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Abstract

The machinability of Inconel 718, a high-performance superalloy widely used
in aerospace and industrial applications, presents significant challenges due to
its high hardness and low thermal conductivity. Milling is a crucial machining
process for Inconel 718, yet it often leads to rapid tool wear and high cutting
temperatures. To address these challenges, the use of advanced ceramic tools,
particularly SiAION, has been explored due to their exceptional hardness and
thermal stability. This master's thesis investigates the machinability of Inconel
718 using SiAION solid milling tools, aiming to identify effective strategies for
improving tool performance and surface quality.

The influence of tool geometry has been investigated, using two distinct
milling tools with 4 and 6 teeth. These tools were evaluated in both up-milling
and down-milling operations, employing linear strategies. Additionally, a spiral
facing down-milling strategy was investigated, as it demonstrated notable
benefits in tool performance. The study also examined different parameter
combinations, either maximizing radial or axial depth of cut, in order to
determine their impact on machining efficiency and tool wear.

The findings reveal that down-milling with a spiral strategy offers significant
advantages in terms of tool life and surface finish. Tools with 6 cutting edges
showed lower average temperatures and reduced wear compared to those with
4 edges. Moreover, varying the cutting parameters revealed that combinations
with lower axial depth of cut and higher radial depth of cut generally resulted in
more controlled temperature profiles and improved machining outcomes.

This research contributes to a deeper understanding of Inconel 718 machining
with SiAION tools and provides practical insights into optimizing milling
strategies to enhance tool performance and extend tool life.

Key words: Milling; Machinability; Inconel 718; SiAlON; Cutting forces;
Surface integrity; Cutting temperature analysis; Cutting tool wear
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Resumo

A maquinabilidade do Inconel 718, uma superliga de alto desempenho muito
utilizada em aplicacbes aeroespaciais e industriais, apresenta grandes desafios
devido a sua elevada dureza e baixa condutividade térmica. A fresagem de
Inconel 718 é um processo de maquinagem essencial, ainda assim leva a um
rapido desgaste das ferramentas de corte e a elevadas temperaturas de corte. De
modo a responder a estes desafios, a utilizacdo de ferramentas de corte ceramicas,
em particular SiAION, tem sido explorada gracas a sua excecional dureza e
estabilidade térmica. Esta dissertacao investiga a maquinabilidade do Inconel 718
utilizando fresas integrais de SiAION, com o objetivo de identificar as estratégias
capazes de melhorar o desempenho das ferramentas e a qualidade superficial das
pecas maquinadas.

Foi investigado o efeito da geometria da ferramenta de corte, tendo sido usadas
fresas integrais com 4 e 6 gumes. Estas ferramentas foram empregues em
operacoes de fresagem concordante e discordante com estratégia linear.
Adicionalmente, foram analisadas operacoes de fresagem com estratégia de
fresagem concordante em espiral, uma vez que se apresentou mais beneficios
para o desempenho das ferramentas. Ainda foram estudadas diferentes
combinacdes de parimetros de corte, maximizando a profundidade axial ou
radial, de forma a compreender o seu impacto na eficiéncia e desgaste das
ferramentas.

Osresultados revelam que efetuar as operacoes de fresagem concordante com
estratégia em espiral oferece vantagens significativas em termos de vida da
ferramenta e acabamento da superficie. Fresas integrais com 6 arestas de corte
apresentaram temperaturas médias menores e menor desgaste comparado com
as ferramentas de 4 arestas de corte. Adicionalmente, percebeu-se que a
combinacdo de baixas profundidades de corte axiais com um elevadas
profundidades de corte radiais, em geral, resulta em temperaturas mais
controladas e melhora o processo de maquinagem.

Este estudo contribui para um entendimento mais profundo sobre a
maquinabilidade do Inconel 718 com ferramentas de SiAION e providencia
conhecimento pratico sobre estratégias de otimizacdo de operacoes de fresagem
tendo em vista um melhor desempenho e uma vida da ferramenta maior.

