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ABSTRACT |

ABSTRACT

The Inconel 718 alloy displays high mechanical strength at high temperatures, high hardness,
tendency to undergo work hardening and low thermal conductivity, which makes it widely used in
the aeronautical, aerospace, biomedical and petrochemical industries. However, due to these
characteristics, this alloy is considered a difficult-to-machine material, which can cause great
damage or breakage in the cutting tools, excessive wear, and short tool lifetime. Milling process is
the most used in the machining of this alloy, since it is a flexible process in the production of
dissimilar shapes and high surface quality finishing parts. The use of coatings applyed over the
surface of the machining tools has been observed to improve their performance and the surface
quality of the machining parts. Based on this, the objective of this project was to evaluate the wear
behavior of endmill coated tools during the machining of Inconel 718 alloy, using multi-layered
TiN/TIiAIN coating, deposited by sputtering HiPIMS process. For this, different machining
parameters such as cutting speed, cutting length and feed per tooth were varied. After the
machining tests, the surface quality of the machined material was assessed, the wear of the tool
was evaluated, the wear mechanisms characterized, and the tool lifespan analyzed. It was found
that the cutting length has a great influence on the machined surface and the resulting wear. The
greater this parameter, the worse the surface quality and the higher the resulting wear. As for the
predominant wear mechanisms, abrasion and material adhesion were identified, both on the
coating and on the substrate of the tool, in all tested conditions. In addition, in some cases, built-
up edges were developed. It was also observed that the TiN undercoat improved resistance to crack
propagation, as this phenomenon was not identified in tools after milling operations. As for tool
lifespan, it was found that the higher the cutting speed, the higher the flank wear, and
consequently, the shorter the tool lifespan. Thus, the parameter that had the greatest influence on
tool lifespan, in addition to cutting length, was the cutting speed.

KEYWORDS

Machining; Milling; Tool wear mechanisms; TiN/TiAIN films; Inconel 718; PVD coatings; HiPIMS;
Machined surface quality.
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RESUMO 1

RESUMO

A liga Inconel 718 apresenta alta resisténcia mecanica mesmo em altas temperaturas, alta dureza,
tendéncia a endurecimento por trabalho a frio, e baixa condutividade térmica, o que a torna
amplamente utilizada nas industrias aerondutica, aeroespacial, biomédica e petroquimica. No
entanto, devido a essas caracteristicas, essa liga é considerada um material de dificil maquinar,
podendo causar grandes danos ou fraturas nas ferramentas de corte, desgaste excessivo e curta
vida util da ferramenta. O processo de fresagem é o mais utilizado na maquinagem desta liga, por
ser um processo flexivel na producdo de formas dissimilares e pecas com acabamento de alta
gualidade superficial. Verificou-se que o uso de revestimentos sobre a superficie das ferramentas
de maquinagem permitem melhorar o seu desempenho e a qualidade superficial das pecas
magquinadas. Com base nisso, o objetivo deste projeto foi avaliar o comportamento ao desgaste de
ferramentas revestidas, nomeadamente fresas de topo, protegidas com um revestimento
multicamada do sistema TiN/TiAIN, depositadas pelo processo de sputtering HiPIMS, durante a
maquinagem da liga Inconel 718. Para isso, foram variados diferentes parametros de maquinagem
como velocidade de corte, o comprimento de corte e o avanco por dente. Apds os ensaios de
maquinagem, foi avaliada a rugosidade da superficie maquinada, o desgaste da ferramenta,
caracterizados os mecanismos de desgaste e determinado o tempo de vida util da ferramenta.
Verificou-se que o comprimento de corte tem grande influéncia na superficie maquinada e no
desgaste resultante, sendo que quanto mais elevado for esse parametro, pior é a qualidade
superficial e maior o desgaste resultante. Quanto aos mecanismos de desgaste predominantes,
foram identificados abrasdo e adesdao de material, tanto relativo ao revestimento, quanto ao
substrato da ferramenta ndo revestida, em todas as condi¢Ges ensaiadas. Além disso, em alguns
casos, pode ser observado a formacgdo de aresta postica. Observou-se ainda que a subcamada de
TiN melhorou a resisténcia a propagacao de fissuras, visto que nenhuma fissura foi identificada nas
ferramentas apds as operagOes de fresagem. Quanto a vida util da ferramenta, verificou-se que
guanto maior a velocidade de corte, maior o desgaste de flanco e, consequentemente, menor a sua
vida util. Assim, o parametro que teve maior influéncia na vida da ferramenta, além do
comprimento de corte, foi a velocidade de corte.

PALAVRAS-CHAVE

Magquinagem; Fresagem; Mecanismos de desgaste das ferramentas; Revestimento multicamada de
TiN/TiAIN; Inconel 718; Deposi¢do PVD; HiPIMS; Qualidade da superficie maquinada.
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1. INTRODUTION

In this introductory chapter, a contextualization of the subject of this dissertation, as well as their
objectives are presented. The methodology to be followed in the development of the project is also
indicated and, finally, its structure is described.

1.1. Contextualization

With the increase in industrial competition and energy costs, it is very important for companies to
reduce the production cycles and the price of products, at the same time that the good quality parts
are ensured during fabrication. Machining is one of the most used processes by companies to
transform raw materials in finals parts. Therefore, this is a process of great industrial and scientific
importance, continuously, subject to improvements.

Ni alloys are considered difficult-to-cut materials, since they display very high mechanical
properties, tendency to hardening under room temperature work and low thermal conductivity,
which consequently leads to the premature failure of the cutting tools. In the literature there is a
large gap regarding milling and surface finishing of these alloys after machining. One of the most
used Ni alloys in the aeronautical and aerospace industries is the Inconel 718. Since aeronautical
and aerospace parts are of extremely high responsibility and this Ni alloys is of great difficulty to
machine, it is extremely important that the machining process of this alloy is optimized to improve
the lifetime of the machining tools for reducing costs and ensure the good surface finishing of the
machined parts.

1.2. Objectives

The objective of this work was to evaluate the wear behavior of endmills coated with a multilayer
TiN/TiAIN film, the machining of an Inconel 718 alloy. Multilayer films are known to be more
performing than monolayer films during machining, and the performance of TiN/TiAIN multilayered
film in the machining performance of Inconel alloy is a subject that is still few explored. Thus, the
specific objectives of this thesis were:

e Perform the analysis of the machined surface roughness and correlate it with the wear of the
coated tool;

e Analyze the cutting forces resulting from the milling process;
e Analyze and compare the results with the different selected parameters;

e Evaluate and study the wear mechanisms taking place in the tools after machining, using
scanning electron microscopy technique;

e Evaluate the tool lifespan until the tool reaches the established end of operation criterion.
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1.3. Scientific methodology

The investigation methodology used for the development of the present work was the
experimental research methodology. Therefore, an object of study was defined, the variables that
can influence it were selected, and the method of analysis and observation defined, so that it was
possible to reach the desired conclusions. For this, the methodology was divided into four main
sections: State-of-the-Art; Materials and Methods; Results; and Discussion.

In the State-of-the-Art section, a bibliographic review was carried out using recent scientific articles,
books and works on the proposed subject. First, an approach to machining was presented,
emphasizing the milling process and the various parameters affecting it; coatings for cutting tools,
highlighting the PVD and CVD processes as techniques for enhancing the surface performance of
cutting tools; recent advances in coatings for cutting tools; and a description of possible wear
mechanisms associated with cutting tools, as well as tool lifespan. So that in the Results and
Discussion sections it is possible to identify the wear mechanisms associated with this work.

In the Materials and Methods section, a brief description of the Inconel 718 alloy is made, with an
analysis of scientific articles on the machining of this alloy, emphasizing the parameters used, so
that it was possible to establish and select the machining parameters to use in this work, such as
cutting speed, cutting length and feed per tooth; and analyze how these influence the process, both
in terms of associated wear, tool lifespan, cutting forces, and quality of the machined surface. This
section also describes the methods that were used for these objectives.

Finally, in the Results and Discussions sections, the tools lifetime were presented and discussed
based on the machining conditions, wear mechanisms, compare the influence of the various
parameters surface roughness of the machined parts, cutting forces.

1.4. Dissertation structure

This dissertation is divided into seven chapters: 1. Introduction, 2. State-of-the-art, 3. Materials and
Methods, 4. Results, 5. Discussion of the Results, 6. Conclusions, and the Bibliographic References
used. The first chapter, the introductory part, briefly presents the topic addressed in the report,
with its respective context, objectives, and methodology.

The second chapter is focused on an extensive literature review, divided into four subchapters/sub-
subjects. Subchapter 2.1. presents an approach regarding the machining process; subchapter 2.2.
concerns the main deposition technologies used to produce coatings on cutting tools, highlighting
the PVD and CVD processes and the characterization of the coatings formed by these methods;
subchapter 2.3. reviews recent advances in coatings for cutting tools; and, finally, subchapter 2.4.
mentions the wear mechanisms that occur in cutting tools, and makes an approach regarding tool
life.

The third chapter presents the materials used and methods applied. Thus, subchapter 3.1.
emphasizes the materials, being divided into three more subchapters: 3.1.1. Machined Material,
which features Inconel 718 alloy; 3.1.2. Substrate and tool geometry, which references the tool
used and its respective geometry; and 3.1.3. Coating, which concerns the coating deposited on the
cutting tool. In turn, subchapter 3.2. presents all the methods and equipment necessary for its
execution, thus describing the procedures used for each analysis used in this work. Thus, this
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subchapter is divided into eleven more subchapters: 3.2.1. PVD Coating; 3.2.2. Milling equipment
and conditions; 3.2.3. Characterization of the thickness and morphology of the coatings; 3.2.4.
Characterization of the roughness of machined surfaces; 3.2.5. Characterization of wear
mechanisms; 3.2.6. Characterization of cutting force measuring equipment and 3.2.7. Tool Lifespan
evaluation.

The fourth chapter concerns the results obtained. For this, it is subdivided into six subchapters. The
subchapter 4.1. Analysis of coatings; presents the results obtained regarding the thickness of the
coating and its characterization. Subchapter 4.2. Machined surface analysis; performs an analysis
of the roughness of the machined surface. Subchapter 4.3. Analysis of cutting forces; presents the
cutting forces developed in the process, subchapter 4.4. Wear measurements and characterization;
presents measurements of flank wear, subchapter 4.5. Analysis of wear mechanisms; shows and
identifies the wear mechanisms resulting from the process, and finally, subchapter 4.6. Tool
Lifespan analysis; presents the analysis and results regarding tool lifespan. For this, sub-chapters
4.2.,4.4.and 4.5. were divided into four subchapters referring to the test condition based on cutting
speed and cutting length of 25 meters.

The fifth chapter reports the discussions regarding the results obtained, substantiating the
comments with scientific articles already published. Thus, the chapter was subdivided into four
subchapters: 5.1. Comparison of the surface state obtained on the machined part; 5.2. Comparison
of wear generated on tools; 5.3. Tool lifespan comparison; and 5.4. Comparison with other coatings
used in machining. And, the sixth chapter presents the relevant conclusions of the study, as well as
proposals for future work. And finally, the last part, corresponds to the references used to prepare
this dissertation.
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2. STATE-OF-THE-ART

In this chapter, a bibliographic review will be presented on topics that are of extreme importance
for the development of this work, and which will be applied in the various phases of the same,
namely, machining, coating for cutting tools, recent advances in coatings for cutting tools and wear
mechanisms associated with cutting tools.

2.1. Machining principle

The machining operation is a technological process responsible for changing the shape of bulk
blocks until a desired shape is reached, through the removal of material [1]. This process, is even
today, very important and the most used by the industry to produce high precision and quality parts
[2]. Therefore, research involving machining is still a hot topic today and the efforts are oriented to
the improvement of the machining process [3]. As the aeronautical and aerospace industries need
parts with high dimensional accuracy, the machining process has great prominence in these sectors,
being the turning and milling processes the two most used ones [4,5].

The CNC (Computer Numerical Control) machining industry has seen significant growth in recent
years, and it is expected that by 2025 it will reach a $100 billion industry [6]. However, as in every
process, there are advantages and disadvantages, since while the parts produced have good surface
quality and dimensional accuracy, the acquisition cost of the equipment increases exponentially.
Additionally, specialized operators are needed to handle the equipment [7]. Therefore, it can be
said that machining is defined as a manufacturing process carried out through a computer with CAD
(computer-aided design) and CAM (computer-aided manufacturing) systems that control the
process and the operations performed on the machine [8]. Figure 1 illustrates this process.

. CNC
CAD _— CcCAM ——+ Post-processing —* Machining
Invention Set-up final
adjustments

Figure 1 - Representation of the CAD-CAM process. Reproduced from [9]

Within the machining processes, the most used processes are milling and turning [3]. Turning can
be understood as the process by which the material to be machined rotates using a stationary tool
[2]. With the evolution of turning machines, the necessary tools also had a great evolution.
Nowadays, 80 % of the tools are coated to improve machining performance and good finishing of
the machining parts [2, 10].

In turn, milling is a process with great dimensional accuracy, in which a rotating tool with multiple
cutting edges runs through the material, thus generating a planar surface. This process can be
carried out in two ways known as peripheral or end milling, as seen in Figure 2 [11]. As the name
suggests, in the peripheral milling the axis of the tool is parallel to the face of the workpiece, and in
the top milling, the axis of rotation of the tool is perpendicular to the direction of feed direction
[12]. In end milling there are different operations that can be performed, such as: i) facing, to obtain
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a flat face, which is the process used in this work; ii) channel milling, for opening a channel in the
material; iii) box milling, to dig a "box" inside the part; iv) contour milling, in which 90° angles can
be formed together with peripheral milling; and v) surface contour, which produces three-
dimensional shapes from a curved path, using a spherical milling cutter [2].

(a) End milling (b) Peripheral milling

Figure 2 - Milling operations: a) end milling and b) peripheral milling. Reproduced from [11]

Regarding the machining parameters, it is known that they are very important, as they influence
the quality and stability of the process, as well as the lifetime of the cutting tools [2]. Thus, the
parameters to be used must be properly chosen. Table 1 summarizes the main machining
parameters, their symbology, unit, and description [13].

Table 1 — Milling parameters [13]

Parameter Symbol Unit Description
Cutting Speed Ve m/min Tool peripheral speed
Rotational Speed n rom Number of revolutions per minute of the tool
Feed Speed Vs mm/min Distance traveled by the tool per unit of time
Feed per Tooth f, mm/tooth  Chip thickness that each tooth of the tool removes

from the material as it passes through it

Feed per Revolution fn mm/rev Linear distance traveled by the tool during one
complete rotation

Cutting Length L mm Total distance traveled by the tool
Depth of cut ap mm Required depth of material to be removed in the
process
Width of cut ae mm Is the total thickness of the cut
Average chip thickness hm mm Required parameter for calculating the cutting
force
Material Removal Rate MRR mm3/min Amount of material removed per unit of time

In addition, the number of rotary axes must also be taken into account in a machining operation. 3-
axis machining is the simplest processing method within machining, where the part is fixed in a
single position, and the tool movement is in the X, Y and Z axes. 3-axis machines are normally used
for 2D drawings, and with that it is possible to machine up to six sides of the part with the help of
a clamping configuration for each side, which makes the process more costly [7]. Based on this,
Gray et al. [14], intheir work, compared a 3-axis machining with a 5-axis machining on hydroforming
die inserts, in order to adequately demonstrate the capabilities of 5-axis machining. They concluded
that 3-axis toolpaths are longer than 5-axis toolpaths by at least 247 %.
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By adding an axis, called the A axis, there is one more rotation for the X axis, thus forming the 4-
axis machining. In this configuration the material can be machined on five sides, making the process
more profitable and economical [15]. Using a 4-axis milling machine, Souza et al. [16], developed a
method capable of estimating the time required to machine a component, with a maximum error
of less than 6%. Such methodology is very important for an adequate production planning, since
based on that investigation, the machining time estimated by the commercial CAM was 716% to
1456% shorter than the real 4-axis milling.

In turn, 5-axis machining is the most important equipment related to cutting in industries and has
one more rotary axis, which makes it a process widely used in the manufacture of blades, rotors,
dies, molds, propellers, and others [17, 18]. When the material to be machined is a material of high
hardness and fracture toughness, this process becomes even more important and the vibrations
generated and the simultaneous movement of the tool must be taken into account, since there is
a great possibility of imperfections on the surface of the machined part and thus lower surface
quality [19]. Figure 3 exemplifies a 5-axis machining equipment with table tilt A-C and X, Y, Z axes
[20].

Figure 3 - 5-axis machining equipment with table tilt A-C and X, Y, Z axis. Reproduced from [20]

Lasemi et al [21], made an extensive review regarding freeform surfaces, also called sculptured
surfaces, especially those manufactured through 5-axis machining, taking into account three main
aspects: tool path generation, identification of tool orientation and tool geometry selection. They
concluded that the programming and machining time are two main variables that still need to be
developed so that the efficiency of the process increases. In addition, the quality of the part must
also be considered because sometimes it was neglected so that the time of the process would be
reduced. Therefore, 5-axis machining has an advantage in terms of its flexibility and efficiency [22],
and its precision is the determining factor for the success of the manufacturing [23].

6-axis machining is also available in the market. The 6 axes increase both the variety of movements
and transitions and reduces cutting time. With that, extremely complex shapes can be obtained
such as turbines or engine blocks [24]. Thus, since machining processes are heavily used in the
industry and improvements are still needed, this is still a hot topic of research specially in the
machining of the so called hard-to-cut materials.
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2.2. Coating technologies for protecting the surface of cutting tools
(PVD/CVD)

Even with the great advancements and developments of new technologies, modern industries are
still facing problems to improve the productivity and quality of their products. For example, the
main problem faced during machining operations such as turning and milling is the fast tool wear,
which is accelerated when difficult-to-cut materials such as nickel-based alloys are regarding. In
these materials higher shear forces and temperature are generated during the process, leading to
the premature failure of the tool [25].

As the tool directly influences the machining process, a lot of research has been done based on the
development of coatings and the creation of new geometries for these tools [3]. For example, Ji et
al. [26], studied tools for high-speed machining of difficult-to-cut materials, such as the gradient
cermet composite cutting tool, which is composed of surface layer, subsurface layer and substrate.
This means that layers with different hardness values were overlapped, giving to the tool greater
wear resistance, increased tool life and better machining quality.

In addition, hard coatings offer many advantages in improving the wear resistance of various
surfaces. Many studies have been carried out in this context on difficult-to-machine materials, as is
the case of the work by Chowdhury et al. [27], in which titanium alloy Ti6Al4V was tested against
tool coated with AITiN and CrN. Significant improvements on the machining performance were
observed as compared to the uncoated tools. In turn, Hovsepian et al. [28], studied the
machinability performance of Al alloys, such as AI7010-T7651 and AlSisCu; in high-speed dry milling,
using several types of coatings, TiAIN/VN, DLC (diamond-like carbon), and TiAICrYN. The results
were then compared with uncoated tools. In the case of Al7010-T7651 alloy, TiAIN/VN and DLC
coated tools showed comparable performance, and in case of AlSisCu; alloy, TiIAIN/VN coated tools
performed much better. In addition, the TiAIN/VN coating contributed to reducing cutting forces,
improving surface finishing, and reducing built-up edges formation.

