserts investigated. The observed wear rate, as well as the
relative shortness of the time to reach the specified critical wear rate
of the main spine (almost half that of the other inserts tested), is
most likely due to the weaker protection provided by the coating
layers. These were applied in the same order, i.e., Al2O3 against
thermal stress and TiCN to increase wear resistance, but with a
significantly lower thickness of TiCN compared to PM 4325 and E-
MP3 WPP20S, see Figure 1A. Lower coating thicknesses of Al2O3
were alsomeasured compared to PM4325 and E-MP3WPP20S.The
applied thicknesses of the individual coatings below 10 µm of the
E-M T9325 insert, apparently influenced the shortest cutting edge
life within the experiment, which has also been observed in other
experiments (Vereschaka et al., 2021).

In addition to the course of wear, the formation of chips in terms
of their shape and size wasmonitored in relation to the development
of wear of the observed inserts. The suitability of the formed chips
is classified according to ISO 3685. In terms of chip suitability for
handling and waste material management, the best results were
achieved by the E-M T9325 insert. During its application, an arch
loose chip was formed with a constant average length of 8.2 ±
0.7 mm throughout the monitored working section, see Figure 10.
In contrast, the PM 4325 and E-MP3WPP20S inserts showed more
than twice worse results in terms of average chip length. Even
though the type of chips formed by the E-M T9325 insert falls
into the group of ideal cases, abrasive wear was identified by the
chip leaving the cutting point. However, it should be noted that
the shaped chip generally has a higher hardness than the original
unmachined material and specifically the E-M T9325 insert has the
weakest coating on the supportingWC-Co substrate of all the inserts
examined.This implies that the heat produced during themachining
process cannot be dissipated in a certain amount by the toolmaterial
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(which is primarily undesirable) and in the case of stronger tool
protection by the Al2O3 coating, it must be dissipated more by other
participants in the cutting process, including the chip, which may
affect its plasticity during forming and may initiate the formation of
longer chips.

The PM 4325 insert formed an arch loose and arch
connected chip 24.6 ± 4.8 mm long on average during the cutting
process, however, during the machining process the chip length
overwhelmingly oscillated between 20 and 30 mm. These types of
chips are not ideal in contrast to the chips formed by the E-M T9325
insert, and even in this case, wear of the main spine surface caused
by abrasion of the chip as it left the forming site was documented.

In terms of chip formation, the E-MP3WPP20S insert produced
the worst results, producing chips of the arch loose, arch connected
and tubular short types with an average length of 34.1 ± 5.5 mm
with a length oscillation between 25 and 45 mm. Arch connected and
tubular short chips of greater length are not desirable, especially in the
latter case where there is a risk of the twisted chip returning to the
point of origin under the cutting edge, which could cause destruction
of the cutting edge. A possible reason for this result could be that
abrasive wear of themain tool flank below the chip exit point from the
workpiece/tool interface area showed the highest intensity.

During machining, the component of energy required to
overcome friction in the system of tool-chip-workpiece surfaces
is almost completely transformed into heat and increases the
temperature of the tool surface, which is one of the basic principles of
machining.The connection between the thickness and composition
of the coating and the temperature at the cutting point confirms the
hypothesis about the influence of the thickness of the coating on
the formation of the chip in terms of the distribution of thermal
energy, and thus its resulting shape and size (Bobzin et al., 2021).
The strength of the coating is also related to the distribution of
the cutting force and with the sequence of the coating-thickness
dependent resultant compressive residual stress, which increases
with greater thickness of coating layer. Therefore, a thick coating
thickness does not always have to be advantageous for a given
machining process (Zhao et al., 2022). The number of chips per
100 g of chips collected was calculated analogously to the average
length of chips collected. This value gives a more realistic view of
the set of waste produced within the whole. For the E-M T9325
insert, which formed themost user-optimal type and length of chips,
a value of 2,392 ± 259 chips per 100 g of chips was obtained. The
PM 4325 insert with 1,494 ± 401 chips per 100 g of chips and
the MP3 WPP20S with 1,520 ± 350 chips per 100 g of chips were
significantly lower. From this and the above, the average chip length
is important information in terms of the machining process, its
manufacturability and safety. However, from the point of view of the
further management of the waste material in the form of chips, the
average length of the chips produced is not so important, since as an
average value it may lead to misleading conclusions about the real
composition of the chips produced, which is important information
for the waste management sector.

Since the primary factor for the user of the insert is the possibility
of using it for the longest possible time in terms of the quality
properties of the workpiece, the life of the insert, or its cutting edge,
is often prioritized over the optimal shape and length of the chip
produced, unless these are a safety risk for the machining process
itself. Similarly, the demands or costs of processing waste in the form

of chips are neglected. However, in view of the constant optimization
of engineeringproductionand its outputs, it is good to look foroptions
that are as close as possible to the positive extremes in several chip
machiningcriteria.Wecandefinitely recommendthecontinuationofa
closer studyof theproperties of the coatings applied to the investigated
inserts, such as the Vickers microhardness of the individual layers, as
well as heat distribution using a thermal camera or thermocouple
method. The hardness value of the layer (e.g., TiCN) is key to
determining the ability to resist mechanical wear. For this, it would
be possible to use the methods of nanoindentation or nanoscratch
(Fischer-Cripps et al., 2006). In this way, it would be possible to
partially test the adhesion between the individual components of the
coating protection, the consistency of which also has an effect onwear
resistance (Chen et al., 2010).At the same time, the ability towithstand
heat andeventuallydissipate it into theenvironmentplaysa role,which
is significantly related to friction (Chamani and Majid, 2018).