Palavras-chave: Fresagem;Maquinabilidade; Inconel 718; SiAION; Esforcos de
corte; Integridade superficial; Temperatura de corte; Desgaste de ferramentas
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1 Introduction

1.1 Motivation

Nickel-based superalloys, first developed in the 1940s [1] present several
challenges in its machining, essentially due to the combination of two factors:
low thermal conductivity and high tendency to work harden. Inconel 718 is a
nickel-chromium-iron alloy renowned for its high mechanical strength and
exceptional thermal resistance, largely attributed to the presence of precipitates
within the alloy's microstructure [2, 3]. In fact, this alloy retains high mechanical
strength at high temperatures, corrosion resistance, a smooth ductile-fragile
transition temperature and good creep resistance [4]. These properties make it
an excellent choice for high demanding applications, such as aerospace
engineering. In addition to its extensive use in this industry, Inconel 718 is also
employed in other sectors such as energy and automotive industries, owing to
its outstanding mechanical properties.

Machining, whether turning, milling or other operations, is crucial for these
industries, as it makes it possible to obtain high dimensional, form and surface
finish accuracy [5], while offering the possibility of addressing the urgent needs
of systems that require maintenance or the replacement of precision
components. Materials with low machinability, as is the case of Inconel 718, lead
to less efficient processes in energy terms and, consequently, in economic terms.
Not only because tool life tends to be shorter, but also because working time is
increased, since traditional tooling options (i.e., carbide tools) are limited by very
low speeds, particularly for thermal resistant materials, such as the Ni-based
alloys. Additionally, both tungsten and cobalt, used in the manufacturing of
carbide tools, are finite resources, and their extraction faces geopolitical and
environmental challenges, leading to supply chain uncertainties and rising costs
and increase the pressure on the industry to find sustainable and more
affordable alternatives without compromising performance.

Studies into the use of cutting tools made of o/B-SiAION in the machining,
especially milling, of Inconel 718 have therefore been multiplying, largely due to
the underlying promise of employing higher cutting speeds. Even though
conventional CNC machines usually are limited to operate in 18000 rpm, this
results in approximate cutting speeds of 500m/min for solid milling tools with
diameters smaller than 10 mm, which can be used in pre-finishing and semi-
roughing of complex parts. Those speeds are a 5 times increment to conventional
cemented carbide tooling solutions. The use of high speeds is only possible
because ceramics can maintain their mechanical properties even at high
temperatures, as well as to resist abrasive wear and to be chemically stable. In
that sense, the development of these ceramic cutting tools has been the subject
of research, thanks to the economic and ecological potential that these tools can
offer. In one hand, by achieving higher cutting speeds, the entire milling process
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becomes more productive, bringing economic gains. On the other hand, the
possibility of milling in the total absence of cutting fluids, as well as the lower
energy consumption in these operations, allow for environmental gains at the
same time [6].

One issue that arises when machining material like Inconel 718 with carbide
cutting tools is the need to use a large volume of cutting fluids, which act not
only as a lubricant, that reduces friction between tool and workpiece, but also as
a cooling agent, since the high generated cutting temperatures can compromise
the performance of tools. Ceramic tools offer the possibility not only of operating
without the use of cutting fluids, in dry milling, but also the advantage of, by not
using any coolant, allowing temperatures to rise in the cutting processes and
thus promoting the thermal softening of Inconel 718.

In this context, there is a need to explore academic studies on the use of tools
made entirely of SiAION in the milling of Inconel 718, to better understand the
cutting forces and temperatures involved in these operations, the existing wear
mechanisms and to find a combination of factors that allow the processes to be
optimized.

1.2 Document structure

This document begins with chapter 1, giving an overview of the topics
covered in the study, explaining the motivation behind the study and how it will
be organized.

Chapter 2 discusses the challenges of machining Inconel 718, and the main
aspects related to milling processes. It then addresses some characteristics of the
tools used in milling, the use of SiAION as an alternative to carbides in the
manufacturing of these tools, and the main types and mechanisms of wear
encountered during milling operations of Inconel 718.

Chapter 3 aims to present an overview of the studies found on the subject. It
presents a short summary of the different studies carried out in the field of
milling super alloys, particularly Inconel 718, with ceramic materials.