These coatings can be applied to various surfaces of parts for different industries, such as:
automotive, aeronautics, aerospace, etc. Examples of coatings include DLC, monolayer coatings
such as TiBy, TIAICrSIN and TiAISiN, multilayer coatings such as TiAIN/TiN and TiAIVN/TIAIN.
Multilayered coatings are widely used for machining operations as compared to monolithic
coatings, since they allow an improvement in the performance of the tools [2]. The coatings are
normally produced by two different processes called Chemical Vapor Deposition (CVD) and Physical
Vapor Deposition (PVD) [29]. Within these two processes, there are specific techniques, as shown
in Table 2 [30].

Table 2 - Deposition techniques used in the production of coatings.

Deposition method PVD CVD
- Cathodic arc (sputtering); - CVD performed in vacuum;
Deposition techniques - Vacuum evaporation; - CVD with no vacuum.

- lonic deposition.

Deposition techniques have experienced strong growth and development, with several variants of
the process. Depending on the material to be coated and the application to which it will be
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subjected, the deposition process needs to be properly selected to obtain the necessary properties
[31]. In the next subchapters, a description of those deposition processes is summarized.

2.2.1. Physical Vapor Deposition

The term Physical Vapor Deposition emerged in 1960s with the need to develop vacuum coating
processes. Basically, there are two ways in which particles can be extracted from the target, i.e.
sputtering and evaporation, with the latter having lower atomic energy, less adhesion to the
substrate and higher deposition rate [31]. Thus, sputtering is more used in applications that require
good surface quality and adequate surface morphology [32, 33].

In the PVD process, the material to be deposited is transformed into atomic particles through a
physical thermal collision process. The atoms of the material to be deposited are ejected out from
the target by ions bombardment of the inserted inert gas (usually argon) [34]. The advantages of
the PVD process are: it allows deposition on substrates presenting a lower melting point; greater
energy efficiency; allows variation of coating characteristics; and the possibility of deposition of
alloy compounds and/or multilayer composition [35]. Due to these advantages, several techniques
were developed within the sputtering and evaporation techniques, as shown in Table 3 [31].

Table 3 — Sputtering and Evaporation Techniques. Reproduced from [31]

Sputtering Evaporation
- lons Beam - E-Beam
- Diode - Inductive
- Triode - Resistive
- Reactive Sputter - Stirred
- Deposition - Arc - Random
™ - Radio Frequency (RD) - Cathodic Arc Deposition

- Direct Current (DC)

- Magnetically Enhanced
Plasma (MEP)

- UBMS - Unbalanced
Magnetron Sputtering

- Magnetron
& - DMS - Dual Magnetron

Sputtering

- HiPIMS /HPPMS - High-
Power Impulse / Pulse
Magnetron

- Sputtering

In the sputtering processes, densification of the films is possible by playing with the deposition
pressure and voltage applied to the subtract [32]. In this process, cleaning the substrate surface to
remove contamination is also possible by applying a very high bias at the substrate. In an e-beam
evaporation process, the target acts as a cathode and with the heating through the electron beam,
the atomic-sized particles undergo evaporation and collide with the gas molecules that are
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introduced into the reactor to accelerate these particles, and thus, are deposited onto the
substrate, forming successively compressed layers with excellent adhesion. This process has the
disadvantage of contaminating the film. Moreover, due to the higher temperature, some materials
cannot undergo the process [31]. Figure 4 illustrates these two processes, emphasizing the
difference between them [36].

Substrate Holder Substrate Holder
Gas ?:l\st
Inlet B Plasma nie
i Plasma
;f:ﬂz;ﬁid 2 ]\Zl‘;atr;:il;alted °
® Art @ ®Ar+
L]
Vacuum _Source Vacuum
Magnetron System 21 8 System

(@ (b)
Figure 4 - PVD methods: (a) sputtering (b) evaporation. Reproduced from [36]

In the PVD process, good adhesion is always reached in steel substrates however such adhesion
depends on the level of contaminants on the surface, use of interlayers and gradient layer and on
the deposition conditions in general. The PVD coatings deposition on complex geometries are
considerably more difficult to conduct when compared to the CVD process [2].

As seen earlier, there are many techniques within the PVD method. The most used method to
produce PVD coatings is the magnetron sputtering technique, however, the HiPIMS (High Power
Impulse Magnetron Sputtering) technique has shown to be very promising. This technique allows
to tune the direction and ionization fraction of the sputtered species, producing films with
differentiated properties [37].

As it is a technique under development, many studies have been carried out in the last 10 years.
Wang et al. [38], deposited TiN coatings by HiPIMS with different N, flow rates. They showed that
the nitrogen flow rate is of great importance because it influences the surface microstructure of
the coatings. Promjantuk et al. [39], using the high-power reactive magnetron sputtering technique
with the angle-of-view deposition (GLAD) technique at room temperature, analyzed the structural
and optical properties of alternative films of titanium nitride nanorods plasmon (TiN-NRs).
Furthermore, Azim et al. [40], using CrAIN and TiAIN coatings deposited by high power magnetron
sputtering (HiPIMS), analyzed the wear of coated microdrills in Incoloy 825 microdrilling. They
demonstrated that the TiAIN coating allowed superior performance than the CrAIN coating due
their higher hardness, better coating adhesion and better tribological properties.

Therefore, this technique shows a strong potential in the production of coatings with good
properties, and much of this is attributed to the high ionization rate allowed by this technique,
making the technique very promising to protect the surface of tools used in machining. In the
literature it has been reported that the mechanical properties of HiPIMS coatings are in the most
of the cases much higher than the ones possible to get by conventional sputtering techniques [41].

Choosing the ideal technique is essential to succeed in the desired application, and with that, there
have been some studies comparing the properties of films deposited by different techniques.
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Tillmann et al. [42], analyzed the DCMS (Direct Current Magnetron Sputtering) and HiPIMS
techniques, in the deposition of TiAIN and TiAIN/TiAICN coatings, in AISI H11 quenched and
tempered tool steel. The samples were evaluated regarding wear resistance and residual stresses,
and the results were interesting, showing that the adhesion of the coatings obtained by DCMS was
higher, and the wear coefficients of all the evaluated HiPIMS systems were lower than DCMS. In
addition, the coatings obtained by HiPIMS had higher residual stresses than the DCMS coatings.
Table 4 presents several recent articles, carried out on deposition through the PVD process.

Table 4- Summary table of studies carried out on PVD process.

Authors Summary

Zauner et al. [43]  Inthis work, the R-HiPIMS technique was used for the deposition of TIAIN coatings using
different composite targets (TiosAlos, TiosAlos and TiosAlos). Several deposition
parameters were studied, such as pulse frequency and duration, N2 flux rate and
substrate polarization potential, in order to evaluate different growth mechanisms by
surface diffusion, with several possibilities of final coating properties.

Alami et al. [44] In this review paper focused on the HiPIMS process, addressing the advantages and
limitations of the method, the mechanisms that occur in the discharge and on the
surface of the coating during its deposition, resulting properties, control and
improvement were studied. Finally, TiAIN coatings were deposited using an industrial
coater, thus producing a coating with a high density nanocrystalline structure, and a
smoother surface compared to coatings applied by DCMS. Furthermore, the authors
found that the deposition rate compared to the DCMS process was equal on the flank
face of the substrate and 60 % higher on the rake face.

Chang et al. [45] In this work, thin films of Ti1-xAIxN were deposited on silicon Si (100), tungsten carbide
(WC-Co) and SUS304 substrates using the high power magnetron reactive sputtering
technique, and showed that the atomic ratio Al/(Al + Ti) of the alloy target determines
the final structure of the coating, so they used the ratios 0.19; 0.36 and 0.57 for
comparative purposes. The highest hardness and elastic modulus values were obtained
using the ratio of 0.19, and the friction coefficients observed were between 0.68 and
0.77, both in relation to the Til-xAIxN thin films.

Romero et al. [46] In this study nanoscale TiAIN/TaN multilayer coatings were deposited by DC magnetron
sputtering on AISI M2 steel, and their tribological microstructure evaluated. The
deposition was performed with the first layer of TIAIN/TaN followed by the second layer
of TiAlITaN and adding four more possible combinations. The multilayer architecture
was done by controlling the rotation speed of the substrate to obtain different period
thicknesses. Regarding the compressive residual stresses, a reduction from -8 GPa to -
1 GPa was observed for multilayer coatings compared to the monolayer constituent. In
addition, it was identified that the best combination in layer percentage is 48% TiAlTaN
and 52% of TiAIN/TaN, given the best balance between mechanical properties, such as
high adhesion, hardness (29 GPa) and friction coefficient (0.68).

Liu et al. [47] In this work, the morphology, adhesion strength, tribological properties, corrosion
resistance and oxidation resistance of Al-rich TiAIN coatings produced using the HPMS
technique were evaluated. The hardness obtained was 34.4 GPa with a deposition rate
of 0.45 um/min, and an adhesive strength (F) of 75 N. In addition, one of the most
important aspects of this work was the surface roughness of 17.8 nm, with few particles
produced on the surface, a priority factor desired in that work.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



28 2. STATE-OF-THE-ART

2.2.2. Chemical Vapor Deposition

The CVD deposition process was the first process used in the production of TiN and TiC to extend
the surfaces’ lifetime. The process consists of producing the coatings with a precursor pumped into
a reactor, and with that, the precursor molecules pass through the substrate which is inside this
reactor, being then deposited on the surface of this substrate by the reaction with other gas
stimulated by the temperature [29]. The process can reach 900 °C, much higher than the
temperature of a PVD process. The generated film has good hardness and small thickness, which is
uniform across the substrate surface [3]. In addition, the CVD process involves the production of
toxic gases, unlike the PVD process [31]. Another aspect worth mentioning is energy efficiency,
which in the PVD process is considerably lower, as shown in Figure 5 [36].

Energy consumption PVD vs CVD

PVD 77.7% 0.7%

mHeating

-\z%
Etching
Coating
CvVD 33.5% 21.7% Cooling

Figure 5 - Energy consumption of PVD and CVD methods. Reproduced from [36].

However, the process also has some advantages, such as the ability to deposit coatings on
refractory materials; the possibility of controlling the grain size of the coating just by changing the
process parameters; and furthermore, it is a method carried out at atmospheric pressure [29]. An
important characteristic of the CVD technique is that it allows to produce coatings with uniform
thickness and low porosity even on substrates with complex geometry [48].

A wide range of materials can be deposited by the CVD technique as thin films, including
semiconductors, insulators, barrier layers, metals, silicates, superconductors, and organics. The
applications are diverse as in the manufacture of microelectronic and optoelectronic devices,
optical devices, protective and decorative coatings [49]. However, among the applications the most
important use is in the deposition of functional materials for use in the electronics areas [50].

As stated earlier, the gaseous reactants are placed into the reactor. Thus, five reaction zones
involving gas flows and temperature occur during the process and influence the final properties of
the formed film. Figure 6 illustrates the principle of the process [48].
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Figure 6 - Main reaction zones in a CVD process. Reproduced from [48]

In reaction zone 1, homogeneous reactions can occur characterized by a flaky and non-adherent
coating, however, in some cases, these reactions are favorable, for example in the formation of
Al,O; coating, since the reaction occurs but no homogeneous nucleation takes place. In zone 2,
heterogeneous reactions occur, which determine the reaction rate and final properties of the
coating, because this zone is where the boundary phase between the vapor and the coating takes
place. In zones 3 to 5, solid-state reactions such as precipitation, recrystallization, grain growth and
even phase transformation occur. In turn, in zone 4, diffusion occurs and is where intermediate
phases responsible for adhesion to the substrate are developed [48].

Another important feature of the process is its temperature dependence, which follows the scheme
shown in Figure 7. Based on this scheme, it is possible to see that at low temperatures (region ),
the growth rate of the film follows the Arrhenius Law. By increasing the temperature (region Il) a
plateau is reached in which the process of diffusion from the material to the substrate controls the
deposition rate. At elevated temperatures, deposition rates decrease, as desorption processes
begin to compete with the deposition process (region Ill) [50].

Rate of supply of reagents to
surface controls growth

I

Rate of
decomposition
controls growth

Desorption and/or
decomposition of
precursors dominates

/T (K)

Figure 7 - CVD process temperature variations. Reproduced from [50]

Based on this, it seems that the different techniques give different properties to the coatings.
Therefore, choosing the ideal technique is crucial to determine the correct properties for a given
application [51]. Both the CVD technique and the PVD technique have advantages and limitations,
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and those should be taken into account depending on the application for which the part need to

work [52]. Table 5 presents several recent articles, carried out on deposition using the CVD process.

Table 5 - Summary table of studies carried out on CVD process.

Authors

Article abstract

Davim et al. [53]

In this work, the performance of CVD-coated tools with diamond in the turning
machining of PEEK (polyetheretherketone) and PEEK CF30 was analyzed, and the
cutting forces and surface roughness were measured. The results showed superior
performance of these tools when compared to polycrystalline diamond (PCD) and
carbide (K10) tools.

Schalk et al. [54]

In this work TiB2 coatings were deposited over carbide substrate using CVD
process, with and without TiN-based layers focused on analyzing the residual
stresses. Thus, it was verified that the TiN base layer presented tensile stresses,
and in the TiBz layer compressive stresses were observed, which increased as the
layer thickness increased. Furthermore, the origin of the compressive stresses was
determined to be due to the nanocrystalline nature of the coatings.

Kainz et al. [55]

In this work, TiN, TiBN, TiCN and TiBCN coatings were deposited via CVD, since
according to the authors, adding elements in the TiN coating improves their
performance. Based on this, it was found that TiBCN has the highest hardness
(32.2 £1 GPa), Young's modulus (587 + 29 GPa) and level of residual stresses (8.5
+ 0.4 GPa). The TiBN coating showed higher fracture toughness (5.0 + 0.3 MPa).

Shen et al. [56]

In the present work, a new method was developed to manufacture single layer
diamond tools by the CVD technique. The layer was formed from diamond
powders in the range of 7-180 um, randomly distributed on SiC substrates. In
these substrates, CVD diamond growth occurred both in the substrates and in the
seeds simultaneously. Thus, it was found that CVD diamond tools had the highest
wear resistance, due to the epitaxial grain structure.

Jetpurwala et al. [57]

In the study, the authors produced MDC (microcrystalline diamond coating) and
NDC (nanocrystalline diamond coating) coating on tungsten carbide drills, using
the HFCVD (Hot Filament Chemical Vapor Deposition) technique, with the
objective of evaluate the adhesion of the films to the substrate. These drills were
evaluated at 250,000 rpm after cavity preparations in the teeth, and the NCD
coating adhered better compared to the MDC.

Silva et al. [58]

In this work, the authors investigated the machining of GX2CrNiMoN26-7-4
Duplex Stainless-Steel, using PVD- and CVD-coated tungsten carbide inserts with
different coatings: PVD-coated with AITiN, and CVD-coated inserts with
TiN/TiCN/Al20s. It was verified that the substrate on which the CVD coating was
deposited suffered more severe degradation. Furthermore, the longer the coating
was in operation, the less wear on the substrate was observed, and the better the
roughness of the machined surface. In addition, the wear suffered by the AITiN
coating deposited by PVD was lower and, therefore, it is more suitable for
machining the DSS alloy.
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2.2.3. Characterization of coatings for machining tools

Coatings are produced in such a way that they are functional for a specific application. This can be
done by controlling their thickness, geometry and composition, which are interrelated with the
resulting microstructure and mechanical properties. For this to be possible, there must be several
types of coating which can be produced: monolayer (single layer) coating; bilayer (double layer)
coating; gradient coating; multilayer coating; nanolayer coating; and nanocomposite coating [59].
These types of coatings are illustrated in Figure 8 [60]. Among these coatings, multilayer coatings
are the most used in the machining area, due to their excellent combination of mechanical and
thermal properties, such as greater resistance to crack propagation, hardness, adhesion, and
consequently, wear resistance [29]. Based on this, Kainz et al. [61] compared the performance of
multilayer TiN/TiBN coatings produced by CVD process, with the coatings of these individual
compounds. They noticed through micromechanical bending tests an increase in strength and
fracture toughness with the addition of Boron, and with the increase in the number of layers.
Moreover, multilayered TiN/TiBN has shown greater hardness as compared to individual layers.

monolayer hard/soft combination functional gradation

columnar : = = hardness C-content g

| «cH
CrAIN ‘ +
ZrC
substrate substrate
multilayer nanolaminate
A‘_

A|’_0\ | TiHIN

+ —— t
TiAl _ CrN

| substrate | g

Figure 8 — Possible configuration/architecture of coatings. Adapted from [60].

Coatings can also be characterized regarding their chemical composition: nitrides, oxides, borides,
carbides, carbo-nitrides, etc. Coatings chemical composition must be thus selected according to the
application to which they will be subjected [29].

In single-layer coatings, increasing hardness usually results in brittleness, which can cause cracks
formation and propagation [62]. To prevent this propagation, multilayer coatings can be used which
can act as a crack propagation inhibitor [63]. Another aspect related to multilayer coatings,
depending on the characteristics of the layers and materials involved, is that it prevents the
propagation of frictional heat to the cutting tool, significantly reducing the interaction between the
part and the tool, and contributing to a lower residual stress [64]. In addition, since the multilayer
configuration is composed of several layers, different combinations of materials and properties are
possible, and that by combining the advantage of each component, it can result in the optimization
of mechanical processes, tribological properties and ensure the chemical stability of the coating
[62].

2.3. Recent advances in coatings for cutting tools

Itis known that the coatings commonly applied to tools are nitrides, carbides, borides and transition
metal oxides [2]. Table 6 exemplifies some of these coatings.
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Table 6 - Examples of compounds used for cutting tool coating [29]

Chemical Compost Coatings for Cutting Tools
Nitrides TiN, TiAIN, CrN, ZrN, TiSiN, TiAISiN, CrAIN, TiAICrN, CBN;
Carbides TiC, CrC and WC
Borides TiB2
Transition metal oxides Al;03
Others Diamond-Like Carbon (DLC), MoS2 and WC-C

Many recent works made their analysis based on the comparison between coated and uncoated

cutting tools, and with that, it was verified that the coating makes the machining process more
efficient. This have shown also to depend on the type of coatings and the type of material to be
machined. Table 7 summarizes some recent studies on the coatings that have been applied to

cutting tools.

Table 7 - Summary table of studies carried out on coatings applied to cutting tools

Authors

Article abstract

Ucun et al. [65]

In this work, the machinability of the Inconel 718 superalloy was analyzed, through
a tool coated with DLC in dry cutting conditions and changing the feeds and cutting
depths. It was observed that the use of the coating improved the surface roughness,
reduced the formation of burrs, and the Built-up Edge (BUE), which was significantly
higher in the uncoated tool. With these coatings, there was thus a great
improvement in the performance of the machining operation of the Inconel 718
alloy.

