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Abstract

Elevated temperatures can have detrimental effects on the quality of the machined
output, including loss of dimensional tolerance, surface integrity issues and reduced tool
life. Traditionally, the main method to avoid these problems is the application of Cutting
Fluids in Abundance (CFA). However, this technique presents sustainability challenges in
the social, environmental, and economic dimensions. Researchers have been exploring
alternative cooling methods that aim to reduce or eliminate reliance on these inputs. This
project sought to develop and test a new cooling method for machining, focusing on the
turning of Inconel 718, a high-value superalloy. Coated tungsten carbide tools were used:
TiNAl and a double coating, AICrN over TiNAl, referred to as AICrN+. They were integrated
into an adapted tool holder with internal channels for circulation of a cooling fluid. An
Design of Experiment (DoE) was employed, involving three atmospheres: internally
cooled tools (ICTs), dry machining (DM) and the conventional use of abundant cutting
fluids (CFA). Temperature analysis, conducted using a thermocamera and the tool-part
thermocouple method, identified the speed (vc) and depth of cut (ap), as well as feed (f),
atmospheres (ICT, DM and CFA), in addition to coatings (TiNAL and AICrN+) as the main
input variables that affect temperature. In this case, the TiNAI coating together with the
ICTs contributed significantly to the temperature reduction. However, the temperature at
the interface between the chip and the tool increased with the basic machining
parameters (v, ap, f) and was significantly affected by the atmosphere, with the ICTs
demonstrating excellent performance. In terms of cutting forces, roughness and tool life,
this research revealed that TiNAI together with ICTs outperformed CFA, removing 27%
more material and an impressive 262% more than DM. AlCrN+ together with CFA,
presented superior performance, providing a 46% increase in material removal
compared to ICTs and a 306% increase in relation to DM. The TiNAI coating contributed
to the increase in cutting forces, while other variables were not significant. Roughness
was mainly influenced by coating, with no significant differences observed between
atmospheres. Analyzes of wear mechanisms showed that abrasion, adhesion, oxidation
and diffusion were observed regardless of coating or atmospheric conditions. Notably, the
AICrN+ coating showed a smoother and more uniform wear pattern, with a prevalence of
flank and crater wear. In summary, internally cooled tools offer an innovative and
environmentally friendly solution for machining operations. They excel in their heat
dissipation capabilities, outperforming the CFA in some situations and significantly
outperforming the DM. However, continuous efforts are needed to improve the lack of
lubricity of the lubrication system and possible leakage problems.

Keywords: Inconel 718 machining, cooling, internally cooled tools, eco-friendly
machining, sustainability
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Resumo