Chapter 4 presents the materials and methods used in this study, such as
properties of Inconel 718 sample used, percentages of o/p-phases in solid milling
tools and their geometry. Additionally, this chapter explains how the
experimental setup was prepared for conducting the practical tests and how the
data was acquired for subsequent analysis, concluding with the definition of the
numerical model used in the simulation of the cutting process using FEM (Finite
Element Method).

Chapter 5 presents the results obtained and its discussion. It begins with an
analysis of the cutting forces, then tool wear is discussed, exploring the various
wear mechanisms encountered, followed by an analysis of the surface integrity
of the created surface, and finally, an analysis of the temperatures involved and
a prediction of temperature and tool-workpiece interface pressure.
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Finally, chapter 6 presents the conclusions reached after analyzing and
discussing the results, as well as indicating relevant future studies to follow up
on what has been developed.
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2 Theoretical Introduction

2.1 Machining challenges of Inconel 718

In addition to nickel, chromium and iron, Inconel 718 has other dispersed
alloying elements, which distinguish it from other nickel alloys, and some
carbides, which give the alloy its highly abrasive behavior [3]. On the other hand,
Inconel 718 high temperature resistance, which allows it to maintain its
excellent mechanical properties, is attributed to the precipitation of a solid
solution that prevents slipping of the crystal structure [7], acting as barrier to
material deformation.

Both abrasive behavior and resistance to high temperatures influence the
material's machinability, posing two major challenges. The first has to do with
the difficulty of finding a tool material that yields an acceptable service life [2],
since Inconel 718 tends to harden when machined [4], which can be minimized
by cutting at higher speeds [4], as those allow the phenomenon of thermal
softening to occur.

Above 750°C Inconel 718 shows some softening and its machinability
increases [3]. However, under these conditions, an oxide layer is created on the
surface of the workpiece [7], and the adhesion of the workpiece material to the
tool is favored, also leading to excessive tool wear. Additionally, metallurgical
damage to the machined part occurs, by means of distortion and residual
stresses [2], caused by the high cutting forces generated in these processes [4], as
well as distortions and the appearance of residual stresses [2]. The reasons why
Inconel 718 is a material that poses many machining challenges can be
summarized in the following list [1]:

o Strong tendency to form BUE (Built-Up Edge), since the material tends to

stick to the tool during machining

e Hardening when being worked, which is one of the causes that leads to

high cutting forces

o Rapid tool wear due to its abrasive particles

o High mechanical strength at high temperatures

e Low thermal conductivity, which leads to high temperatures in the

cutting zone

2.2 Aspects of the milling process

Milling operations are a common industrial practice with regards to precision
manufacturing [3]. In these operations, a rotating cutting tool, also known as
milling cutter, with several main cutting edges, moves across the workpiece,
with well-defined geometrical parameters, removing material as it advances [8].
Although the milling cut is oblique, it can be simplified and approximated to an
orthogonal cut. The simplification of milling process is shown in Figure 2.1.

25



A

Figure 2.1: Scheme of the milling process and orthogonal cutting simplification of the down-milling (a) and up-
milling (b) cutting strategies.

The cutting tool engages the workpiece with two specific depth parameters:
the radial depth of cut (a.) and the axial depth of cut (ay). In this machining
process, the cutting edge (and cutting tool) is intermittently exposed to high
mechanical and thermal stress, which leads to less thermal damage compared to
turning, but in turn results in greater deterioration of the cutting tools [3].

Tool loading scheme can be represented in an axis system defined according
to the workpiece, where the forces involved can be divided in F,, F., and F.. F. is
the tangential force and acts tangentially to the cutter’s rotation. It’s the primary
cutting force and is responsible for driving material removal and generating
torque on the spindle. F., is the radial force that acts perpendicular to the axis of
the tool and is responsible for the side deflection of the tool. Figure 2.1 shows how
the cutting forces F. and F.,, related through the active cutting force, F.. Thus,
Equation 1, Equation 2 and Equation 3 show how these forces are related, and
how they related to M..