It would also be useful to supplement the study with monitoring
of cutting forces using a dynamometer. Data obtained using a
dynamometer due to the consideration of the variability of the genesis
of coatings can enable the use of the tool load measurement method
andtheanalysisof themachiningprocessusingmathematical-physical
models, providing awhole range of other useful parameters (Píška and
Humár, 2001).However, it is evident that the parametersmonitored as
partof theexperiment indicate that,basedontheproportionalnuances
of the cutting edge geometry and the applied coatings, significantly
different wear courses of indexable cutting inserts can be expected
despite the unified marking using ISO 3687.

Due to the information obtained regarding the different
parameters of the coatings, it is recommended to monitor the
surface roughness of the functional surfaces of the cutting tool. The
roughness of the surface also increases with a greater thickness of the
coating, therefore there is a greater occurrence of unevenness, which
under certain cutting conditions initiates the formation of point
adhesion joints. They can be cyclically broken off and created again.
The increased roughness of the functional surface due to the thick of
the coating layer could be one of the factors that influenced theworse
results ofMP3WPP20S compared to PM 4325. Fine wear debris can
cause plastic deformation that gradually increases the actual contact
area between the workpiece and tool surface (coating), resulting in
the continuous formation and growth of additional adhesive points.
These adhesive points prevent the ingress of the process fluid and the
mutual sliding of the contact surfaces, which can cause fluctuations
in the friction curve (Zhao et al., 2022; Bai et al., 2024).

4 Conclusion

A study was carried out on the wear of CNMG 120408-
type indexable inserts from three different manufacturers. The
continuously monitored parameter was the wear of the main
flank of the tool VBmax, whose critical limit was set at 0.3 mm.
Simultaneously with the wear history, a sample of the produced
chips was taken and evaluated for shape and size according to
ISO 3685 in relation to tool wear during machining. Steel 1.6582
according to EN 10027–2, hardened to 40–44 HRC, was chosen as
the test material. The expansion of the subject area compared to
other published materials of a similar focus is, in addition to the
mutual comparison of the life of the cutting edge depending on
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construction differences undefined by the ISO 6987 standard, and
the relationship between the deposited coating layers, as well as the
correlation of the utility properties of the selected inserts, such as
their tool life and the form of the produced chip, which it is precisely
related to the realization of coatings on functional surfaces examined
by SEM. The following conclusions can be drawn from the results
obtained in the experiment.

i: Based on the continuous wear monitoring, it can be concluded
that the longest life of cutting edge was achieved by the PM
4325 insert with a time T = 19.5 min. This was followed by the
MP3WPP20S insert with T = 17.4 min. In the experiment, the
E-MT9325 indexable insert achieved the shortest life of cutting
edge with time T = 10.8 min.

ii: Elemental analysis using SEM was used to identify differences
in the coating layers applied to the tool substrate. The design
and distribution of these layers, together with the geometric
differences of the functional surfaces and chip breaker, have a
direct impact on the wear process, the lifetime of the cutting
edge, and the occurrence and severity of the different types of
wear characteristic of cutting tools made of sintered carbide.
However, the lifetime of the cutting edge cannot be predicted
based on the thickness of the individual layers. The largest
thickness of coatings of theMP3WPP20S insert did not ensure
the longest tool life under the given cutting conditions, and at
the same time, a rapid difference in the life of PM 4325 and
E-M T9325 was observed with relatively small differences in
coating thicknesses.

iii: Based on continuous monitoring of the produced chips shape
and size, individual chip types were identified that were
suitable formachining only by testing of E-MT9325 insert.The
PM4325 andMP3WPP20S inserts did not produce ideal chips
either in terms of shape or length, and there were significant
variations in the dimensional continuity of the produced chips.

iv: While the greater thickness and distribution of deposited layers
may have a positive effect of protecting the tool cutting edge
from thermal stress and abrasion from the workpiece material,
for the purpose of optimally shaped chips under given cutting
conditions, it could on the contrary have a negative impact in
terms of their size and shape due to less distribution of heat
generated during machining into the tool mass. In the case of
stronger tool protection by Al2O3 coating, a larger proportion
of the heat must be dissipated by the chip, which may affect its
plasticity and solidification in longer lengths.

v: In addition to the setting up of the machining process itself,
the information on the size and shape of the chip is important
for the further management of the waste generated by the
machining technology. However, a more precise figure is the
amount of chips per 100 g of chips formed, which is not
linked to the average length of the chips formed but defines
the average number of chips formed for better planning in
terms of waste product management capacity. The smaller
this parameter is, the larger, respectively longer chips have
to be transported from the production site and processed,
thus reducing the efficiency of waste material management, as
the use of transport and processing space is reduced by less
densification of the chip material.

vi: As part of the experiment, data on the wear process of
selected CNMG 102408 type inserts were obtained and the
chips produced by these inserts were evaluated simultaneously.
However, the results of these data show conflicting trends in
terms of the achieved cutting edge life and optimally formed
chips. If the given conditions were to occur in real production,
the manufacturer would have to give priority to one of the
priorities. Either use a cutting insert with a longer service
life and take measures for the safe removal of chips from
the machining area or use a cutting insert with better chip
formation but with a lower service life.

vii: Based on the observed differences in performance between the
indexable cutting inserts, further research into the properties
of individual coating layers can be recommended, as these
will probably have a significant effect on the course of
wear and, at the same time, a non-negligible effect on the
formation of chips.
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