Durmaz et al. [66]

Durmaz et al., in their work, used carbide tools coated with TiAISiN, AICrN and TiAIN
films in end mills to evaluate the machining of Impax steel. The TiAIN coating had
better adhesion and lower surface roughness. The TiAISiN coating had the highest
wear, and the lowest wear rate was obtained for the uncoated tool. Furthermore,
among the coated tools, the tool with TiAIN presented the highest wear resistance.

Bohleya et al. [67]

In this study, micro end mills with a diameter smaller than 50 um and coated with
Titanium di-boride (TiB2) were investigated, since B in the coating is known by
reducing the friction in the contact. It was possible to determine the minimum
diameter that the tool must have, so that, the process is still possible, i.e., tools with
a diameter (@) of less than 6 um with a TiB2 layer of 200 nm.

Bjerke et al. [68]

In this study, the chemical degradation mechanisms of Al,Os-coated tools were
analyzed as a wear mechanism, showing that alumina is resistant to chemical
degradation by steel in the absence of oxygen, during the machining operation,
however, it degrades into mixed oxides of the spinel type (Al,Fe)304. Beyond that,
the presence of Ca, Si, Mn, Mg and Fe oxides in contact with the coating was
observed, with MgO being the most aggressive, due to the formation of MgiAl>04
spinel and complete dissolution of the coating. With this study, it will be possible to
predict the possible wear and tear that may occur and take precautions against this
phenomenon.
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Table 7 - Summary table of studies carried out on coatings applied to cutting tools (continuation).

Authors Article abstract

Gobivel et al. [69] Gobivel et al., analyzed chip formation, cutting force, thrust force, temperature and
wear of tools coated with TiN and Al2O3 in machining Ti-6Al-4V alloy. It was
observed that the Al203 coating had lower shear forces as compared to the TiN
coating. In Al203 the predominant wear was abrasion and in TiN flanking at higher
cutting condition. In addition, the Al.0s coated tool had higher interface
temperatures than TiN.

Grigoriev et al. [70]  In this work, the tribological properties, wear resistance, and fracture behavior of
multicomponent nanostructured coatings of Zr-ZrN-(Zr,Cr,Al)N and Zr-ZrN-
(Zr,Mo,Al)N, using Ti-TiN-(Ti,Cr,Al)N as a reference coating, during the turning of
Inconel 718 alloy was studied. As a result, it was verified that the tool coated with
Zr-ZrN-(Zr,Mo,Al)N had a wear resistance of 2.4 times larger than the reference tool.
In addition, the formation of oxides was verified in both test coatings, which
brought a positive aspect to the process.

2.3.1. TiAIN-Based Coating

As the coating to be analyzed in this work is the multilayer TiN/TiAIN coating, this section will be
dedicated to the summary of the main properties of the TiAIN-based coatings. The first coating
system applied to cutting tools was the TiN (Titanium Nitride), which has excellent corrosion and
erosion resistance, high hardness, and can be applied in various ways, such as “magnetron
sputtering”, ion beam depositions, plasma, and CVD [71]. Aluminum was added to these coatings
forming TiAIN (Titanium Aluminum Nitride), which shows better performance in high speed
machining and holds a good oxidation resistance because of the type of oxide layer formed on its
surface [72].

Thus, these coatings are widely used nowadays, and analyzed as object of study of several
researches in different applications [3]. As stated in section 2.2.3, the coatings can be deposited
and formed by different layers, as in the case of TiAl-based coatings, which can be commonly
observed as TiAIN-based monolayers, multilayers or nanolayered coatings. Regarding the first one,
this coating has been deeply analyzed nowadays mainly doped with other elements, aiming to
improve the performance of the tool in the machining process. Table 8 summarizes some studies
regarding the monolayer TiAIN coating.

Table 8 - Summary table of studies carried out on monolayer TiAIN-based coating

Authors Article abstract

Aninat et al. [73] Aninat et al., carried out a comparative study between Ti-Al-N, Ti-Al-Y-N, Ti-Al-Ta-N
and Ti-Al-Ta-Y-N coatings, observing that Y (Yttrium) element increases the hardness
value; the element Ta increases the compressive stress and makes oxidation possible.
Thus, in the case of the Ti-Al-Ta-Y-N coating, in which these two elements were added
to the TiAIN base coating, it is verified that the hardness is related to the element Y,
and the rate of oxidation is due to the element Ta.
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Table 8 - Summary table of studies carried out on monolayer TiAIN-based coating (continuation).

Authors Article abstract

Yang et al. [74] This work evaluated the influence of Mo additions on the properties of TiAIN coatings.
Five different Mo contents were added by magnetron sputtering. In all cases good
adhesion was observed in the WC-Co tool, better wear resistance was observed for
Mo content of 8.3 at.%, due to the formation of molybdenum trioxide and increase
in hardness and Young's modulus as the element content increased.

Yi et al. [75] In this work, the behavior of AITiN-Ni coatings with different concentrations of Ni
(Nickel) and AITiN were compared. It was observed that increasing Ni content, the
hardness decreased, and with a Ni content of 1.5at%, the coating presented high
fracture toughness and adhesion strength, which dropped significantly when
increasing the Ni content to 3at%. Still, Ni content of 1.5at% has provided the coating
with the longest useful life, increasing by 160%.

Liu et al. [76] In this work, the influence of Ru (Ruthenium) addition at various levels on the thermal
decomposition and oxidation behavior of TiAIN coatings was evaluated. The coatings
produced were: Tio.46Alo.54N; Tio.a3Alo.50RuU0.07N and Tio3sAlo.51Ru0.15N. In the latter case,
precipitation of AIN and a drop in hardness are observed, which had a significant
improvement in the second case. Regarding the tool life with the coatings, an
improvement by ~32% through 5 at.% Ru addition was verified, under certain
machining condition.

Regarding multilayered coatings, this is the type of coating most used, given its flexibility and the
possibility of combining properties for different applications [77]. Due to these possibilities, many
studies are focused on this purpose, and TiAIN-based coatings are not excluded from this trend. In
addition, nanolayer coatings, which are also considered multilayer, have, among the coatings
mentioned in this section, the highest resistance to crack propagation, as the crack can be deflected
through the interface of the surface layers.

In relation to recent studies, what is observed is the search for the improvement of the coating
mechanical properties, and with that, many authors make their work based on the addition of
elements, such as Mo, Ta (Tantalum) and Cr (Chromium), which are characterized by improving the
mechanical properties of the coating, such as hardness, resistance to crack propagation and
adhesion. Thereby, Table 9 summarizes some studies regarding the multilayered TiAIN-based
coating.

Table 9 - Summary table of studies carried out on multilayered TiAIN-based coating

Authors Article abstract

Li et al. [78] In this study, TiAISiN coatings with five different multi-layer configurations were
deposited through HiPIMs to evaluate the machining of Inconel 718. The layers
were: single-layer TiAISiN-A (with higher adhesion strength), single-layer TiAISiN-B
(with higher hardness), bilayer, four layers and eight layers. Among the five
coatings, the 8-layer coating had the highest toughness and longer service life. In
general, an increase in toughness and compressive stress was observed, which
brought a positive aspect as it alleviates the damage caused by the impact of the
tool with Inconel 718, which is a high hardness alloy.
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Table 9 - Summary table of studies carried out on multilayered TiAIN-based coating (continuation)

Authors

Article abstract

Comakli [79]

In the present study, ceramic films TiN, TiAIN monolayer and TiAIN/TiN multilayer
deposited by cathodic arc PVD were compared and the resulting properties of the
films were evaluated. The grain sizes of the multilayer film are thinner, more stable,
and harder, and the surface has shown hydrophobic behavior. With this, the author
concluded that the multilayer coating has superior properties.

Li et al. [80]

In this study, multilayer TiN/TiAIN coatings with various numbers of bilayers were
analyzed, to identify the influence of the number of bilayers on mechanical
properties and corrosion behavior. It was found that by increasing the number of
bilayers, the resulting hardness also increased, reaching 3800 HKo.025 in the coating
with twelve bilayers. This same coating showed a tendency to corrode.

Varghese et al. [81]

In this work, Varghese et al., analyzed the wear performance of the multilayer
TiAIN/NbN coated tool in dry end milling of AISI 304 austenitic stainless steel.
Microchipping and coating peeling were observed during the machining operation,
which may have occurred due to the lack of lubricant in the process.

Zheng et al. [82]

In this study, the antifriction characteristics, and the wear mechanisms of the
TiAIN/TiN coated tool in high strength steel (300 M steel) were evaluated. As a wear
mechanism, the authors observed adhesion, abrasion, chipping, and coating
delamination. This wear may have been caused due to the high operating
temperature. An important aspect in this work was the formation of oxide films on
the worn surface, which was responsible for the lubrication of the process, as it
prevented the direct contact of the tool with the part.

Wang et al. [83]

In this study, TiN/TiAIN coating was characterized based on its mechanical
properties, after cathodic arc deposition. The authors identified that the ideal
thickness of the layers, i.e., the one in which the best mechanical properties were
obtained, was 13 nm. The main highlight in this study is the resistance to crack
propagation, which was improved due to the thin layer thickness, and also improved
the coating wear behavior.

Pshyk et al. [84]

Pshyk et al., in their study, evaluated (TiAISiY)N nanocomposite and (TiAISiY)N/MoN
nano-scale multilayer coatings. The (TiAISiY)N/MoN nano-scale multilayer coating
had 10 nm layers thickness. The authors observed that the multilayered coating had
the preferred orientation, and better wear performance. On the other hand, the
mechanical properties of the multilayered coating were better.

Geng et al. [85]

In this work, TiSiN/AITiN multilayer film was deposited by cathodic arc evaporation
technique and the microstructure, mechanical properties, high temperature wear
rate and milling performance of the multilayer film were analyzed. The tool was
tested on dry milling of SKD 11 tool steel. The hardness and elastic modulus
obtained are 41.7 £ 1.6 GPa and 340 t 17 GPa, respectively. The authors noticed an
increase in the wear rate with increasing temperature, however, the presence of
the film decreased the adhesion of the tool material to the machined material,
increasing the cutting tool lifespan.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING

MILLING OF INCONEL 718



36 2. STATE-OF-THE-ART

2.4. Wear mechanisms associated with cutting tools

Firstly, it is known that tool wear is related to its performance, being the main indicator of tool
lifespan. The more the tool wear the shorter the lifespan is [29]. In machining, it can be said that
wear is caused through interactions between the tool, the part to be machined and the chip
generated during machining [2]. As the part to be machined can be composed of different materials,
as well as the tool, and the parameters can vary from process to process, the wear mechanism can
be observed in different ways and differs from case to case, being an important aspect that touches
on the optimization and improvement of machining processes [3].

The tools, therefore, can experience abrasive wear, mechanical wear, adhesive, chemical and
thermal wear. Within these mechanisms, there are types of wear, for example flank wear is abrasive
wear, built-up edge is adhesive, among others. Table 10 summarizes the mechanisms and the
respective types of wear, and its corresponding description [13]. Figure 9 illustrates the aspect of
some types of wear whose can be found in cutting tools [86].

Table 10 - Mechanisms, types, and description of wears [84]

Type of wear Description

Wear caused by abrasion between material and tool. Very common
Flank wear wear that generally does not affect the life of the tool, which
remains functional.

Chipping occurs when the machining parameters have not been
Chipping correctly selected, or due to chip yielding, which causes a
compressive stress load above the supported limit.

It occurs due to the formation and propagation of microcracks in
Notch wear the flank and face of the tools, resulting in fractures in the cutting
edge.

As the machining process is carried out at high pressures, the
Built-up edge material may weld on the tool, and this generates problems in the
final quality of the machined part.

Crat Wear due to chemical reaction that takes place between the
rater
material and the leading edge of the tool.

. As temperatures increase during the machining process, the tool
Deformation ] ]
undergoes plastic deformation.

Fractures perpendicular to the cutting edge due to sudden
Fracture temperature changes can occur in the tool during the machining
process.
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Flank Wear Crater Notch Wear

(a) (c)

Thermal Fracture Chipping

(d) (e)

Figure 9 - Wear types occurring in cutting tools during machining operations: (a) flank wear; (b) crater; (c)
notch wear; (d) thermal fracture; and (e) chipping. Adapted from [86]

Thus, the tool wear mechanisms can be an indicator that the process parameters are not well fitted
and must be improved and optimized, or even, changing the type of coating, and adjusting the
parameters for this new coating [29]. Thus, analyzing the wear of the coated tool is also a great way
to optimize the process, and even further increase the tool life. When tools are coated, they can
suffer the same wear mechanisms as described above, and in addition, they present coating wear
mechanisms, such as delamination, cracking and chipping of the coating itself [2]. Figure 10
illustrates an adhesive wear on a coated tool [87], and Figure 11 illustrates a flank wear and crater
wear of CVD TiN/TiCN/Al,O3 [58].

$3400 15.0kV 13.3mm x2.00k SE '20.0um

Figure 10 - Adhesive wear on a coated tool. Reproduced from [87].
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Figure 11 - Wear of CVD TiN/TiCN/Al2Os: (a) Flank wear (b) Crater wear. Reproduced from [58].

Therefore, studies have been carried out on the wear mechanisms of different coatings to be used

in machining operations. Table 11 shows some studies related to the milling process, which is the

operation analyzed in this work. It is important to note the different wear patterns that the coatings

in these studies suffered. The machining parameters used are related to the tool life, and as wear

increases, the performance of the coating decreases until failure of the cutting tool is observed.

Table 11 - Summary table of studies carried out on wear mechanisms in milling tools

Authors

Article abstract

Martinho et al. [88]

In this work, the wear present in tools with diamond coated SisNs, and without
coating was analyzed, showing that the wear mechanisms present in all cutting
conditions were of mechanical, adhesive, and chemical origin, i.e., abrasion,
adhesion, and diffusion. However, the authors found that the useful life of diamond
inserts was longer.

Liu et al. [89]

Liu et al., based on previous results of their work, analyzed the effects of cutting
speed on tool life, wear mechanism and surface quality of parts in uncoated and
CrAIN and TiAIN PVD coated SisNs tools at high-speed face milling of gray iron at
various cutting speeds ranging from 600 m/min to 1500 m/min. The results showed
that at lower speed the life of the coated cutting inserts decreased with increasing
cutting speed, and on the other hand, when reaching a certain value of cutting
speed, the tool life increased with the increase of this cutting speed. Abrasive wear
was observed, and at the end of the tool life, adhesive wear was observed along
with the abrasive wear. Furthermore, an important aspect was that the adhesive
wear suffered by the TiAIN coating was more significant than that of CrAIN.

Bandapalli
(87]

et

al.

In this study, PVD AITiN and TiAIN coatings in high-speed micro milling of Titanium-
Grade 12 were analyzed and the results compared with uncoated tungsten carbide
tools. It was verified that the uncoated tools had a better performance than the
AITiN and TiAIN coated tools, being verified mechanisms of diffusion, oxidation,
adhesive and abrasive wear, and delamination of the coating.
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Table 11 - Summary table of studies carried out on wear mechanisms in milling tools (continuation)

Authors

Article abstract

Zuo et al. [90]

In the work by Zuo et al., a comparison of the wear mechanism was made among
different cutting speeds (200 m/min, 400 m/min, 600 m/min, 800 m/min and 1000
m/min) in machining Be/Cu alloy with cemented tungsten carbide tools coated with
PVD TiAIN. At 400 m/min, notch wear in the cutting edge and built-up edge was
observed; at 600 m/min, built-up edge, notch wear and adhesive damage were
observed, at 800 m/min Built-up layer and adhesive damage, and at 1000 m/min,
built-up edge, notch wear and adhesive damage were reported, which shows that
wear is influenced by cutting speed. For example, at higher speeds, the process
temperature increases, and with that, above 600 m/min, adhesive wear appears,
which according to the authors, wear and adhesive effects come from the
thermomechanical effect.

Sousa et al. [91]

In the following work, a comparative analysis was carried out and the influence of
cutting length and feed rate on the wear and performance of the tools in milling
operations of AMPCO (Cu-Be) Alloy was evaluated. The analysis was performed with
end-mill tools coated by multilayer DLC/CrN and uncoated solid-carbide. It was
observed that both tools showed abrasion wear and material adhesion, and the
coated tools presented more material adhered to their surface. Delamination and
cracking of the coating were observed, with increasing cutting length.

Ni et al. [92]

In this work, the wear mechanism of PVD TiAIN coated cemented carbide was
evaluated when milling Ti-6Al-4V, by three processes: conventional milling, UVAM
(ultrasonic vibration assisted milling) and this process aided by MQL (minimum
quantity lubrication). It was verified that this last method conferred to the
machined material the best quality surface finish and even with wear (adhesive and
chipping) had better performance. In conventional milling, a large amount of
adhesive wear was observed, including small amounts of Ti (titanium) adhered to
the tool. In the second process, the greatest damage observed was chipping.

Kumar et al. [93]

Kumar et al., in their work, compared different coated cutting tools (TiSiN, Al>Os,
Al203+ZrN) with commercially available tools (TiCN, TiAIN), for LAMM (laser-assisted
micro-milling). Delamination was the main wear mechanism for tools coated with
TiCN, TiSiN and Al203, showing that the wear performance of tools coated with
TiAIN and Al203+ZrN was superior.

Caliskan et al. [94]

In this study, the wear behavior and cutting performance of carbide cutting tools
coated with AITiN/TiN and TiAISiN/TiSiN/TiAIN in face milling without lubrication of
AISI 02 tool steel was investigated, and it was verified that the main wear
mechanism was abrasive and oxidative wear, being the better adhesion to the
substrate provided by the AITiN/TiN coating, as well as a greater wear resistance in
the milling process.

Chang et al. [95]

In this work, the performance of TiAIN, CrAISiN and TiAISiN coatings on the wear
behavior and cutting performance of the carbide cutting tools in the machining of
Ti6Al4V alloy was analyzed. Adhesive and abrasive wear were found for the TiAISiN
and, TiAIN coated- and uncoated tools, however, the TiAISiN nanocrystalline
coatings caused the wear to be slower compared to the TiAIN coated tools. In turn,
CrAlSiN coatings showed high wear resistance in this case, being therefore superior
to other coatings and having better cutting performance and tool life.
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Table 11 - Summary table of studies carried out on wear mechanisms in milling tools (continuation)

Authors Article abstract

Kursuncu et al. [96]  In this study, the magnetron sputtering method was used to deposit a multilayer
coating of TiAISiN/TiSiN/TiAIN, and then to analyze the wear mechanism that the
tools presented during the face milling process of the Inconel 718 under dry
conditions. Abrasive and adhesive wear were verified as the main wear
mechanisms, and when comparing the coated tools with those without coatings, it
was noticed that the coated tools had better wear resistance, 1.7 times longer tool
life and a smoother surface on the material.