Equation 1

F, = Fcz + sz quation
Equation 2

F, = Fcz + Fcnz quation
M, Equation 3

Figure 2.1 also shows a representation of two key parameters for the
machining process: cutting speed, v, and feed rate, v:. In milling, v. refers to the
speed at which the cutting edge of the tool moves relative to the surface of the
workpiece.

The cutting speed, v, is typically expressed in meters per minute (m/min). It is
a critical parameter in machining because it directly influences the rate of
material removal, tool wear, and surface finish. The cutting speed is determined
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by the rotational speed of the tool, n, (measured in revolutions per minute, or
RPM) and the diameter of the cutting tool, D. Equation 4 enables its calculation.

The speed at which the workpiece is fed into the cutting tool, v, is typically
measured in millimeters per minute (mm/min). It directly influences the
machining time, the surface finish of the workpiece, the cutting forces, and the
overall tool life. Equation 5 allows calculation of vi, where f, is feed per tooth, i.e.,
the distance the tool advances per revolution for each tooth, representing the
amount of material (maximum chip thickness) that each tooth removes with
every pass essentially, and z is the number of teeth.

o = Dxmxn Equation 4
¢ 1000

v = £ xzen Equation 5

There are two types of milling operations which differ on the tool rotation
direction relative to the feed direction of the workpiece: (i) down-milling and (ii)
up-milling [9]. Figure 2.1 shows a simplification of the differences between the
two. Down-milling (illustrated in Figure 2.1a) is characterized by the direction of
rotation of the tool being the same as that of the feed, with the chip having its
maximum size at the start of the cut on each tooth and gradually decreasing until
it is theoretical zero. Up-milling, on the other hand, has the opposite direction of
rotation of the cutter and the feed, with the chip starting at minimum thickness
and gradually increasing until the end of each tooth’s passage [10], as seen in
Figure 2.1b.

2.3 Milling cutting tools

The ideal cutting tool should have high hardness, toughness, mechanical
strength, be chemically inert, withstand cyclical mechanical and thermal loads
and have the ability to retain cutting edge sharpness [11]. The challenge lies in
identifying a compromising combination of tool geometry and thermo-
mechanical properties—such as the tool substrate and, if applicable, its coating—
that can deliver optimal performance for each specific scenario. This requires a
careful balance, as the tool must withstand the thermal and mechanical stresses
of the machining process while maintaining efficiency and durability. The goal
is to tailor the tool design to the specific material and cutting conditions, thereby
maximizing its effectiveness and lifespan in challenging environments [3].

Figure 2.2 shows different cutting tool materials and it can be seen that the
material with the highest toughness is HSS, however this family of materials is
not appropriate to machine Inconel 718, as it has a very low hardness which
would result in rapid tool wear [12]. On the other hand, diamond is very reactive
with nickel, so diamond tools are not a suitable candidate either. PCBN can be
used in the milling of Inconel 718, but typically for finishing operations given the
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relatively lower toughness and high production costs, so the two best candidates
for this type of operation are carbide and ceramic [12].
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Figure 2.2: Hardness and toughness of different cutting tool materials [12].

Cemented carbide tools can be coated to increase resistance to abrasive wear,
adhesion and diffusion, as well as to reduce friction (which lowers the
temperatures involved in chip formation) and improve production quality.
Examples of common coatings can be TiC, TiN, TiAIN, Al:Os;, among others,
applied by PVD or CVD, in single or multiple layers [12]. Nevertheless, carbide
tools can only maintain appropriate mechanical strength up to half of the
ceramic temperature spectrum (approximately 600°C) [13], which is insufficient
to promote significant thermal softening of Inconel 718.

Ceramics, where SiAION is located, at the intersection of Al203 and Si3N4,
have lower toughness than carbides, which makes them less resistant to thermal
shock [14]. However, they can operate at higher cutting speeds (3 to 10 times
higher when compared to carbides [12]) due to their high resistance to
temperatures, as well as improving feed rate values, which makes them more
productive when machining. Ceramic tools are chemically more stable, resulting
in less interaction with the machined material, which reduces the occurrence of
diffusion wear mechanisms [13]. In addition, as ceramic tools have some
resistance to adhesion and a low coefficient of friction, they can be used to
reduce adhesive wear and material adhesion to the tools’ surface, thus reducing
the occurrence of BUE and other adhesive phenomena [13].