Temperaturas elevadas podem ter efeitos prejudiciais na qualidade da saida usinada,
incluindo perda de tolerancia dimensional, problemas de integridade da superficie e
reducao da vida util da ferramenta. Tradicionalmente, o principal método para evitar
esses problemas é aplicacdo Fluidos de Corte em Abundancia (FCA). No entanto, essa
técnica apresenta desafios de sustentabilidade nas dimensdes social, ambiental e
econdmica. Os pesquisadores tém explorado os métodos alternativos de resfriamento que
visam reduzir ou eliminar a dependéncia desses insumos. Este projeto buscou
desenvolver e testar um novo método de resfriamento para usinagem, com foco no
torneamento do Inconel 718, uma superliga de alto valor. Foram utilizadas ferramentas
de carboneto de tungsténio revestidas: TiNAl e um revestimento duplo, AICrN sobre
TiNAl, referido como AICrN+. Elas foram integradas a um porta-ferramentas adaptado
com canais internos para circulagdo de um fluido de resfriamento. Foi empregado um
planejamento experimental (DoE), envolvendo trés atmosferas: ferramentas refrigeradas
internamente (FRIs), usinagem a seco (US) e o uso convencional de fluidos de corte em
abundancia (FCA). A andlise de temperatura, conduzida usando uma termocamera e o
método de termopar ferramenta-peca, identificou a velocidade (v¢) e a profundidade de
corte (ap), assim como o avango (f), atmosferas (FRI, US e FCA), além dos revestimentos
(TiNAL e AICrN+) como as principais variaveis de entrada que afetam a temperatura.
Neste caso, o revestimento TiNAI junto com as FRIs contribuiram significativamente para
a reducdo da temperatura. No entanto, a temperatura na interface entre o cavaco e a
ferramenta aumentou com os parametros basicos de usinagem (v., ap, f) e foi
significativamente afetada pela atmosfera, com as FRIs demonstrando excelente
desempenho. Quanto as forgas de corte, rugosidade e vida util das ferramentas, esta
pesquisa revelou que o TiNAIl em conjunto com as FRIs superou o FCA, removendo 27%
mais material e impressionantes 262 % a mais do que a US. Ja o AICrN+ junto com FCA, o
apresentou desempenho superior, proporcionando um aumento de 46 % na remogao de
material em comparacao com as FRIs e um aumento de 306 % em relacao a US. O
revestimento TiNAl contribuiu para o aumento das forgas de corte, enquanto outras
variaveis ndo foram significativas. A rugosidade foi influenciada principalmente pelo
revestimento, sem diferencas significativas observadas entre as atmosferas. As andlises
dos mecanismos de desgaste mostraram que abrasao, aderéncia, oxidacao e difusdo foram
observadas independentemente do revestimento ou das condi¢cbes de atmosfera.
Notavelmente, o revestimento AICrN+ apresentou um padrao de desgaste mais suave e
uniforme, com prevaléncia de desgaste de flanco e cratera. Em resumo, as ferramentas
resfriadas internamente oferecem uma solu¢do inovadora e ecologicamente correta para
operacdes de usinagem. Elas se destacam em suas capacidades de dissipacdo de calor,
superando o CFA em algumas situagdes e superando significativamente o DM. No entanto,
sdo necessarios esforgos continuos para melhorar a falta de capacidade lubrificante do
sistema lubrificacdo e possiveis problemas de vazamento.

Palavras-chave: usinagem, Inconel 718, refrigeracdo, ferramentas refrigeradas
internamente, usinagem ecolégica, sustentabilidade.
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SSZ Secondary shear zone
TCB Tetragonal Centered Body
TCP Topologically Close-Packed
TIC Tools indirectly cooled
TSZ Tertiary shear zone

TT Textured tools
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Nomenclature

Description Abbreviation  Unit
Asymmetry Factor of the Evaluated Profile (Skewness) Rsk
Average flank wear Vag mm
Average Temperature Obtained at the Chip-Tool Interface T1 °C
Calibration constants A B,C
Chip thickness ration Rc
Chip velocity Vehip m/min
Constant radiation 1 C1 W.m2
Constant radiation 2 C2 mK
Cooling rate CR K/h
Crater wear KT mm
Cutting force Fc N
Cutting speed Ve m/min
Cutting width aw mm
Deformation rates 3 1/s
Density p kg / m"3
Depth of Cut ap mm
Diameter of the Internal Cooling Channels D mm
E.M.F. Formed by the Connection of the Copper Wire And
the Tool at the Temperature T2 Egr e.m.f
E.M.F. Generated Between The Workpiece and Material A at
the Temperature T3 Epa em.f
E.M.F. That Is Generated Between the Insert and the
Workpiece at Temperature T1 Erp em.f
E.M.F. That Relates the Joint Between the Metal and the
Copper Wire B for the Temperature T4 EaB em.f
Electrical Circuit of the Tool-Workpiece Thermocouple
System AE em.f
Emissivity Coefficient of the Surface re
Evaluation length In
Feed f mm/rev
Flattening Factor of the Evaluated Profile (Kurtosis) Rku
Frictional force Ff N



Heat generation rate in the part

Heat generation rates given in the primary shear zone
Heat generation rates given in the secondary shear zone
Heating rate

Heatsink area

Heatsink contact length

Heatsink distance
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Ideal black body emissivity