2.4.1. Tool Lifespan

Based on the possible main types of wear mechanisms and the failure methods of the tool, Table
12, correlates the potential cause of the wear mechanism to occur, and how the tool would
eventually fail [29].

Table 12 - Main types of wear mechanisms, with the potential cause to occur, and failures modes.
Adapted from [29]

Main types of Wear

. Potential Cause Failure Mode
Mechanisms
. High material hardness, dry Fracture, Crater formation,
Abrasive Wear . . R
conditions Coating delamination

High temperatures during the L .
] o ) Delamination, Edge build-up,
Adhesive Wear machining process, Metallurgical
e . Notch wear
affinity, soft material

Conditions of the process,
L including dry condition, material .
Chipping . . Crater formation
with high hardness, crack

propagation

Delamination Crack propagation Fracture, spalling

As seen in Table 12, the wear caused by machining on the tool and its coatings causes the tool life
to decrease, which can, for example, cause high replacement or maintenance costs. Based on this,
and with a view to reducing operating costs, many works have emerged as a way to improve the
useful life of machining tools, through process optimization and product quality improvement [97].
Furthermore, it is known that the main parameters able of influencing the wear mechanisms in the
milling operation are cutting speed, feed rate, machining temperature, vibrations, cutting forces
and cooling/lubrication conditions [98]. Another important aspect when considering tool life is the
design of the coatings applied, such as monolayer coatings, multilayer coatings, nanostructured
coatings or diamond coatings, since the mechanical properties and chemical composition of these
coatings will impact the tool's performance, and each design has their own properties and
characteristics [29].
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Thus, when comparing the different types of design among themselves, different wear mechanisms
and tool life are observed. For example, multilayered coatings have a higher resistance to crack
propagation compared to monolayer coatings, thus providing them with a better wear resistance,
and, consequently, longer life [29]. In turn, nanostructured coatings compared to multilayer
coatings have a longer life due to their excellent mechanical properties [99]. Diamond coatings have
shown promising properties, with the highest wear resistance due to their high hardness value, and
they can have monolayer or multilayer designs [100]. At this point, it is important to note that there
are some exceptions, emphasizing the importance of knowing the right coating for the certain
application, as is the case, for example, of having a monolayered coatings with a higher tool-life
compared to a multilayered coating [101]. There are many recent studies on improving the life of
machining tools, as shown in Table 13.

Table 13 - Summary table of studies carried out on tool lifespan.

Authors Article abstract

Sortino et al. [101] In this work, AICrN, TiSi-based, ZrN monolayered coatings; AICrN-based and TiCN
multilayered coatings; TiAIN nano-based coating and a PCD were studied, in order
to analyze tool lifespan, since in Nickel-coated Nickel-Silver machining, the nickel
coating improves wear resistance and gloss of the product (winder keys). However,
the same coating makes the milling operation difficult, and the life of the cutting
tool is reduced. The PCD tool presented the best result, and the AICrN coating, with
a maximum lifetime of 200 minutes, showed the lowest result.

Vereschaka et al. Inthe work carried out by Vereschaka et al., the microhardness, substrate adhesion

[102] strength and tool lifespan of a multilayer cutting tool coated with nanostructured
Ti-TiN-(Ti,Al,Cr)N were analyzed. For comparative purposes, the layers had different
thicknesses (t): 2.0, 3.0, 5.0, 6.0 and 13.0 um. Machining (longitudinal turning) was
performed on AISI 321 steel, at various cutting speeds (85, 100, 120 and 150
m/min), showing that 6 um is the ideal thickness for the coating. Furthermore, the
authors showed that at a higher thickness (13 um) and with increasing cutting
speed, tool life has a marked decrease, and in coating thicknesses between 2.0-6.0
pum there was a decrease in wear resistance with increasing cutting speed.

Oganyan et al. [103] In this study, the Ti-TiN-(Ti,Cr,Al)N and Zr-ZrN-(Zr,Cr,Al)N coatings in VT20 titanium
alloy milling with end mills were analyzed and compared with tools without coating.
As for wear resistance, it was found better resistance of the Zr-ZrN-(Zr,Cr,Al)N
coating to crack formation and brittle fracture compared to the Ti-TiN-(Ti,Cr,Al)N
coating. In addition, when comparing the tool life, it was found that the tools
provided with coating had a tool lifespan 2.5 to 3 times longer compared to the
uncoated tool lifespan, and the Zr-ZrN -(Zr,Cr,Al)N coating had a longer tool lifespan
than the Ti-TiN-(Ti,Cr,Al)N coating.

Aurich et al. [104] Aurich et al., evaluated the relationship between the diameter of cutting tools (50
pum, 25 um, 12.5 um and 6 um) and tool life in tools coated with a 200 nm thick layer
of TiB2 in micro-milling of pure titanium. Longer tool lifespan has been found when
coating the tools, especially for the smallest diameters, 12.5 um and 6 um. Under
these two conditions, the positive impact of coatings hence compensates the
negatives. The authors suggested that this positive influence of coatings on small
diameters is related to the increase in the proportion of the coating volume
compared to the carbide volume.
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Table 13 - Summary table of studies carried out on tool lifespan (continuation)

Authors

Article abstract

Zhang et al. [105]

In this work, two types of coatings were compared and evaluated in face milling of
316L stainless steel: TiN/MT-TiCo.7No3/TiCNO/a-Al,03 (cm-Al>O3 based) and PVD
nano-multilayered AlossTio.ssN/TiN (pn-AITiN based). The result showed that the
coating based on pn-AlITiN has greater wear and delamination resistance, and the
tool life is 2.1 times longer than that of the coating based on cm-Al;0s. In addition,
the coatings showed edge chipping as predominant wear, which is the fatigue
failure mechanism.

Beake et al. [106]

In the following work, the wear resistance of end mill tools coated with AICrN-TiAIN
and AITiN, both deposited via PVD, in H13 tool steel machining, was analyzed. The
study showed that the tool life, when compared to the AITiN coating, improved by
100% when the AICrN-TiAIN bilayer coating was used. In addition, the wear
mechanisms observed were chipping from thermal fatigue and crater wear
accompanied by build-up edge. Furthermore, the authors verified that the
performance of the tool is related to the micromechanical properties of the
coatings, since in the microscratch test the AICrN-TiAIN coating had a superior
integrity in relation to the AITiN coating. With this, it was verified how the use of
bilayer coatings are beneficial, resulting in better process stability, and generating
superior performance with regard to wear resistance in H13 machining.
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3. MATERIALS AND METHODS

In this chapter, the materials used will be presented as well as the methods that were approached
for the execution of this work. For this, the chapter is divided into two subchapters, 3.1. Materials
and 3.2. Methods.

3.1. Materials

In this subsection, all the materials used to carry out this work are presented. Those materials are:
the base material that was machined, its shape, mechanical properties and chemical composition,
and the cutting tools, emphasizing the material of the substrate and coating, and its geometry.

3.1.1. Machined Material

The material that was machined was the Inconel 718 alloy, which have a wide variety of
applications, especially in areas such as chemical industries, marine, nuclear engineering [107],
automotive, aeronautical and aerospace industries, due to its high mechanical strength, resistance
to creep, and resistance to corrosion and oxidation [108]. This alloy displays high mechanical
strength at elevated temperatures, of up to 650 °C [109], high hardness, low thermal conductivity,
and tendency to work hardening at room temperature. However, these properties together make
it an alloy that is difficult to machine, a process for which it is extremely important to produce
engine parts and aircraft components [110].

Furthermore, this alloy tends to adhere to the surface of cutting tools, generates high cutting forces
and raises the process temperature, which can reach around 1100 °C [111]. In addition, a significant
number of hard carbides are observed in its final metallurgical structure, mainly Titanium Carbide
(TiC) and Niobium Carbide (NbC). These carbides are responsible for the high abrasive behavior
during the machining process, which increases the wear suffered by the tool, and the tendency to
occur premature cutting failure [112]. Elements such as nickel, chromium, iron and traces of
niobium, molybdenum, titanium, and aluminum can be found on the chemical composition of the
Ni alloy. The composition of the Inconel 718 alloy in wt% is shown in Table 14.

Table 14 - Inconel 718 chemical composition (wt%).

Element Percentage (wt%)
Nickel 53.89
Chromium 18.05
Iron 17.78
Niobium 5.35
Molybdenum 2.90
Titanium 0.96
Aluminum 0.51
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Other elements in smaller percentage (wt%) are also observed such as cobalt (0.20), copper (0.10),
silicon (0.08), manganese (0.078), boron (0.039), carbon (0.023), phosphorus (0.010), nitrogen
(0.0070) and magnesium (0.0017). Furthermore, the presence of residual elements such as Ag, Ca,
Pb, Bi, Sand O can be observed. It is observed that in the alloy structure, the elements are dispersed
through the nickel y matrix in a face-centered cubic lattice (FCC) [108].

The workpiece was supplied in the form of a round bar with a diameter of 158 mm and underwent
the following heat treatment: (1) solution annealing at 970 °C, followed by quenching in water; (2)
precipitation hardening at 718 °C for 8 hours, oven cooling at 621 °C for 8 hours, and air cooling. As
the initial bar supplied was 1 meter high, it was necessary to cut it with a band saw into 32 mm
height sections. The material’s mechanical properties are presented in Table 15.

Table 15 - Inconel 718 mechanical properties.

Material property Value

Yield strength [MPa] 1188

Tensile strength [MPa] 1412
Elongation [%)] 15
Hardness [HBW] 441

3.1.2. Substrate and tool geometry

The cutting tools used in the tests were end mills, composed of Tungsten Carbide (WC-Co) grade
6110, which has an average grain size of 0.3 um. In addition, Cobalt (~6 wt%) was used as a binder.
The tools were provided by the company INOVATOOLS, S.A. (Leiria, Portugal). The tool geometry is
shown in Table 16.

Table 16 - Machining tool geometry

Tool geometry Value
Cutting diameter 6 mm
Maximum cutting depth 13 mm
Total length 57 mm
Chamfer 45°,0.20 mm
Helix angle 35°/38°
Rake angle 12°
Clearance angle 10°
Number of flutes 4
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3.1.3. Coating

The coating used was the multilayer TiN/TiAIN, deposited by HiPIMS process using a CemeCom
CC800/HiPIMS equipment. The deposition parameters, as well as the methodology used will be
explained in section 3.2. This coating is known to be promising in the machining of Inconel 718, due
to the formation of Al,O3 protective films between the coating and the material to be machined,
which can help reduce wear and prevent premature failure of the cutting tool [113].

In addition, this coating has good wear and oxidation resistance. Because it is a multi-layer coating,
the surface properties of the coating tend to be superior and beneficial for milling difficult-to-
machine materials [114]. For example, in the work by Chen et al. [115], the performance of TiAIN
single-layer and TiN/TiAIN multilayer coating was compared, showing that TiN/TiAIN multilayer
coating gives high hardness value, that is, it had a superior performance to the single-layer coating.

Inturn, Adesina [116] compared the tribological properties of TiN/TiAIN, CrN/TiAIN and CrAIN/TiAIN
bilayer coatings deposited by cathodic arc PVD with thin and thick TiIAIN monolayer coatings at 500
°C. As a result, it was observed that the hardness, modulus of elasticity and wear resistance of the
bilayer coatings were higher, which may be associated with the formation of the oxide layer and
improved adhesion of these coatings. In addition, Hsieh et al. [117], developed TiN/TiAIN multilayer
coatings in three different modes varying shutter control, power supply control and rotational stage
control using unbalanced magnetron sputtering. These multilayer TiN/TiAIN coatings were found
to have lower wear rate than single-layer TiAIN, and in some cases, lower wear rate than single-
layer TiN, with varying sliding speeds.

Thus, the tools were coated with a TiN/TiAIN multilayer coating after the substrate machining
process. At this point it is important to highlight that before the coating process, the tools were
subjected to a cleaning operation. Figure 12 illustrates a cutting tool coated with TiAIN/TiN
multilayer coating.

Figure 12 - Cutting tool coated with TiN/TiAIN multilayer coating.

3.2. Methods

In this subsection, all the methods applied to carry out this work will be presented, that is, the PVD
process of deposition of the multilayer coating, the machining parameters, characterization of the
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thickness and morphology of the coating, hardness, adhesion, state of stress, roughness, wear
mechanisms, cutting forces and tool lifespan analysis.

3.2.1. PVD Coating

As previously mentioned, the deposition of the TiN/TiAIN multilayer coating was performed by the
PVD HiPIMS process using an CemeCom CC800/HiPIMS equipment, with four target holders. The
adopted deposition parameters can be observed in Table 17. These parameters were selected from
successful experiments performed before on similar substrates.

Table 17 - Parameters for deposition of TiN/TiAIN tool coatings.

Deposition parameters TiN layer TiAIN layer
Deposition time [min] 40 260

Reactor gases Ar* + Kr + N2 Ar* + Kr + N2
Target amount/composition 2/Ti 2/TiAl
Pressure [MPa] 580 580
Temperature [°C] 450 450

Bias voltage [V] -110 -110

Target current density [A/cm?] 20 20

Holder rotational speed [rpm)] 1 1

The deposition of the coating by HiPIMS process was carried out through the following procedure:
(1) opening the obturators of the two pure titanium targets, resulting in the deposition of the first
thin layer of TiN; (2) closing of these obturators and opening of the TiAl targets, resulting in the
deposition of the outer layer of TiAIN. This layer was thicker than the TiN layer. After deposition of
the coating, the tools were packed, and the cutting area was no longer handled. Other deposition
conditions can’t be here disclosed since they were produced in coater enterprise.

3.2.2. Milling equipment and conditions

Machining tests were performed using a milling center of three axes to machine, CNC machining
center HAAS VF-2 (HAAS Automation, Oxnard, CA, USA), with a maximum speed of 10.000 rpm and
a maximum power of 20 kW. The equipment has a table with 914 mm long and 356 mm wide. The
machine is located in the Mechanical Technology Laboratory of the Mechanical Engineering
department of Instituto Superior de Engenharia do Porto (ISEP). Figure 13 illustrates the equipment.
A spiral milling strategy was chosen, as the workpiece was supplied in circular geometry. With that,
the milling was done from the center towards the periphery. Based on this strategy, the radial depth
of cut was kept constant, in order to mitigate phenomena related to wear that could appear as a
result of changing this parameter throughout the test. In addition, tests were performed using
cutting fluid with 5 % oil in water, Alusol SL 61 XBB, which is a semi-synthetic metalworking fluid,
that has 35 wt% of mineral oil content, with boron, formaldehyde releasing agent and surface
finishing additives.
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Figure 13 - CNC machining center HAAS VF-2 (HAAS Automation, Oxnard, CA, USA).

To fix the Inconel 718 workpiece, a self-centering bushing with three jaws, Bison 3575 (BISON-BIAL,
Bliesk Podiaski, Poland), was used, as shown in Figure 14. In addition, the tools were fixed to the
equipment using an ISO40 DIN69871 cone, an ER32 H70 collet holder, an ISO 7388-2 tie rod and an
ER DIN 6499 collet. Tool clamping when measuring cutting forces will be explained in section 3.2.9.
Characterization of cutting force measuring equipment.

Figure 14 - Assembly of the Inconel 718 part to be machined.

To determine the zero of the machining tool in relation to the surface of the workpiece in the
machining center, a contact probe with optical transmission, from Renishaw (United Kingdom,
England), model OMP40, was used (Figure 15). The probe was placed in the machining center, as
close as possible to the center of the part, the approximate values of X and Y being assigned in the
program, and the height of the probe tip to the workpiece surface, making it possible to determine
the initial position of the axes X, Y and Z.
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Figure 15 - Contact probe with optical transmission, from Renishaw (United Kingdom, England), model
OMP40

Regarding the milling parameters, these were initially chosen from the tool’s substrate provided,
however, with the performance of some preliminary tests to confirm these parameters, some
changes had to be made for the success of the process. For example, for the axial cutting depth (ap)
values of 0.2 mm and 0.1 mm were selected. However, these values caused the tool to fail and
break shortly after the initial plunge. Based on this, axial cutting depth had to be gradually reduced
until reaching the value of 0.08 mm, in which it was verified that the tools were able to reach the
end of the tests even at higher cutting lengths.

The parameters that varied in the tests were feed per tooth, cutting length, and cutting speed.
Regarding the feed per tooth, the center value (100%) was 0.0700 mm/tooth, and varied 25 % for
less, and 50 % for more. For the cutting length, the values of 5 and 15 m were selected, in order to
verify the progression of wear in different cutting lengths, as well as the resulting surface
roughness. The same happened with the cutting speed, in which three values of this parameter
were fixed, 75 m/min, 100 m/min and 125 m/min, making it possible to verify the influence of the
parameters in the milling of Inconel 718. Furthermore, as the tool diameter was 6 mm, the value of
the radial depth of cut (ae) was 75% of this value, i.e., 4.5 mm, and kept constant in all conditions.
All parameters and test conditions are shown in Table 18.

Table 18 - Parameters selected for the tests.

Reference Vc [m/min] fz [mm/tooth] Cut. Length [m] ap [mm] ae [mm]
S75F75L5 75 0.0525 5 0.08 4.5
S75F75L15 75 0.0525 15 0.08 4.5
S75F100L5 75 0.07 5 0.08 4.5
S75F100L15 75 0.07 15 0.08 4.5
S75F150L5 75 0.105 5 0.08 4.5
S75F150L15 75 0.105 15 0.08 4.5
S100F75L5 100 0.0525 5 0.08 4.5
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Table 18 - Parameters selected for the tests (continuation).

Reference Vc [m/min] fz [mm/tooth] Cut. Length [m] ap [mm] ae [mm]
S100F75L15 100 0.0525 15 0.08 4.5
S100F100L5 100 0.07 5 0.08 4.5
S100F100L15 100 0.07 15 0.08 4.5
S100F150L5 100 0.105 5 0.08 4.5
S100F150L15 100 0.105 15 0.08 4.5
S125F75L5 125 0.0525 5 0.08 4.5
S125F75L15 125 0.0525 15 0.08 4.5
S125F100L5 125 0.07 5 0.08 4.5
S125F100L15 125 0.07 15 0.08 4.5
S125F150L5 125 0.105 5 0.08 4.5
S125F150L15 125 0.105 15 0.08 4.5
S75F75L25 75 0.0525 25 0.08 4.5
S125F150L25 125 0.105 25 0.08 4.5

As can be seen, the last two conditions were performed at 25 meters of cutting length. These two
conditions were selected based on minimum and maximum conditions, i.e., 75 m/min cutting speed
and 0.0525 mm/tooth; and 125 m/min cutting speed and 0.105 mm/tooth, respectively.