The cutting tool geometry can, as well, have a detrimental effect on the
cutting operation. Milling can be carried out using inserts or with solid milling
tools. Inserts are typically used in larger tools, commonly used for roughing
operations and solid milling tools are typically smaller [15] commonly used for
roughing or semi-finishing operations or the machining of small geometric
features. Solid milling tools also offer greater dimensional accuracy, since they
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do not require calibration like inserts, in addition, they can have alternative
geometries to traditional ones.

Figure 2.3 shows a 4-tooth solid milling tool, showing the different parameters
used to characterize the geometry of these cutting tools. The parameters
identified in Figure 2.3 include A,, which is the tool cutting edge inclination, also
referred as helix angle, y,, which is the tool orthogonal rake angle, and «,,,
which is the tool orthogonal clearance angle.
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Figure 2.3: Geometry of solid milling tools and their relevant angles and features: (a) cutting edge
inclination; (b) helix angle and (c) radial land, adapted from ISO 8688.

One of the most researched topics deals with improving the productivity of
Inconel 718 machining through changes to the geometry of the cutting tools [3].
Tool angles greatly influence the cutting forces that will be generated. Negative
rake angles lead to higher cutting forces, as well as higher temperatures in the
cutting region and greater deformation of the workpiece’s microstructure [16].
When the rake angle is negative, there is a larger contact area between the chip
and the tool, thus increasing the friction between the surfaces. Similarly,
positive angles help reduce generated cutting forces, temperatures and damage
to the machined surface. Sharper cutting edges lead to lower cutting forces, but
at the same time contribute to lower impact resistance [3]. Celaya et al. [17]
suggest the use of rounded edges and smaller rake and clearance angles, to
mitigate problems associated with this. Some authors, as Thakur and
Gangopadhyay [18], suggest the creation of chamfers, as well as the creation of
textured faces, with a view on increasing tool life [3]. The inclusion of textures
on the rake and flank faces is referenced, especially when cutting fluids are used,
to increase the rate of heat dissipation by the tool, increasing the tool's surface
area. It also promotes lower friction in the tool-workpiece interface.

2.4 SiAION as a cutting tool material

Among the ceramic materials, the two most relevant for the manufacturing
of cutting tools are alumina (Al,O;) and silicon nitride (SizN.), the latter include
SiAlONs, which result from the dissolution of Al and O in the SizN, matrix [19].
However, ceramics can also be made of zirconia hardened with, for instance,
alumina or a mixture of ceramics and can also be whiskers reinforced [19].
SiAION has the advantage over silicon nitride of being less viscous, which makes
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it easier to densify, and allows dry machining even at high cutting speeds [20-22].
SiAION is mainly composed by two phases: B-sialon, responsible for the
toughness of the material, and a-sialon, responsible for the hardness [23].

The wear resistance of ceramic materials depends essentially on the
compromise found between toughness and hardness, i.e. between the o and f
phases [22]. An increase in toughness will invariably lead to a decrease in
hardness. However, one way of achieving better mechanical properties is by
refining the grain size of ceramics or reducing their glass phase, thus achieving
better wear resistance [22].

Figure 2.4 shows the microstructure of a SiAION, where it is possible to
distinguish the a-phase, in grey, the p-phase, in black, and the inter-granular
phase (in white). The a-phase usually has equiaxed grains, while the B-phase has
a more elongated shape, with a ratio of 4:10 [24]. With an increase in the
percentage of a-phase present the hardness of the ceramic increases too, as well
as, the material's resistance to oxidation and the resistance to thermal shock [24].
It is also possible to add particles other than SizN4 (e.g. WC, MoSi; and Ti(C,N)) to
SiAION ceramics in order to increase their mechanical properties [25].

2.5 Wear and wear mechanisms

One of the most important aspects of studying cutting tools is understanding
the wear and wear mechanisms that occur during cutting processes, trying to
understand their