Initial workpiece temperature

Insert thickness

Intensity of reading a real body

Joint temperature formed by the contact of the element
compensation in the tool

Machining force

Maximum chip temperature

Maximum flank wear

Maximum profile height

Mean arithmetic deviation

Normal force

Notch wear

Opposing force

Primary shear zone temperature increment
Quadratic mean deviation

Radiation intensity of a black body

Radiation intensity of an ideal black body
Rate of energy generated in the cutting process
Real amount of energy detected

Rhomboid geometry

Round

Sampling length

Secondary shear zone temperature increment
Small tooltip angles

Specific heat

Ps
Pf

Ans
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Ti
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Square format

Temperature of the object
Thermal dissipation capacity
Thermal flow

Tool tip radius

Total profile height
Undeformed chip thickness
Vertical dimension

Wavelength
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Chapter 1: Introduction

1.1. Introduction

High heat generation with the consequent increase in temperature is still a limiting
factor for productivity and quality in machining processes [1-3]. It is widely recognized
that increasing the cutting speed reduces operating time and elevates the cutting
temperature. This temperature rise has both positive and negative implications. On the
positive side, it softens the material, reducing shear resistance and facilitating the cutting
process. However, on the other hand, this elevated temperature accelerates wear

progression, thereby compromising the tool's overall lifespan [4,5].

The standard method used industrially to circumvent heat generation and
temperature rise in machining is applying a cutting fluid in abundance (CFA)[6,7]. In fact,
it has been reported by Said et al. (2019) that the global consumption of non-
biodegradable mineral-based cutting fluids reached approximately 13,726 million tons in
2016, with further projected increases [8]. Furthermore, Benedicto et al. (2017) have
estimated that the global demand for lubricants could reach 43.9 million tons by 2022 [9].

Various alternative lubrication and cooling methods have been extensively
researched and effectively implemented. These methods include minimum quantity
lubrication (MQL), minimum quantity of cooled lubricant (MQCL), high pressure cutting
fluid (HPCF), cryogenic fluids such as liquid nitrogen and CO2, solid lubricants, lubricants
infused with nanoparticles, tool texturizations with lubricant impregnation, high-

pressure coolant systems, refrigerated compressed air, among others [10-16].

For instance, the High-Pressure Cutting Fluid (HPCF) technique consists of injecting
conventional cutting fluid over the tool/chip interface at high pressures, ranging from
some Mega Pascal [17] can reach the 400 MPa [18]. HPCF reduces chip size and contact
length with the tool, which reduces friction, heat generation, temperature, wear and thus
improves tool life. Nandy et al. (2009) studied the chip/tool contact length in ti-6Al-4V
machining and observed a reduction of almost 50% for HPCF than conventional
machining [19]. Kaminski & Alvelid (2000) achieved cutting-edge temperature reduction
from 40 to 45% in SS2541-03 steel turning with a coated carbide tool and fluid pressure



Page |26

ranging from 70 to 360 MPa [20]. Ezugwu & Bonney (2005) life gain of coated carbide
tool of almost 3.5 times in the finish of the Inconel 718 with HPCF (11 MPa) and cutting
speed of 60 m/min [21].

The Minimum Amount of Lubricant - MQL is a method that consists of using
compressed air line (5 ~ 15 bar) passing through a mixing chamber where, by venturi
tube effect, a pressure differential sucks the lubricating oil from a reservoir and creates a
mixture of air with atomized droplets. This mixture, also called mist, is then injected into
the cutting zone by an injector nozzle, or nozzle, of an approximate diameter of @ = 1 mm,
at rates of 50 ml/h ~ 2 1/h of and assist in the lubri-cooling of the cutting process [22].
Yazid et al. (2011) studied surface integrity in turning the Inconel 718, finishing operation
using MQL, and dry machining [23]. For this, the authors varied the fluid flow rate of
50 and 100 ml/h. The analysis results by Scanning Electron Microscopy - SEM indicated
severe plastic deformations that generated alterations in the subsurface layers of the part.
The hardening working was evident with the microhardness profile measured. The

authors also verified that the MQL conditions improve surface integrity results.