3.2.3. Characterization of the thickness and morphology of the coatings

In order to characterize the thickness and morphology of the coating, it was necessary to proceed
with the preparation of three samples through the techniques of cutting, embedding, grinding and
polishing. For this, a tool was cut to analyze its cross-section. This cut was made using a Struers
Minitom diamond blade saw (Struers, Inc., Cleveland, OH, USA). Then, the sample was embedded
in thermosetting resin to aid in the grinding and polishing steps. The inlay was made with Struers
Pedopress hot pressing equipment (Struers, Inc., Cleveland, OH, USA). As the substrate material is
a high hardness material, the wear of the resin may be greater than the sample. To avoid this
problem, the samples were embedded with two sections of tungsten carbide from an uncoated
area of the tool, which would make the wear more uniform in the next step. Figure 16 illustrates a
sample embedded in thermosetting resin with two sections of tungsten carbide.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



50 3. MATERIALS AND METHODS

Figure 16 - Sample embedded in thermosetting resin.

With that it was possible to start the grinding process. The samples were polished to obtain a flat,
mirrored surface with low average roughness. In this step, silicon carbide (SiC) sandpaper was used.
It started with 220 grit, followed by 550, 800 and 1200 grit sandpaper. The change to the next
sandpaper was performed only when all the scratches in the sample were unidirectional, and cross-
cutting risks were eliminated. Continuing the preparation of the samples, they were submitted to
the polishing stage. The samples were polished for approximately 15 minutes, when it was not
possible to observe any scratches on the samples, with two types of diamond paste with different
average particle sizes, 3 um and 1 um.

The scanning electron microscopy (SEM) technique was used to characterize the thickness and
morphology of the coating. For this, an FEIl QUANTA 400 FEG scanning electron microscope was
used (FEl, Hillsboro, OR, USA), equipped with an EDAX Genesys Energy Dispersive X-Ray
Spectroscopy microanalysis system, which allowed the chemical characterization of the samples.
EDS analyzes were performed using a beam potential of 15 kV, being sporadically reduced to 10 kV.
It is important to point out that the increases used were the same for all samples, thus allowing a
comparative analysis between them. The thickness of the coating was measured in several regions
of the cross section, and an average of the values were used.

3.2.4. Characterization of the roughness of machined surfaces

Regarding the roughness of the machined surface, this was measured using a Mahr Perthometer
M2 profilometer (Mahr, Gottingen, Germany), Figure 17, and following the DIN EN 1SO 4288:1996
[118]. A cut-off of 0.8 mm and measuring length of 5.6 mm was used, and measurements were
taken in the radial and tangential direction (relative to the machining direction).
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Figure 17 - Mahr Perthometer M2 profilometer

In addition, variation was observed in the values obtained in the center of the workpiece and on
the periphery, taking a minimum of five measurements in different areas. With this, it was
determined the arithmetic average roughness value (Ra). Thus, it was possible to evaluate the
stability of the milling process, the performance of the tool and its correlation with the resulting
wear in each tested condition.

3.2.5. Characterization of wear mechanisms

The wear suffered by the machining tools was evaluated through the SEM analysis. Beforehand,
however, the tools underwent ultrasonic cleaning with acetone as a cleaning agent, to remove all
impurities present in the substrate. This cleaning was done in two stages: (1) 10 minutes and (2)
acetone change and cleaning for 5 minutes. These two steps were carried out using the J.P Selecta
ultrasonic cleaning equipment, as shown in the Figure 18.

Figure 18 - Equipment used for ultrasonic cleaning of tools.

Then, all tools were subjected to SEM analysis. With this, it was possible to verify the wear
mechanisms, and thus, perform the measurement of this wear, according to the ISO 8688-2:1986
[119]. This standard recommends analyzing the presence of all wear phenomena and adopting as a
life criterion the one that has the greatest influence, that is, it is necessary to analyze the influence
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of the milling parameters on the type of wear generated. Figure 19 details the types of flank wear
(VB1, VB2 and VB3) on a tool's cutting edge, according to the ISO 8688-2:1986 [119].
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Figure 19 - Types of flank wear on end-milling cutters. Reproduced from [119]

Thus, it can be seen in Figure 19:

e VBI1 (uniform flank wear): constant and uniform wear present on a large part of the tool
flank;

e VB2 (non-uniform flank wear): is wear with an irregular width and that undergoes
dimensional variations in each measured position in relation to the original edge;

e VB3 (localized flank wear): localized wear that occurs in a specific region of the tool flank,
is the maximum wear.

Thereby, the VB3 was selected because the wear present in the tools and observed in the analysis

was the flank wear located close to the chamfer of the tools. Wear measurements were performed
in “Position 1”, shown in Figure 19.

In addition, EDS analysis was used to verify and confirm the possible substrate adhesion
phenomena on the tool. Furthermore, a new tool was used to compare the loss of material and
change in the geometry of the tools in all tested conditions. Rake face (RF) and clearance face (CF)
of all tools were analyzed, making a comparison between them based on the test condition to which
they were submitted. In addition, a reference was created for the four cutting teeth of the tool,
indicating them with the numbers 1 to 4, as shown in Figure 20.
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Figure 20 - Reference used for the tool wear evaluation.

3.2.6. Cutting force analysis

The cutting forces developed during the machining process bring relevant information about the
stability of the process (vibrations and existence of overload) [120], and machinability of the
material [121], being their knowledge essential for making the process optimization [122]. In
addition, the cutting forces correlate with the lifespan of the cutting tool, and the state of the tool
can be monitored during the process [123]. For example, Martinho et al. [124], in their work,
verified the wear behavior of SisNs tools coated with a thin diamond film during high-speed
machining. For this, cutting forces were analyzed, and the authors observed that the cutting speed
does not influence this force, but the feed per tooth has great influence, because when increasing
the feed per tooth, the cutting force also increased.

Thus, for the analysis of cutting forces, a KISTLER 9171A four-component rotary dynamometer was
used, coupled to a KISTLER 5697A1 data acquisition system. This equipment has an ISO 40 DIN
69871 taper, an ER32 H70 collet holder and an ISO 7388-2 tie rod. Figure 21 illustrates the
equipment.

ol

Figure 21 - Equipment used to measure cutting forces: KISTLER 9171A dynamometer.
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The dynamometer allowed the recording of the cutting forces developed in the X, Y and Z axes, and
the torque developed (Mz), through the appropriate software supplied with the equipment. The
cutting force values were obtained for all conditions of feed per tooth analyzed in this work, and
for cutting speeds of 100 and 125 m/min. Thus, the rotary dynamometer was coupled to the spindle
of the CNC machining center, and the cutting tool was fixed to the equipment. The data acquisition
of the cutting forces was selected from the selected spindle rotation speed, allowing to record the
cutting forces generated on the cutting edges of the tools in each rotation performed.

3.2.7. Tool lifespan evaluation

To determine tool lifespan, six conditions were selected, as shown in Table 19. These conditions
were selected according to the cutting speed analyzed in this work, and two feed values (100 % of
fz, and 150 % of fz). The other parameters remained constant: axial depth of cut of 0.08 mm; and
radial depth of cut of 4.5 mm. In addition, the machining tests were performed using cutting fluid
(5 % oil in water).

Table 19 - Conditions selected for tool lifespan analysis.

Reference Vc [m/min] fz [mm/tooth]
S75F100 75 0.07

S75F150 75 0.105
S100F100 100 0.07
S100F150 100 0.105
S125F100 125 0.07
S125F150 125 0.105

The tests were carried out every 5 meters of cutting length, that is, when reaching this value, the
test was stopped, and the wear suffered by the tool was measured. The measured wear was VB3,
and its end-of-life criterion was stipulated according to 1ISO 8688-2:1989 [119]. Thus, the end of
useful life was considered to be a maximum VB3 of 0.5 mm in any individual tooth. The analysis of
the flank wear and its subsequent measurement was carried out with the aid of the Dino-Lite Edge
digital microscope, as shown in Figure 22.
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Figure 22 - Dino-Lite Edge digital microscope.
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4. RESULTS

In this chapter the results obtained in the tests carried out will be presented. Therefore, the chapter
was subdivided into the following subsections: 4.1. Coating’s analysis 4.2. Machined surface
analysis; 4.3. Analysis of cutting forces; 4.4. Wear measurements and characterization; 4.5. Analysis
of wear mechanisms and 4.6. Tool lifespan analysis. It should be noted that sections 4.2.; 4.4; and
4.5. were subdivided according to the cutting speed used, that is, 75 m/min, 100 m/min and 125
m/min, and a section of the analyzed conditions at 25 meters of cutting length.

4.1. Coating’s analysis

The coating was analyzed according to the method described in section 3.2.3. With this, it was
possible to determine the average value of the coating thickness using the SEM analysis, as well as
its chemical composition, by performing EDS analysis. Figure 23 illustrates the measurements
performed to evaluate the total coating thickness, and the zone where the EDS analysis was carried
out to characterize the chemical composition of the coating.
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Figure 23 - Coating characterization: (a) thickness measurement; (b) EDS evaluation zone and (c) EDS
spectrum obtained.
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In Figure 23, the presence of a lighter tone zone can be seen, close to the substrate material of the
tool, referring to the TiN adhesion layer. This layer was deposited before the final multilayer
architecture to improve the adhesion of the final coating to the substrate. For this analysis to be
more conclusive, since it is not so noticeable in the SEM analysis, and could not be evaluated by
direct EDS analysis, as there is interaction of the surrounding elements with those of this thin layer,
the elemental mapping of the samples was carried out. With this, it was confirmed that was a TiN
layer. The base image used for mapping the elements can be seen in Figure 24, and Figure 25
illustrates the mapping of elements.
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Figure 25 - Element mapping: (a) Al distribution, (b) W distribution, (c) Ti distribution and (d) Al, W and Ti
distribution overlapped.

It is noted in Figure 25(d) that Al is present mainly in the upper layer of the coating, and the lower
layer has predominantly Ti. Thus, it can be concluded that this layer was the layer of TiN. In addition,
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regarding the thickness of the coating, this was measured in several regions, thus resulting in an
average value, as shown in the Table 20.

Table 20 — Average thickness values, both TiN/TiAIN coating and of its layers.

Coating Average thickness value [pm]
TiN layer 0.25+0.023 um
TiAIN layer 1.80+0.12 um
TiN/TiAIN (total coating) 2.10+£0.16 um

Based on this, it can be said that this is a multilayer TiN/TiAIN coating, and the TiN layer, deposited
close to the substrate, promotes the adhesion of the coating to this substrate, which makes the
wear resistance and their behavior in machining with better performances.

4.2. Machined surface analysis

To analyze the machined surface, the surface roughness was measured after each tested condition.
This measurement was performed both in the tangential and radial direction, regarding the
machining direction, and no notable difference was observed between the values obtained. For a
better interpretation of the data, the results will be divided according to the cutting speed used, as
well as an analysis with the conditions at 25 meters of cutting length.

4.2.1. Cutting speed of 75 m/min

The results obtained for all conditions tested with a cutting speed of 75 m/min are shown in Table
21.

Table 21 - Average values of surface roughness (Ra) for all conditions tested with a cutting speed

of 75 m/min.

Reference Average Ra value [um]

S75F75L5 0.355 +£0.0098
S75F75L15 0.424 +0.0364
S75F100L5 0.370 £ 0.0566
S75F100L15 0.589 +0.0166
S75F150L5 0.589 +0.0484
S75F150L15 0.615 +0.0539

Observing Table 21, it is verified that when increasing the cutting length, the surface roughness
values also increased. This was already expected for Inconel 718, because even in small cutting
lengths, it already induces high levels of tool wear, that is, this directly influences the surface quality
obtained. In addition, it was verified that the measurements in the center were a little smaller than
in the periphery of the workpiece, which is consistent with the evolution of wear during the test.
Figure 26 illustrates the results obtained for a cutting speed of 75 m/min. The graph is divided into
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two series, one referring to the parameter cutting length of 5 meters (L5) and the other for a cutting
length of 15 meters (L15).
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Figure 26 - Machined surface roughness value obtained for all conditions tested with a cutting speed of 75
m/min.

From Figure 26, it can be seen that for cutting lengths of 5 meters, the greatest influence of feed
per tooth was when it was increased to 150 %. On the other hand, for cutting lengths of 15 meters,
its influence was notable as it was increased from 75 % to 100 %. Therefore, under these conditions,
the maximum value of Ra is obtained for the condition that uses 150% of feed per tooth and 15
meters of cutting length, that is, for condition S75F150L15. In turn, the lowest Ra value was
obtained for the condition with 75% feed per tooth and 5 meters of cutting length, that is,
S75F75L5, but the value obtained for condition S75F100L5 was very close.

4.2.2. Cutting speed of 100 m/min

The results obtained for all conditions tested with a cutting speed of 100 m/min are shown in Table
22 and in Figure 27. It is important to point out that the values obtained in the center of the
workpiece were slightly lower than in its periphery (end of path and greater wear).

Table 22 - Average values of surface roughness (Ra) for all conditions tested with a cutting speed

of 100 m/min.

Reference Average Ra value [pm]

S100F75L5 0.409 £ 0.0588
S100F75L15 0.692 £ 0.0538
S100F100L5 0.452 +0.0521
S100F100L15 0.737 £0.0511
S100F150L5 0.517 +0.0713
S100F150L15 0.637 £0.0703
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Figure 27 - Machined surface roughness value obtained for all conditions tested with a cutting speed of 100
m/min.

From Table 22 and Figure 27, it can be seen that, similar to the conditions at 75 m/min cutting
speed, as the cutting length was increased from 5 meters to 15 meters, there was an increase in
surface roughness. In addition, regarding the feed per tooth, this showed a certain difference from
the previously analyzed condition. In this case, for the tests carried out in 15 meters of cutting
length, there was an increase in the surface roughness when from 75 % to 100 % of the value of
this parameter, however, this value had a slight decrease from 100 % to 150 % of feed per tooth
value. On the other hand, for conditions at 5 meters of cutting length, for smaller values of feed per
tooth, the quality of the machined surface is better than that obtained for larger values of this
parameter. Therefore, for the conditions analyzed at a cutting speed of 100 m/min, the condition
with the lowest resulting surface roughness was S100F75L5, and the highest S100F100L15.
Normally, lower values of feed per tooth result in better quality of the machined surface than that
obtained for higher values of this parameter [125]. In general, increasing the feed per tooth will
affect the quality of the machined surface. Furthermore, this parameter has a high influence on the
roughness of the machined surface [126].

4.2.3. Cutting speed of 125 m/min

The results obtained for all conditions tested with a cutting speed of 125 m/min are shown in Table
23 and Figure 28.

Table 23 - Average values of surface roughness (Ra) for all conditions tested with a cutting speed

of 125 m/min.
Reference Average Ra value [um]
S125F75L5 0.429 £ 0.0509
S125F75L15 0.674 £ 0.0613
S125F100L5 0.502 +0.0415
S125F100L15 0.786 £ 0.0550
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Table 23 - Average values of surface roughness (Ra) for all conditions tested with a cutting speed
of 125 m/min (continuation).

Reference Average Ra value [pm]
S125F150L5 0.596 £ 0.0691
S125F150L15 0.824 £ 0.0947
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Figure 28 - Machined surface roughness value obtained for all conditions tested with a cutting speed of 125
m/min.

It is observed in Table 23 and Figure 28 that, in the same way as in the conditions at 75 m/min and
100 m/min of cutting speed, when increasing the cutting length from 5 meters to 15 meters, the
surface roughness also increases. Regarding the feed per tooth, under these conditions, the trend
is the same as that registered for cutting lengths of 5 meters and 15 meters, and the quality of the
machined surface deteriorates as the value of the feed per tooth increases, that is, the roughness
value obtained is greater when the feed per tooth is greater.

When comparing the cutting speed, the roughness values of the machined surface obtained at 125
m/min of cutting speed tend to be slightly higher than those recorded at 100 m/min of cutting
speed, which in turn is higher than the first analyzed condition. This fact is not commonly observed
and may be related to the sustained wear of cutting tools [127]. Furthermore, when observing the
standard deviation, it seems that it has a higher value for tests performed at 150 % of the fz value,
mainly at 125 m/min. This is indicative of greater sustained tool wear, leading to a difference in
roughness obtained in the center of the workpiece to its periphery (end of path, greater wear)
[128].

4.2.4. 25 meters cutting length

As seen in section 3.2.2., two conditions were analyzed at 25 meters of cutting length. These two
conditions were selected based on minimum and maximum conditions, i.e., 75 m/min cutting speed
and 0.0525 mm/tooth; and 125 m/min cutting speed and 0.105 mm/tooth, respectively. The results
obtained for these conditions are shown in Table 24.
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Table 24 - Average values of surface roughness (Ra) for conditions with 25 meters of cutting

length.
Reference Average Ra value [pm]
S75F75L25 0.676 £0.1812
S125F150L25 0.917 + 0.0606

Figure 29 illustrates a comparative graph of surface roughness as a function of cutting length, with
two series, one with 75 m/min of cutting speed and the other with 125 m/min of cutting speed, so
that it is possible to carry out the analysis of maximum and minimum conditions at 25 meters of
cutting length. In this comparative graph, the value of feed per tooth was 75% fz for cases with 75
m/min of cutting speed, and 150% fz for 125 m/min of cutting length.
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Figure 29 - Machined surface roughness value obtained for all conditions tested with 25 meters of cutting
length.

For the conditions at 75 m/min and 125 m/min of cutting speed, as the cutting length increased,
the quality of the machined surface decreased. Indeed, an increase in surface roughness of the
machined part was observed. This increase in roughness was more pronounced when going from
15 meters of cutting length to 25 meters of cutting length, in the 75 m/min condition, and when
going from 5 meters of cutting length to 15 meters of cutting length, in the condition at 125 m/min.
Furthermore, at 75 m/min, in 25 meters of cutting length, the standard deviation had a significant
value, indicating that the wear on the periphery had different values from the wear on the center
of the workpiece. In addition, as already observed in the previous conditions, and confirming the
analysis, the roughness increased when the cutting speed increased, which is not commonly
observed, but may be related to sustained tool wear [129].

4.3. Analysis of cutting forces

As explained in Section 3.2.6., the cutting forces were recorded for the feed per tooth values
analyzed in this work, and for the conditions with 100 and 125 m/min of cutting speed. As a result,
it was verified that the recorded values were low due to the value of the axial depth of cut of 0.08
mm, which is a value considered low.
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Even with these low values, it was observed that there was a tendency for the cutting force values
to be higher for higher values of feed per tooth (fz). This can be justified due to the increase in chip
thickness and contact area, given the influence of these parameters on the development of cutting
forces [29]. Furthermore, another trend observed in all analyzed conditions was that the values of
cutting force were higher at the end of the test than at the beginning of the test, namely Fy and Fx,
and thus, Fa, due to the increase in tool wear during the test as its geometry is changed through
interaction with the workpiece. In addition, the influence of the cutting speed in these tests in
relation to the cutting force was not verified, possibly due to the small increase in the cutting speed
between the test conditions.

Thus, the variation of the cutting forces in the tested conditions is, and the parameter that had a
greater influence was the feed per tooth, however the variation was very small. The maximum
recorded cutting force value for 0.07 mm/tooth was about 56 N for the Fx force component and 51
N for the Fy force component. These forces decreased by about 8% for smaller values of feed per
tooth and increased by around 10% for higher values of feed per tooth. Furthermore, the increase
in cutting force over the course of the tests was around 4%. Therefore, as said, these variations
were very small, not giving a clear indication that tool wear is increasing the cutting force values
throughout the test.

Furthermore, it is known that sustained tool wear is commonly associated with an increase in
cutting forces for milling processes [130]. Thus, the cutting torque developed was also evaluated.
However, the recorded value was very small, and its behavior was constant throughout the tests.

4.4. Wear measurements and characterization

As explained in section 3.2.5., the measurement of tool wear was carried out in accordance with
the I1SO 8688-2:1986 [119] in the top view of the tools (flank wear, VB3). To facilitate the analysis,
the results will be divided and grouped according to the cutting speed used, as well as an analysis
with the conditions at 25 meters of cutting length.

4.4.1. Cutting speed of 75 m/min

The results of flank wear for the conditions in which 75 m/min of cutting speed were used are
shown in Table 25 and illustrated in Figure 30.

Table 25 - Cutting speed of 75 m/min: average values of flank wear (VB3).

Reference Average VB3 value [um]

S75F75L5 91.01+10.89
S75F75L15 247.57 £42.55
S75F100L5 115.02 + 14.99
S75F100L15 235.92 +29.19
S75F150L5 88.78 + 13.85
S75F150L15 352.97 £91.87
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Figure 30 - Average flank wear (VB3) value obtained for all conditions tested with a cutting speed of 75
m/min.

Table 25 and Figure 30 show the clear influence of the cutting length on tool wear, in which when
increasing the cutting length from 5 to 15 meters, there was a large increase in flank wear.
Regarding the influence of the variation in the feed per tooth on the flank wear of the tools, it can
be observed that for tools with 5 meters of cutting length, the lowest value obtained was for
condition S75F75L5. The wear increased when the feed per tooth also increased to 100 % of fz,
presenting a maximum value in this case, that is, for condition S75F100L5. By varying the feed per
tooth at 150 % of fz, the wear decreased, having a value only slightly higher than in the S75F75L5
condition. On the other hand, when considering 15 meters of cutting length, this same tendency is
not observed. In this case, the lowest flank wear value was obtained for the S75F100L15 condition
and the highest for the S75F150L15 condition, that is, when increasing the feed per tooth from 75%
to 100% there was a decrease in wear, and when increasing from 100% to 150% the wear had a
significant increase.

4.4.2. Cutting speed of 100 m/min

The results of flank wear for the conditions in which 100 m/min of cutting speed were used are
shown in Table 26 and illustrated in Figure 31.

Table 26 - Cutting speed of 100 m/min: average values of flank wear (VB3).

Reference Average VB3 value [um]

S100F75L5 92.67 +10.06
S100F75L15 488.02 +21.80
S100F100L5 89.37 +8.53
S100F100L15 536.60 + 34.61
S100F150L5 75.45+4.91
S100F150L15 471.11+42.13
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Figure 31 — Average flank wear (VB3) value obtained for all conditions tested with a cutting speed of 100
m/min.

Thus, observing Table 26 and Figure 31, the same situation is verified as in the condition at 75
m/min of cutting speed: the flank wear of the tools was influenced by the cutting length, being
greater for the tests carried out for 15 meters of cutting length. That is, when increasing the cutting
length from 5 meters to 15 meters, the resulting wear increases significantly, which is in line with
expectations, since Inconel 718 is a difficult to machine alloy which can generate severe abrasive
wear.

In addition, for the tests carried out with a cutting length of 5 meters, it can be identified that there
was a tendency: the values of VB3 are higher for the tests carried out at 75 % of the feed per tooth,
decreasing with the increase of this parameter. However, this was not verified for the tests carried
out at 15 meters of cutting length, in which the condition that had the most wear was S100F100L15,
and the least S100F150L15. This variation is similar to that recorded for the average Ra values of
the machined surface under these conditions, where the highest values obtained with 15 meters of
cutting length were for 100 % of fz, and the lowest for 150 % of the initial feed per tooth value. This
may be related to the amount of wear presented by the tools, as tools that suffer less wear will
produce a better quality machined surface [131].

4.4.3. Cutting speed of 125 m/min

The results of flank wear for the conditions in which 125 m/min of cutting speed were used are
shown in Table 27 and illustrated in Figure 32.

Table 27 - Cutting speed of 125 m/min: average values of flank wear (VB3)

Reference Average VB3 value [um]
S125F75L5 199.16 + 16.08
S125F75L15 561.93 +39.64
S125F100L5 190.05 + 11.81
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Table 27 - Cutting speed of 125 m/min: average values of flank wear (VB3) (continuation)

Reference Average VB3 value [um]
S125F100L15 545.34 + 23.65
S125F150L5 168.03 + 24.50
S125F150L15 613.55+19.71
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Figure 32 - Average flank wear (VB3) value obtained for all conditions tested with a cutting speed of 125
m/min.

Observing Table 27 and Figure 32, in the same way as for the tests carried out at 75 and 100 m/min
of cutting speed, in this case at 125 m/min, it is also noted that when increasing the cutting length
to 15 meters, the resulting wear has increased significantly, being a parameter that showed to have
a greater influence when it is increased, than the feed per tooth. This is consistent, since even in
small cutting lengths, Inconel 718 already generates significant wear.

Furthermore, the same trend observed in the previous cases, was verified for the tests with 5
meters of cutting length. In this case of 125 m/min: the VB3 values are higher for the tests
performed at 75 % of the feed per tooth, decreasing with the increase of this parameter. Contrary
to what was previously observed, in these cases at 125 m/min and 15 meters of cutting length, the
condition with the greatest wear was the one with 150% fz (S125F150L15), and the one with the
least wear at 100% fz (S125F100L15).

4.4.4. 25 meters cutting length

As seen in section 3.2.2., two conditions were analyzed at 25 meters cutting length: 75 m/min
cutting speed and 0.0525 mm/tooth, and 125 m/min cutting speed and 0.105 mm/tooth. The
results obtained for these conditions are shown in Table 28. Figure 33 illustrates a comparative
graph of the average of the flank wear as a function of cutting length, with two series, one with 75
m/min of cutting speed and the other with 125 m/min of cutting speed, so that it is possible to carry
out the analysis of maximum and minimum conditions at 25 meters of cutting length. In this
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comparative graph, the value of feed per tooth was 75% fz for cases with 75 m/min of cutting speed,
and 150% fz for 125 m/min of cutting length (minimum and maximum conditions).

Table 28 - 25 meters of cutting length: average values of flank wear (VB3).

Reference Average VB3 value [um]
S75F75L25 577.34 £ 20.40
S125F150L25 631.05 + 73.75
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Figure 33 - Comparative graph of the average of the flank wear (VB3) as a function of cutting length.

Observing Table 28 and Figure 33, it is noticed that the two values recorded for 25 meters of cutting
length are similar, being a little higher for condition S125F150L25, which was to be expected. In
addition, it is noted that when considering 75 m/min of cutting speed, there was a large increase in
flank wear at 25 meters of cutting length, and this also increased when the cutting length was
increased from 5 meters to 15 meters. Furthermore, the same trend was observed at the cutting
speed of 125 m/min, however the increase in wear observed between 15 meters of cutting length
and 25 meters of cutting length was not as accentuated, indicating that after a certain range of
length of cut, wear tends to be more constant across its length but greater across its width. So, in
this comparison, as predicted, the condition with the most wear was S125F150L25. It is important
to point out that the average roughness value obtained for the S125F150L15 condition was below
the value for the condition at 25 meters of cutting length, indicating better surface roughness in
conditions of less resulting wear.

4.5. Analysis of wear mechanisms

As exposed in section 3.2.3., the wear suffered by the machining tools was evaluated through the
SEM analysis. As in the previous sections, to facilitate the analysis, the results will be divided and
grouped according to the cutting speed used, as well as an analysis with the conditions at 25 meters
of cutting length.
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4.5.1. Cutting speed of 75 m/min

Figure 34 illustrates the top view of the tools tested at 75 m/min cutting speed, making it possible
to clearly observe the influence of the cutting length on the resulting wear, that is, for longer cutting

lengths, the wear that the tools experience is more severe. This is evidenced by the mean values of
VB3 recorded and previously presented.

(a) (b)

(e) (f)

Figure 34 - Top view of the tools tested at 75 m/min of cutting speed at 500x magnification: (a) S75F75L5,
(b) S75F75L15, (c) S75F100L5, (d) S75F100L15, (e) S75F150L5, and (f) S75F150L15.
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Figure 35 illustrates the rake faces of the tools tested at 75 m/min of cutting speed. It was possible
to verify the impact of cutting length on tool-wear, being S75F150L15 condition which resulted in
more aggressive wear. In addition, it was observed that the wear mark is deeper for tools tested
with higher values of feed per tooth, due to the friction generated in the test and the change in tool
geometry. This is more significative in conditions tested at 15 meters of cutting length.

(e) (f)

Figure 35 — Rake face view of the tools tested at 75 m/min of cutting speed at 220x magnification: (a)
S75F75L5, (b) S75F75L15, (c) S75F100L5, (d) S75F100L15, (e) S75F150L5, and (f) S75F150L15.
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Furthermore, Figure 36 illustrates the clearance face of the tools tested under these same
conditions. When comparing the figures with 5 meters of cutting length, the influence of the
variation in the feed per tooth on the flank wear of the tools is observed, with the S75F100L5
condition being the one that presents the greatest wear, and the S75F75L5 with the least wear. In
addition, it is noted that in the conditions at 15 meters of cutting length, the S75F150L15 condition
presents the greatest wear, and contrary to what was observed with 5 meters of cutting length, in
this case when considering 100% of fz, that is, S75F100L15 the wear was the least.

(a) (b)

(d)

(f)

Figure 36 — Clearance face view of the tools tested at 75 m/min of cutting speed at 500x magnification: (a)
S75F75L5, (b) S75F75L15, (c) S75F100L5, (d) S75F100L15, (e) S75F150L5, and (f) S75F150L15.
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As for the wear mechanism, it can be said that, in the conditions of 75 m/min, were mainly abrasion
wear and adhesive wear. As previously observed for the flank wear values (VB3) of the tools, at
longer cutting lengths (15 meters), the wear was more severe, which makes the wear mechanism
more developed. So, the abrasion wear was detected for all the tests being more significant and
more intense for cutting lengths of 15 meters. This type of wear is common when machining Inconel
718 [112]. Figure 37 illustrates the abrasive wear that occurred in the process.

Abrasive wear Abrasive wear

(a) (b)

Figure 37 - Abrasive wear: (a) Clearance face (CF2) of S75F75L5 at 2500x magnification and (b) Clearance
face (CF2) of S75F100L15 1000x maghnification.

In addition to abrasion, material adhered to the surface of the coating can be observed. As an
example, there is the adhesion of the material to the rake face of the S75F75L15 tool (Figure 38).
This adhesion causes more abrasive wear and can lead to coating delamination. However, the
adhesion observed was of low intensity on the flank and on the edges of the tools, and there seems
to be a higher level of adhesion to the substrate of the tools than to the coating. Figure 39 illustrates
the adhesion of the material to the tool substrate under conditions S75F100L15 and S75F150L15,
being the last one, with the beginning of the formation of a built-up edge.

1

Figure 38 - Rake face (RF2) of S75F75L15 at 2500X magnification showing material adhesion.
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BUE formation

Material adhesion

Figure 39 - Adhesion of material to tool substrate: (a) RF1 of S75F100L15 at 500x magnification and (b) Top
view of S75F150L15 at 1000x magnification

As said, the adhesion of the material is found both on the surface of the coating and on the
substrate of the tool. To exemplify these two cases, and to confirm the presence of adhered
material, Figure 40 illustrates the clearance face of the S75F100L5 condition, indicating four zones,
which underwent EDS analysis to indicate whether it was the material to be machined (adhesion),
coating or tool substrate, according to the chemical composition resulting from this analysis.

mag O HV det | mode WD

WPORT( g Pe——
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Figure 40 - Clearance face (CF1) of the S75F100L5 at 2000X magnification, indicating four zones, which
underwent EDS analysis.

As a result of the EDS analysis, it was verified that zone 1 was the tool substrate, rich in tungsten
(W). In zone 2, large amounts of nickel were found, as well as tungsten, which indicated that it was
machined material adhered to the surface of the tool substrate. In turn, zone 3, indicated that it
was material adhered to the tool coating, and zone 4, proved to be the coating. Figure 41 illustrates
the EDS analysis of the four zones.
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Figure 41 - EDS analysis of the four zones: (a) tool substrate, (b) machined material adhered to the surface
of the substrate of the tool, (c) material adhered to the tool coating and (d) coating.

Thus, it can be said that an increase in the cutting length promotes a greater development of wear
mechanisms, mainly the adhesion of material to the surface of the tool. This adhesion of material
to the surface of the tool is promoted by increasing the length of cut, because as the test progresses,
the material accumulates in the grooves left on the surface of the tool, which, in turn, are caused
by the tool grinding process and of the substrate. Therefore, at longer cutting lengths, this amount
of accumulated material will be greater, which will cause abrasive wear, and eventually result in
coating failure. Therefore, as can be seen in Figure 40, with 5 meters of cutting length, some
relevant wear mechanisms are already observed, showing adhesion and abrasion marks.

Regarding the coating tool, these seemed to hold quite well, however in the S75F100L15 condition
there seems to be delamination on the rake face (RF2), as shown in Figure 42(a) and the occurrence
of chipping and cracking, changing the geometry of the tool on the clearance face (CF2), as shown
in Figure 42(b). Thus, this condition proved to be aggressive, although its flank wear measure was
the smallest of this group of 15 meters cutting length. However, the main wear mechanism of the
coating was abrasion (Figure 43).
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Figure 42 - S75F100L15 condition: (a) coating delamination in rake face (RF2) at 2000X magnification and (b)
Occurrence of chipping and cracking in clearance face (CF2) at 500x magnification

Figure 43 - Coating abrasion in rake face (RF2) of S75F150L5 at 1000x magnification.

In summary, the wear mechanisms observed for the tools tested at 75 m/min of cutting speed are
abrasive wear and adhesion of material both on the coating and on the substrate of the tool. And,
for condition S75F100L15 also coating delamination, chipping and cracking was observed. In
addition, condition S75F150L15 showed the beginning of built-up edge (BUE) development.
Furthermore, increasing the feed per tooth did not negatively influence the wear, and both
adhesion and abrasion are present for all feed per tooth conditions.

4.5.2. Cutting speed of 100 m/min

Figure 44 illustrates the top view of the tools tested at 100 m/min of cutting speed. As observed in
the previous case (75 m/min), in cases where the tools were tested at a cutting speed of 100 m/min,
the parameter that most influenced the wear was the cutting length, compared to the feed per
tooth.
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(e) (f)

Figure 44 - Top view of the tools tested at 100 m/min of cutting speed at 220x magnification: (a) S100F75L5,
(b) S100F75L15, (c) S1I00F100L5, (d) S100F100L15, (e) S100F150L5, and (f) S100F150L15.

As previously mentioned, the impact of the cutting length seems to increase the wear significantly.
As seen in the measurements carried out, it is clear from the generated images that when
considering 5 meters of cutting length, and increasing the feed per tooth, the resulting wear tends
to be smaller. Furthermore, it is evident that this trend was not the same for 15 meters of cutting
length. Figure 45 illustrates the rake faces of the tools tested at 100 m/min of cutting speed, and
Figure 46 illustrates the clearance faces of the tools in this same condition.
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75

Figure 45 - Rake face view of the tools tested at 100 m/min of cutting speed at 220x magnification: (a)
S100F75L5, (b) S100F75L15, (c) S100F100L5, (d) S100F100L15, (e) S100F150L5, and (f) SLOOF150L15.
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(e) (f)

Figure 46 - Clearance face view of the tools tested at 100 m/min of cutting speed at 220x magnification: (a)
S100F75L5, (b) S100F75L15, (c) S100F100L5, (d) S100F100L15, (e) S100F150L5, and (f) S100F150L15.

Thus, it can be seen that Figure 45 and Figure 46 clearly show the impact of cutting length on tool
wear. Regarding the influence of feed per tooth, it is observed that the wear mark is wider for tools
tested with lower feed values, and deeper for tools tested with higher values of this parameter.
Possibly this is due to the frictional wear to which the tool is subject at smaller feeds per tooth,
which generates more accentuated wear, and which can modify the geometry of the tools.
Furthermore, the chip formation mechanism due to friction seems to further accentuate tool wear.
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As for the observed wear mechanisms, these were similar to those recorded for 75 m/min of cutting
speed, but with different intensities. The predominant wear mechanism is abrasion, as seen in
Figure 47, which, as previously stated, is usually observed when machining Inconel 718. As
previously mentioned, the tools tested at 15 meters cutting length exhibited considerably higher
levels of wear than those tested at 5 meters. Moreover, this abrasive wear was more intense on
the clearance face of the tools, as shown in Figure 47.

Abrasive wear

100 pm
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(a) (b)

Figure 47 - Abrasive wear: (a) Clearance face (CF2) of S100F100L5 at 1000x magnification and (b) Clearance
face (CF1) of S100F100L15 at 1000x magnification.

In addition to abrasion, higher levels of adhesion can be observed compared to tools at 75 m/min,
both on 5 meters and 15 meters lengths. Adhesion is observed both in the substrate of the tool and
on the coating, with the level of the first case being higher. This wear was registered on the tools’
flank, edges, and rake face; however, this was mainly found on the rake face of the tools. In turn,
regarding the influence of the value of feed per tooth on the wear mechanisms presented by the
tools tested at 100 m/min, it was verified that the lower the value of this parameter, the greater
the adhesion to the substrate of the tool.

To exemplify, Figure 48 illustrates the situation of adhesions to the substrate of the tool,
considering two conditions: S100F100L15 and S100F150L15. Thus, it appears that adherence is
greater in the first condition, tested with 100% of fz, in comparison with the condition tested with
150% of fz, and keeping equal the other parameters. Furthermore, the formation of build-up edge,
in an early and undeveloped stage, was also observed in the conditions with 15 meters of cutting
length (Figure 49).
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Material adhesion

Figure 48 - Adhesion of material to tool substrate: (a) RF1 of S100F100L15 at 500x magnification and (b) RF2
of S100F150L15 at 500x magnification
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Figure 49 - Beginning of built-up edge (BUE) formation showing adhesion of material on exposed substrate
at 500x maghnification: (a) Top view of S100F75L15 and (b) top view of S100F150L15.

Regarding the wear on the coating, this was likewise both abrasion and adhesion, as shown in Figure
50. There was no major evidence of coating delamination, which indicates the good behavior of the
coating. Thus, the TiN layer improved the crack resistance of the coatings as no major cracks were
identified in the coated tools tested under these conditions.
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Figure 50 - S100F75L15 showing material adhesion and abrasion on the coating at 1000x magnification.

As in the condition at 75 m/min, an EDS analysis was performed to confirm the presence of adhered
material, according to the chemical composition resulting from the analysis. Figure 51 illustrates
the condition S100F75L5 with three zones for which the analysis was carried out, and Figure 52 the
result of the EDS analysis for the three corresponding zones.

mron mag O TRV det | mode| WD —10 00 V111
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Figure 51 - Condition S100F75L5 with three zones marked for EDS analysis.
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Figure 52 - EDS analysis of the three zones for S100F75L5: (a) tool substrate, (b) coating and (c) machined
material adhered to the surface of the substrate of the tool.

Therefore, according to the analysis, zone 1, rich in tungsten, refers to the substrate of the tool,
zone 2, in turn, has titanium, aluminum and nitrogen in its composition, indicating that it is the
coating, and zone 3, rich in nickel, indicates that it is machined material adhered to the substrate
of the tool. When comparing the result with the image of the zones, the coherence of the result is
observed based on the chemical composition. Thus, the main mechanisms identified under the
conditions at 100 m/min of cutting speed were abrasion and adhesion, with the beginning of the
formation of built-up edge.

4.5.3. Cutting speed of 125 m/min

Figure 53 illustrates the top view of the tools tested at 125 m/min of cutting speed. As expected,
the severity of wear increases for larger values of cutting length, which can intensify and develop
more wear mechanisms.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



4. RESULTS 81

Figure 53 - Top view of the tools tested at 125 m/min of cutting speed at 220x magnification: (a) S125F75L5,
(b) S125F75L15, (c) S125F100L5, (d) S125F100L15, (e) S125F150L5, and (f) S125F150L15.

As seen in Figure 53, when increasing the cutting length from 5 meters to 15 meters, the resulting
wear increased sharply. In addition, there is also the existing tendency when it comes to 5 meters
of cutting length, in which, by increasing the feed per tooth, the wear decreases. However, this
trend is registered only for tools tested at 5 meters of cutting length, with the parameter fz not
having a great influence on the measured tool wear at 15 meters of cutting length, in which there
was a decrease in wear when increasing from 75% fz to 100%, followed by an increase when
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increasing to 150% fz. Figure 54 and Figure 55 illustrate the rake face and clearance face of the tools
tested at 125 m/min of cutting speed, respectively.

Figure 54 - Rake face view of the tools tested at 125 m/min of cutting speed at 220x magnification: (a)
S125F75L5, (b) S125F75L15, (c) S125F100L5, (d) S125F100L15, (e) S125F150L5, and (f) S125F150L15.
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(e) (f)

Figure 55 - Clearance face view of the tools tested at 125 m/min of cutting speed at 220x magnification: (a)
S125F75L5, (b) S125F75L15, (c) S125F100L5, (d) S125F100L15, (e) S125F150L5, and (f) S125F150L15.

Regarding the influence of tool wear on machined surface quality, it is known that tools with more
severe wear tend to produce a worse machined surface quality. However, in the case of tools tested
at 125 m/min of cutting speed, and 5 meters of cutting length, it was observed that the wear
decreased as the feed per tooth increased, however the quality of the machined surface also
decreased with higher mean Ra values.
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In turn, in the case of the tools tested at 15 meters of cutting length, the fz parameter did not have
a great influence, since there was no trend in the data obtained. In the case of the machined surface
quality, it worsened with the increase of fz, however, the wear suffers a decrease when using 100%
of fz, and an increase when using 150% of fz.

Regarding the wear mechanisms presented by these tools, abrasion and adhesion both in the
substrate of the tool and in the coating, were observed in all cases. In some cases, there was the
beginning of the formation of built-up edge and chipping. Note that material adhesion in this case
was greater than in previous cases where the tools were tested at 75 and 100 m/min. In addition,
it is observed that the increase in the amount of feed per tooth promoted the formation of wear
mechanisms at different intensities. For example, under conditions at 75% fz, that is, S125F75L5
and S125F75L15, a large amount of material adhesion was observed on the tool substrate, as well
as on the coating but to a lesser extent, and abrasive wear. In addition, the condition with 15 meters
of cutting length, had a more accentuated wear, with alteration of the geometry of the tool, which
indicates de presence of chipping. Figure 56 illustrates these two conditions with the respective
wear mentioned.

Abrasive wear

‘Matérial adhesion

WD | A
4 mm T¢

(a) (b)

Figure 56 - Wear at 75% fz: (a) S125F75L5 at 220 magnification showing abrasive a adhesion of material and
(b) S125F75L15 at XX magnification showing a large amount of abrasive wear with alteration in the
geometry of the tool.

In addition, to confirm the presence of adhered material, the EDS analysis of Figure 57 was
performed. The analysis can be found in Figure 58. As a result, it appears that zone 1 corresponds
to the substrate, rich in tungsten, zone 2 to the coating and zone 3, with a large amount of nickel,
corresponds to the Inconel 718 alloy adhered to the substrate of the tool.
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Figure 58 - EDS analysis of the three zones for S125F75L15: (a) tool substrate, (b) coating and (c) machined
material adhered to the surface of the substrate of the tool.

In the same way, a greater amount of adhered material was observed, both in the substrate of the
tool and in the coating, for the tests carried out at 100% of fz, but in more quantity than in the other
conditions. There seems to be a higher level of adhesion to the tools’ substrate than to the tool
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coating itself. Figure 59 illustrates a rake face of conditions with 100% fz, that is, S125F100L5 and
S125F100L15, which have a large amount of adhered material.

&

Material adhesion
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(a) (b)

Figure 59 - Material adhesion: (a) RF1 of S125F100L5 at 500x magnification showing adhered material in the
substrate of the tool and (b) RF2 of S125F100L15 at 500x magnification showing material adhered on the
coating.

In turn, for the tests carried out at 150% the predominant wear mechanism was abrasive wear
together with material adhesion. Figure 60 illustrates the clearance face corresponding to 150% fz,
showing abrasive wear and adhered material. In the case with 15 meters of cutting length, the
abrasion was greater than in the previous cases.

Abrasive wear
Abrasive wear
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Figure 60 - Abrasive wear and material adhesion: (a) CF1 of S125F150L5 at 1000x magnification and (b) CF2
of S125F150L15 at 1000x magnification.

In addition, in conditions with greater feed per tooth, that is, 150% of fz, the beginning of the
development of built-up edge (BUE) was also observed, as shown in Figure 61. It should be noted
that this mechanism is more common at lower cutting speeds, changing the geometry of the tool
and possibly causing it to break [13]. Moreover, it can lead to accelerated tool wear.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



4. RESULTS 87

BUE formation

(a) (b)

Figure 61 - BUE formation: (a) top view of S125F150L5 at 500x magnification and (b) top view of
S125F150L15 at 500x magnification.

Moreover, under these conditions, a considerable amount of chips was noted, mainly those tested
at 15 meters of cutting length. In fact, as previously mentioned, the machining of Inconel 718 can
be quite aggressive to cutting tools, promoting high levels of wear [112]. However, the formation
of chips impairs the performance of the machining process, since it alters the geometry of the
cutting tools, and consequently alters the chip formation mechanism, negatively impacting the
quality of the product obtained with the cutting tools with this wear [132]. In addition, it generates
higher roughness values for the machined surface, as seen in section 4.2., which the quality of the
machined surface for 15 meters of cutting length is worse.

4.5.4. Cutting length of 25 m

As previously mentioned, two conditions were also tested with 25 meters cutting length. These are
the conditions with the maximum and minimum parameters: S75F75L25 and S125F150L25. Figure
62 illustrates the top view of the tested tools at 25 meters of cutting length, confirming the
similarity between the measurements of the two cases, exposed and analyzed in the section 4.4.4.
Also, Figure 63 and Figure 64 illustrate the rake face and clearance face, respectively.

(b)
Figure 62 - Top view of tools tested at 25 meters of cutting length at 200x magnification: (a) S75F75L25 and
(b) S125F150L25.

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



88 4. RESULTS

(a) (b)
Figure 63 — Rake face view of tested tools at 25 meters of cutting length at 220x magnification: (a)
S75F75L25 and (b) S125F150L25.

(a) (b)
Figure 64 — Clearance face view of tested tools at 25 meters of cutting length at 220x magnification: (a)
S75F75L25 and (b) S125F150L25.

In the two conditions analyzed with 25 meters of cutting length, the following wear mechanisms
were mainly observed: abrasion and material adhesion, both on the coating and on the substrate
of the tool. Abrasive wear was more intense on the clearance face of the tools, and material

adhesion was mainly found on the rake face of the tools. Figure 65 illustrates these wear
mechanisms.

Furthermore, it is observed that the condition S125F150L25, being more aggressive, the wear was
more severe, and delamination of the coating occurred. This is caused by the high degree of
adhesion on the tool, as can be seen in Figure 66, which shows the delamination zone of the coating
on the rake face (RF2) of a tool S125F150L25, where the presence of adhered material can also be
observed. That is, the rake face exhibited more delamination of the coating, possibly caused by the
greater amount of material adhered to these faces. It can also be said that the multilayer coating

provided greater resistance to the propagation of cracks, since no cracks developed on it were
observed [3].
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Figure 66 - Coating delamination on rake face (RF2) of S125F150L25 at 500x magnification

4.6. Tool lifespan analysis

As mentioned in section 3.2.7. the end-of-life criterion considered was a maximum VB3 of 0.5 mm
on any tooth of the tool. Figure 67 illustrates the progression of the flank wear (VB3) as a function
of cutting length.
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Figure 67 - Progression of flank wear as a function of cutting length.

Firstly, when looking at the figure, it can be seen the increase in wear with increasing cutting length
under all conditions. In addition, it appears that conditions S75F100 and S75F150 had their end of
life at a cutting length (25 meters) longer than the other conditions, with the second condition being
the one that showed less wear in this cutting length. Furthermore, there is a clear influence of
cutting speed, since conditions S125F100 and S125F150 had the shortest lifespan. Also, it should
be noted that condition S125F100 reached the end of its useful life with an VB3 average of 495.21
pUm, as one tooth showed wear of 560.60 um, and as seen, according to the 1ISO 8688-2:1986 [119],
with only one tooth exceeding 500 um, the tool's end of life has already been decreed.

Another aspect that is important to point out is that, except for condition S75F100, the flank wear
increased sharply from 5 meters of cutting length. In this particular condition, the wear had a slight
and more uniform increase until reaching 15 meters of cutting length, with a marked gain from then
on. As for the influence of the feed per tooth, this is not as significant as the cutting speed. In
general, it is observed that in smaller cutting lengths, and at the same cutting speed, the higher the
feed per tooth, the lower the flank wear. However, during the course of the test, this trend is no
longer observed, and higher values of feed per tooth may imply greater or lesser flank wear.

Based on this, it can be said that conditions S75F100 and S75F150 had the longest duration in terms
of cutting length and flank wear as acceptance criteria. Condition S75F150 reached 500 pum of flank
wear (acceptance criterion) with 23.57 meters of cut length, and condition S75F100 with 20.46
meters. Conditions S125F150 and S125F100, on the other hand, had the shortest duration, with
9.82 meters and 10.07 meters (the latter having to be interrupted anyway at 10 meters because
one tooth showed flank wear of more than 500 um), respectively. In addition, conditions S100F100
and S100F150 reached 500 um of flank wear at 10.54 meters and 16.40 meters, respectively.

Figure 68 illustrates the flank wear in 10 meters of cutting length, in the conditions S75F100 and
S125F100, thus emphasizing the influence of the cutting speed in the machining of Inconel 718,
since the flank wear of the condition tested at 125 m/min of cutting speed, is much higher than the
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tested condition at 75 m/min. Furthermore, as seen, at this cutting length, the condition S125F100
has already reached the maximum of the acceptance criteria.

Figure 68 - Flank wear in 10 meters of cutting length: (a) S75F100 condition and (b) S125F100 condition.

As seen, in 15 meters of cutting length, the S100F100 condition has already exceeded the limits of
the acceptance criteria, however, the S100F150 condition still maintained its useful life in this
cutting length, indicating that in this case, and in this cutting length, the greater the feed per tooth,
the less wear. On the other hand, at this same cutting length, conditions S75F100 and S75F150
showed another trend, in which the second condition had more wear than the first, thus not making
clear the influence of feed per tooth on the progression of wear and useful lifespan of the tools.
Figure 69 illustrates conditions S100F100 and S100F150, where it shows the highest flank wear of
the first one.

(a) (b)

Figure 69 - Flank wear in 15 meters of cutting length: (a) S100F100 condition and (b) S100F150 condition.
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5. DISCUSSION OF THE RESULTS

In this chapter the results obtained in the performed tests will be discussed. For this, the chapter
was subdivided into the following subsections: 5.1. Comparison of the surface state obtained on
the machined part; 5.2. Comparison of wear generated on tools; 5.3. Tool lifespan comparison and
5.4. Comparison with other coatings used in machining. In this way, the main wear mechanisms will
be identified for all tools and test conditions, with a comparison between observed results and
tested conditions.

5.1. Comparison of the surface state obtained on the machined part

To compare all test conditions, the values obtained for surface roughness were organized and
grouped according to Figure 70. The figure is divided by test conditions, in X axis of the graph, and
with three series corresponding to each feed per tooth, in percentage of the initial value (0.07
mm/tooth), in Y axis. It should be noted that according to the identification of the tools, the number
after the "S" indicates the cutting speed and the number after the "L" indicates the cutting length
value used in the machining test.

I { 1 m75% fz
B 100% fz
I I 150% fz
0

S75L5 S100L5 S125L5 S75L15 S100L15 S125L15

Average Ra (um)
©O o o o o o o o
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Test Condition Reference

Figure 70 - Comparison of surface roughness values obtained for all conditions tested.

As can be seen in Figure 70, the average values of Ra tend to increase for higher cutting lengths,
which is a trend that is registered for all tools conditions. It is also observed that there is a clear
influence of the feed per tooth on the roughness of the machined surface. It is noted that this
parameter has a clear influence on the surface topography [133]. Thus, when comparing these
parameters, it is noticed that higher values result in higher surface roughness values, except in the
case of the S100L15 tools, which, when tested at 150% fz, had a lower roughness. That is, they
produced a better surface quality than recorded at 75% fz and 100% fz. On the other hand, for
conditions S75L5, S100L5, S125L5, S75L15 and S125L15 the minimum mean values of Ra were
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recorded for conditions using 75% of feed per tooth. However, in general, increasing the feed per
tooth, increases the roughness of the surface [134].

Furthermore, the lowest mean value of Ra for 75% and 100% fz was obtained for the S75L5
condition, and in the case of 150% fz, the lowest mean value was obtained for the S100L5 condition.
This shows the clear influence that a shorter cutting length has on the machined surface quality.
Moreover, it is observed that the values for S75L5, when increasing the fz from 100% to 150%, there
was a marked increase in surface roughness.

In addition, regarding cutting speed, it is observed that the higher this parameter, higher the
roughness of the machined surface. This is not commonly observed, as the tendency is for the
surface roughness to decrease with increasing cutting speed and depth of cut [135]. This was
probably due to the amount of wear sustained by the tools at this cutting speed value [127], and
the high abrasive wear that leads to tool-chipping [136]. The only case in which it was observed
that increasing the cutting speed, the average roughness was lower, was for 150% of fz, with 5
meters of cutting length, increasing the speed from 75 m/min to 100 m/min.

Regarding the standard deviation recorded for all surface roughness measurements, in almost all
conditions this presents a higher value for tests carried out at 150% of the fz value, mainly at 125
m/min and 15 meters of cutting length. This higher standard deviation under these conditions is
probably related to the greater sustained abrasive wear of the tool, which leads to a greater
difference in surface roughness recorded from the center of the workpiece to its periphery [128].

In general, it can be said that the quality of the machined surface was satisfactory, with good results
in terms of its roughness. It is known that the HiPIMS deposition technique produces coatings with
significant compressive residual stress values [42], which results in prevention of cohesive failure
[137], and makes the presence of compressive stresses one of the main characteristics of surface
integrity [138]. This, in turn, is important and beneficial for producing a machined surface with low
roughness. Thus, the deposition technique selected to produce the TiN/TiAIN multilayer coating
brought a great benefit in terms of the good performance of the tools in producing a good surface
quality.

5.2. Comparison of wear generated on tools

To compare all test conditions, the values obtained for flank wear (VB3) were organized and
grouped according to Figure 71. The figure is divided into the test conditions in X axis of the graph,
and with three series corresponding to each feed per tooth in Y axis, in percentage of the initial
value (0.07 mm/tooth). It should be noted that according to the identification of the tools, the
number after the "S" indicates the cutting speed and the number after the "L" indicates the cutting
length value used in the machining test.
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Figure 71 - Comparison of flank wear (VB3) values obtained for all conditions tested.

Analyzing Figure 71, a clear increase in the average value of VB3 is observed with the increase in
the cutting length for all conditions. Thus, the impact of this parameter can be seen, which is what
most influenced the increase in flank wear. What is commonly observed, since increasing this
parameter, the tool wear, tend to increase and the quality of the machined surface tend to decrease
[139]. Even under flood lubrication conditions, flank wear increasing with the increase in the cutting
length was expected, however, this increase was very significant, showing that even at small
distances the Inconel 718 generates great tool wear. This is due to the properties of this alloy, such
as the thermomechanical tool load, which generates high abrasive damage [136].

Regarding the feed per tooth, a single trend is not observed for all tools, and its influence is more
difficult to be detected. For example, for conditions S100L5, S125L5, flank wear decreased with the
increase in feed per tooth, whereas in conditions S75L15 and S125L15, wear decreased when
increasing from 75% fz to 100%, but when increasing from 100% of fz to 150% of fz wear increased.
On the other hand, the opposite occurred in conditions S75L5 and S100L15, in which wear increased
when increasing the feed per tooth from 75% of fz to 100% of fz and decreased when increasing
from 100% of fz to 150% of fz. Thus, it seems that the formation of finer chips is the most common
cause of poor process performance, as they may break, causing more abrasion and, consequently,
higher wear and shorter tool life. Thus, it is more beneficial for the chip section to be thicker, which
results in greater integrity and extraction flow, however, if the thickness is too high, it may overload
the cutting edge and cause it to break [13]. The feed per tooth is a very important parameter for a
productive milling process and is related to the chip formation [140]. In general, in the case of this
work, this parameter would be around 0.105 mm/tooth (150% fz), since in this condition, the
tendency was for wear to be lower, in four of the six groups of conditions analyzed (S75L5; S100L5;
S$125L5; S100L15).

As for the cutting speed used in each condition, it appears that when this parameter is increased,
the wear also increases, especially when comparing conditions S100L5 with S125L5, and S75L15
with S100L15. This increase in wear is in line with the roughness of the machined surface obtained.
However, an increase in cutting speed generally results in a surface with better surface quality and
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a smoother cutting behavior by the cutting tools [129], in this case, the opposite was observed,
resulting in a more accentuated flank wear.

Regarding the identified wear mechanisms, the most predominant were abrasive wear and
adhesion of the material to the tool surface. Mechanical mechanisms such as abrasion and adhesion
are predominant when it comes to cutting tool wear [141]. This is in agreement with Inconel 718,
which is a difficult-to-machine material, generates excessive wear on the cutting tools, and tends
to adhere to the surface of the tool. Furthermore, since Inconel 718 is a material with high heat
resistance and hardness, high reactivity with tool materials, and has a strong tendency to form built-
up edges (BUE). The presence of this material adhered at the tool tends to generate severe wear
[142], as this adhesion of the material to the surface of the tool promotes abrasive wear in these
areas, which consequently can promote coating delamination [143]. Thus, only a limited number of
tools are capable of being used for machining this alloy [144]. Therefore, it is seen that Inconel 718
commonly adheres to cutting tools [145] and abrasive wear is frequent when machining this alloy
[112].

As for the tests carried out at 75 m/min, and considering 5 meters of cutting length, these were the
ones that, in general, suffered less wear. However, as it is the condition with the lowest cutting
speed, the machining process is less productive [146,147], with possible increases in industrial costs
[148,149]. However, when considering 15 meters of cutting length, condition S75F100L15
underwent coating delamination, chipping, and cracking. Furthermore, increasing feed per tooth
had no clear influence on the wear, with cutting length being the most significant. Because this
condition has a lower speed, it was expected to find other mechanisms, such as built-up edge [13].

For the tests carried out at 100 m/min, it was observed that the wear mark is wider for tools tested
with lower feed per tooth values, and deeper for tools tested with higher values of this parameter.
This was probably due to the frictional wear which can modify the geometry of the tools and
increase the resulting wear. In addition, it was verified that the intensity of wear was greater than
in the conditions at 75 m/min, with the influence of the cutting length being significant. It was also
verified that abrasive wear was more intense on the clearance face of the tools and the adhesion
of material was registered on the tools’ flank, edges, and rake face. Furthermore, the formation of
build-up edge, in an early and undeveloped stage, was also observed in the conditions with 15
meters of cutting length.

In turn, for the conditions tested at 125 m/min, in the same way, when comparing the cutting
length, and 15 meters were used, the resulting wear was greater. For condition S125L5 and varying
the feed per tooth value, it was found that the wear decreased as the feed per tooth increased, but
the quality of the machined surface also decreased with higher mean Ra values. However, abrasion
and adhesion were the predominant mechanisms, with adhesion in this case greater than for 75
and 100 m/min. Moreover, under conditions S125F150L5 and S125F150L15 built-up edge
development was observed, and a considerable amount of chips was noticed, mainly those tested
at 15 meters of cutting length. This chipping can impair the performance of the machining process,
with a decrease in the quality of the machined surface [3]. Thus, the value obtained for the average
roughness tends to be higher [2].

It is also noted that, in general, the condition that generated less flank wear was S100F150L5, and
the most aggressive condition was S125F150L15, which in turn uses the maximum value of the
parameters. Additionally, the presence of cracks was not observed under these conditions,

EXPERIMENTAL STUDY OF THE CUTTING LENGHT INFLUENCE ON THE WEAR BEHAVIOUR OF TiN/TiAIN COATED TOOLS DURING
MILLING OF INCONEL 718



5. DISCUSSION OF THE RESULTS 97

probably due to the multilayer structure of the coating, which promotes resistance to the
propagation of cracks with the TiN layer [3]. In addition, it can be said that the adhesion of the
coating was good, since only one condition (S75F100L15) showed delamination, with the main
coating wear mechanism being abrasion.

5.3. Tool lifespan comparison

As already stated, Inconel 718 is known as able of inducing high levels of premature wear. It is a
difficult to machine alloy, and in many operations cutting tools must be discarded before the end
of their useful life to avoid surface damage that may occur, due to the high level of wear developed
in the tool. In addition, the fact that Inconel 718 brings short life to cutting tools can be related to
its high mechanical resistance and low thermal conductivity [145].

The machining parameters also have a great influence on the tool life. As seen in section 4.6., the
condition S75F150 was the one that had the longest tool life according to the acceptance criteria
established by the ISO 8688-2:1986 [119], and condition S125F150 was the one that had the flank
wear developed more quickly, making its tool life shorter. Thus, the influence of cutting speed on
tool life was clear, but on the other hand, no trend was observed in relation to feed per tooth.
Kamdani et al. [150] show that selecting the proper machining parameters is crucial to avoid wear
and break quickly, with cutting speed and tool geometry being the most important parameters in
this matter when considering the Inconel 718. For example, in their work, the authors compared
TiAIN and TiN coatings with regard to cutting force variation, surface roughness, tool life and tool
wear in end milling of Inconel 718. Thus, it was verified that the TiAIN coating had the greatest tool
life, with cutting speed of 50 m/min and feed per tooth of 0.1 mm/tooth. And, when increasing the
cutting speed, the resulting wear was higher, and consequently, lower tool life. This is coherent
with what was obtained in this work, in which the speeds of 75 m/min, 100 m/min and 125 m/min
were used, and the condition at 75 m/min had the highest tool life and at 125 m/min, the lowest.
It is noteworthy that the cutting speeds used in the work by Kamdani et al. [150] are 50 m/min, 100
m/min and 150 m/min, that is, the speeds used in the present work are between these values.

Also considering the importance of machining parameters, Motorcu et al. [151], evaluated the
effects of cutting speed, milling direction, number of inserts and the use of TiAIN and TiAIN/TiN
coating on the surface roughness and tool life in dry milling of Inconel 718. It was verified that the
cutting speed has a greater influence on the tool life than the milling method and number of inserts,
since in the two tested speeds (50 m/min and 100 m/min), when increasing the cutting speed, tool
life had a huge decrease. Regarding the coatings, the best performance was for the TiAIN/TiN
coating, which had twice the tool life compared to the other coating.

Based on this, the importance of the correct choice of machining parameters can be observed in
order to guarantee a more uniform wear of the tool, and consequently, a greater tool lifespan. In
view of this, many researchers consider the flank wear as a criterion for the useful life of a cutting
tool, as long as the machining conditions are properly selected [152]. Thus, the tool lifespan is
analyzed through the measure of the flank wear, which also impacts the quality of the product
obtained, given that if the flank wear increases quickly and sharply, the lifespan decreases
drastically [153]. Furthermore, it has been seen in several research, that the flank wear is mainly
influenced by the cutting speed, being more significantly than the feed per tooth.
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5.4. Comparison with other coatings used in machining

As previously mentioned, Inconel 718 is a difficult to machine material. Thus, the use of coatings
on the surface of cutting tools used in the machining process has improved their performance and
the surface quality of machined parts. With the analysis carried out, it was possible to verify that
the TiN/TIiAIN multilayer coating performed well in the tests, with abrasion and material adhesion
being the main wear mechanisms identified. Abrasive wear was also identified in the work by
Thakur et al. [154], when using the same coating in the machining of Inconel 718, however, in
addition to abrasion, the authors also identified plastic deformation and micro chipping as
predominant wear mechanisms.

On the other hand, considering the use of another coating, for example, the TiAISiN/TiSiN/TiAIN
coating, analyzed in the work by Kursuncu et al. [96], abrasion and material adhesion were also
identified when milling Inconel 718. In this case, the coating was deposited using the magnetron
sputtering technique. In the case of the work by Zhao et al. [155], the authors compared two TiAIN
coatings, the first with 1 um thickness (TiAIN-1), and the other with 2 um thickness (TiAIN-2). About
the identified wear mechanisms, adhesion had great prominence, with the formation of built-up
edge (BUE), which, in turn, led to the occurrence of coating delamination. Therefore, there is a
tendency for both abrasion and material adhesion to occur, or even both mechanisms depending
on the coating used, when machining Inconel 718 due to its properties that are characteristic of
machining hard-to-machine materials [3].

Another aspect that should be highlighted is the fact that the coating used in this work (TiN/TiAIN)
is a multilayer coating, and therefore has greater resistance to the propagation of cracks, and
consequently, prevents its delamination [29]. The TiN layer improves the coatings’ crack resistance
[3]. For example, in the work by Krishnan et al. [156], the TiAIN single-layer coating was used to
evaluate its influence on surface roughness, burr formation, and chip formation during machining
on Inconel 718. As main wear mechanisms the authors verified that were adhesion, delamination,
chipping, cutting edge rounding, and flank wear. Furthermore, it was noted that the main reason
for the delamination was the crack propagation. With this, it can be said that the fact that large
cracks were not found in the coating in this work was due to its multilayer structure. Moreover, the
coatings’ adhesion was deemed to be quite good, which also prevented delamination.

Furthermore, as previously seen, the quality of the machined surface was good due to possible
residual compressive stresses resulting from the HiPIMS deposition process. Thus, these
compressive residual stresses were beneficial for producing a machined surface with good
roughness. Thereby, note the importance and advantage of using the PVD HiPIMS technique. To
exemplify how the PVD technique generates better results in terms of surface roughness, compared
to the CVD technique, there is the work by Glirgen et al. [157], in which the authors compared the
behavior of the TiAIN coating deposited using the PVD technique and the TiCN/AIl,O3/TiN coating
deposited by the medium temperature chemical vapor deposition (MT-CVD) in turning operation
of Inconel 718. It was verified that the coating deposited by the PVD process obtained a better
surface finish in comparison to the coating deposited by MT-CVD method.

Still regarding the comparison between the PVD and CVD methods about surface roughness, there
is the work of Ezugwu et al.[158], in which a comparative analysis was made between three coatings
used in cutting tools for machining Inconel 718: TiN single layer PVD, TiN/TiCN/TiN multilayer PVD
and TiC/AlLO3/TiN multilayer CVD. The authors verified that the first coating obtained the best
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results in terms of quality of the machined surface, and the last one the worst. Moreover, the work
of Yadav et al. [159], similarly showed better performance in terms of roughness of PVD coating
than CVD. The authors compared the TiAIN coating deposited by PVD with TiN, TiCN, Al,03 and TiN
multilayer coatings deposited by CVD. It was found that the PVD coating in case of flank wear and
surface roughness is more efficient, with a better machined surface quality and less flank wear. In
turn, Martinho et al. [160], investigated the machining of X2CrNiMoCu25-6-3-3 Duplex Stainless-
Steel, using two PALBIT® RDHT-type inserts: PH7930 and PH5740. Both inserts consisted of
cemented carbide substrate provided with different coatings, that is, four inserts were PVD-coated
with AITiN, and the other four CVD-coated inserts with TiN/TiCN/Al,Os. It was verified that the AITiN
coating showed more failure problems and a more brittle behavior. Thus, the authors note that this
coating is more suitable for finishing operations, and the CVD coating for roughing operations,
where the surface finish is not so important. Furthermore, the CVD coating showed less wear, but
not a better surface finish, and the PVD coating had a better performance in terms of adhesion to
the substrate, which, according to the authors, is justified by the fact that the thickness of the PVD
coating is smaller.

Therefore, it is clear that the residual stress generated by the deposition method, impact the
coating’s behavior when cutting [29]. Thus, the choice of the deposition method is crucial for the
success of the machining process. Furthermore, it should be noted that PVD coatings are mainly
used in finishing operations, as the residual compressive stresses improve the resistance of the
coating, which generates sharp edges, and thus produces a better surface finish on the workpiece
[161]. On the other hand, CVD coatings are best suited for roughing operations [2].

Thus, the good wear behavior of the TiN/TiAIN coating is verified, with abrasion and material
adhesion being the main mechanisms identified, in comparison with other coatings analyzed in
recent studies. This is observed mainly regarding resistance to crack propagation related to the
multilayer coating and the presence of TiN, and to the PVD deposition method, which generates
better quality of the machined surface.
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The elaboration of this thesis resulted in the development of two articles:

e Review article about hybrid manufacturing, which includes the machining process: Hybrid
Manufacturing Processes Used in the Production of Complex Parts: A Comprehensive
Review [9];

e Article for the FAIM'2023 conference with the analysis of the parameters of this thesis in
which 0.07 mm/tooth was used: Wear behavior analysis of TiN/TiAIN coated tools in milling
of Inconel 718 [in press].

In addition, the extended article will be prepared for publication, as well.

Then, in this chapter, conclusions regarding the work will be presented, as well as proposals for
future work.

6.1. Final conclusions

The tests carried out in this study allowed evaluating the influence on the wear behavior and on
the quality of the surface produced in the milling of Inconel 718 using end mills coated with
TiN/TIAIN. For this, machining parameters were varied, such as cutting speed, feed per tooth and
cutting length. As for the developed cutting forces, these were recorded for the feed values per
tooth analyzed in this work, and for the conditions with 100 and 125 m/min of cutting speed. A
tendency for the cutting force values to be higher for higher values of feed per tooth was verified.
Furthermore, the cutting forces were greater at the end of the test than at the beginning of the
test, due to the increase in tool wear during the process. In addition, the parameter that had a
greater influence was the feed per tooth in the variation of the cutting forces. Regarding the results
of the remaining analyses, these will be presented according to the cutting speed used and for the
conditions at 25 meters of cutting length, separately, as was done in the analyzes. Thus, the
following conclusions can be drawn for each test group:

e Tests carried out at 75 m/min of cutting speed: regarding the roughness of the machined
surface, it was verified that when increasing the cutting length, the surface roughness
values also increased. In addition, the measurements in the center of the workpiece were
a little smaller than in its periphery, which explains the standard deviation of the
measurements, and is directly related to the increase in wear over the course of the test,
since it started in the center part and ended on its periphery. Under these conditions, the
maximum value of Ra was found for the S75F150L15 condition and the lowest for the
S75F75L5 condition, which confirmed the influence of feed per tooth and cutting length on
the roughness of the machined surface. That is, by increasing the feed per tooth and the
cutting length, the roughness of the machined surface decreased. This is consistent,
because generally, for smaller values of feed per tooth, the quality of the machined surface
is better than that obtained for larger values of this parameter [125]. As for the wear
mechanisms, these were mainly abrasion and adhesion, both related to the tool substrate
and to the coating. Condition S75F150L15 showed the beginning of built-up edge
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development and condition S75F100L15 observed delamination of the coating, cracking,
and chipping.

Tests carried out at 100 m/min of cutting speed: in this case, regarding the roughness of
the machined surface, the lowest value obtained, as in the previous case, was related to
75% of feed per tooth and 5 meters of cutting length, that is, for condition SI00F75L5. On
the other hand, the highest value found was for the S100F100L15 condition, showing that
the cutting length is the parameter with the greatest influence on the process, since Inconel
718 is a difficult-to-machine material that, even at a few meters of cutting length, suffers
considerable wear. Regarding flank wear, a tendency was identified for 5 meters of cutting
length that the values of VB3 are higher for the tests carried out at 75% of the feed per
tooth, decreasing with the increase of this parameter, being the condition S100F150L5 with
the lowest value obtained in this test group. However, this was not verified for the tests
carried out at 15 meters of cutting length, in which the condition that had the most wear
was S100F100L15, and the least S100F150L15, being consistent with the roughness of the
machined surface, in which the greater the wear of the tool, the worse is the surface quality
obtained on the part. Thus, as for 75 m/min, the main wear mechanisms were abrasion and
material adhesion, with the beginning of development of built-up edge for conditions
S100F75L15 and S100F150L15, indicating that this develops for longer cutting lengths.

Tests carried out at 125 m/min of cutting speed: for the conditions within this test group,
regarding the surface roughness obtained, the condition with the best quality of the
machined surface was S125F75L5, and the worst S125F150L15, and in these cases, at
increasing both the cutting length and the feed per tooth resulted in an increase in surface
roughness, which shows the clear influence of these parameters on the process. However,
for 5 meters of cutting length, the wear decreased as the feed per tooth increased, but the
quality of the machined surface also decreased, consequently, showing the higher Ra
values. Regarding the wear mechanisms presented by these tools, abrasion and adhesion
both in the substrate of the tool and in the coating, were observed in all cases. Under the
conditions S125F150L5 and S125F150L15, a built-up edge started to develop, which shows
that by increasing the cutting speed to 125 m/min, even at a cutting length of 5 meters, this
phenomenon can already be observed.

Tests carried out at 25 m of cutting length: under these conditions, the roughness of the
machined surface, as expected, was higher, resulting in worse surface quality for Inconel
718, and the flank wear had high values. As wear mechanisms, abrasion, material adhesion
was identified and for condition S100F150L25 (maximum condition tested) coating
delamination was verified.

In general, as for the roughness of the machined surface, the condition that allowed the best result

was S75F75L5 (minimum parameters), and when increasing the cutting length, the surface

roughness values also increased. In addition, due to the sustained wear of cutting tools, when

comparing the cutting speed to the roughness values of the machined surface, the results obtained

at 125 m/min tend to be slightly higher than those recorded at 100/min, which in turn are higher

than those at 75 m/min. And, the standard deviation registered in the surface roughness

measurements is related to the differences in the measurements at the center and at the periphery

of the part (end of the tool path), which is indicative of greater sustained tool wear.
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As for wear, less flank wear was recorded for test conditions SI00F150L5, with a decrease in the
value of fz resulting in a greater amount of recorded tool wear, and an increase in cutting speed
has promoted an increase in tool wear. So, the parameter with the greatest influence on flank wear
was the cutting length, due to the Inconel 718 properties, causing high amounts of abrasive wear.
Furthermore, only one condition showed cracking, as the resistance to crack propagation was
achieved due to the TiN layer, which enhances the coatings’ crack resistance and its adhesion. With
this, it was verified that the coating performed well in the process but is not suitable for use in
operations with high cutting lengths, due to the considerable amount of wear suffered only after a
few meters. Furthermore, regarding tool lifespan, it was verified that the higher the cutting speed,
the greater the flank wear, and the shorter the tool life. The S75F150 condition had the longest
duration, reaching 23.57 meters of cutting length, and the S125F150 condition had the shortest
duration with only 9.82 meters of cutting length. Thus, the cutting speed showed to have greater
influence than the feed per tooth.

Thus, the results obtained showed the advantages of using TiAIN-based coatings to obtain a
satisfactory machined surface quality in finishing operations applied to Inconel 718. As well as the
relevance of using multilayer coatings, which in this case resulted greater resistance to crack
propagation, was confirmed. So, this shows the importance of using the TiN/TiAIN coating, with
regard its advantages in the wear behavior of cutting tools when machining Inconel 718, that is, a
material that is difficult to machine, which induces high levels of wear in the cutting tools.

6.2. Future work proposals

Throughout the project and after analyzing the results, viable ideas for future work emerged, to
expand the results acquired so far, they are:

e Analyze the wear behavior of this same coating in cutting tools of different geometries;

e Analyze the influence of the lubrication regime on the wear behavior, in order to carry out
a comparative analysis of dry and lubricated performance;

e Compare the performance of this coating with other multilayer and monolayer coatings;

e Analyze the influence of other machining parameters, as well as compare the behavior of
uncoated milling cutting tools;

e Perform Taguchi analysis with regard to optimization of machining parameters.
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