Despite the good results achieve in some instances, many of these alternative
methods involve the use of inputs and the unavoidable generation of waste. For instance,
when liquid nitrogen or CO: is used, they rapidly vaporize and disperse into the
atmosphere, resulting in their loss. Similarly, in the case of MQL, although it consumes less
volume, the oil is not recovered or reused, leading to its depletion. Consequently, these
methods have environmental impacts, albeit relatively minor when compared to
conventional cutting fluids, but they can still be significant when implemented on a large

scale. Additionally, these alternative methods often have higher associated costs [7].

An important consideration is the negative impact of excessive use of cutting fluid.
Although the cutting fluid helps protect the tool by reducing the temperature, it also
affects the workpiece and chip [24]. The temperature rise in the workpiece/chip is
advantageous for machining as it lowers the material's mechanical resistance, making it
easier to cut and shear, thus reducing the required forces and power. Therefore, a
hypothetic effective coolant system should focus majorly into reducing the tool's
temperature trying to affect the minimum as possible the temperature increase of the chip

and workpiece.
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Indeed, the Research & Development (R&D) of a new cooling technique for machining
holds significant promise. The focus of this technique should be on implementing a closed-
loop concept, ensuring that there is no dispersion of fluids into the atmosphere while
primarily targeting the cooling of the cutting tool. This proposal outlines the scope and
objectives of the work, aiming to contribute to developing an environmentally friendly

and efficient cooling method that optimizes the machining process.

1.2. Work objectives

The primary objective of the research was to develop and implement an innovative
cooling technique. Inconel 718 was selected as the material of choice for this study due to
its high relative mechanical properties, making it one of the most significant superalloys.
The effectiveness of this technique was validated through comparative and statistical
methods. The proposed approach involved the circulation of a coolant inside the tool,
utilizing galleries created using electric discharge machining (EDM), specifically focusing

on cooling the tool during the machining process.

1.3. Specific objectives

The specific objectives of this work include:

e Conduct a state-of-the-art literature review on alternative cooling methods in
machining, including classifications (wet machining, near-dry machining, and dry
machining), the main techniques, their characteristics, advantages, disadvantages,
and their application in the machining of Inconel 718.

e Perform a literature and historical investigation of indirectly cooled tools,
including the state of the art, aiming to create a timeline from the first historical
record to the most recent research on the topic.

e Conduct a literature review on nickel-based alloys, focusing primarily on the
superalloy Inconel 718. The review covered the general characteristics of Inconel
718, machinability, wear mechanisms, types, tools used in its machining,
lubrication-cooling techniques, and surface integrity.

e To projectand adapta cooling system to cool water at ~ 0 °C and circulate it inside
the carbide inserts with internal cooling channels manufactured by electric

discharge machining - EDM.
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e To conduct experimental comparisons between the internally cooled tools (ICT)
system and the methods of dry machining and cutting fluid in abundance (CFA).
The evaluation focused on various response variables, including surface
roughness, cutting forces, cutting temperature, tool life, and wear mechanisms.
These parameters were measured and analyzed to assess the performance and
effectiveness of the ICT system compared to traditional approaches.

e This study aims to compare the performance of two coatings, TiNAl and AICrN+,
under three cutting atmospheres: ICT, CFA, and DM. Notably, the temperature
analysis, conducted using thermocamera analysis, focuses specifically on the ICT
and DM conditions. This investigation forms a crucial part of the research,

shedding light on the thermal dynamics in these two machining environments.
1.4. Relevance and originality

A recurring term in the leading international conferences convened by the United
Nations - UN, such as Rio + 20, is "Sustainable Development." It was defined as:
"Sustainable development is one that meets the needs of the present without compromising
the ability of future generations to meet their own needs” [25]. Considering the
environmental factor and the limitation of material resources, research on more effective

manufacturing methods and technologies has significantly boosted in recent decades [2].

Within the industry, cutting fluids continue to pose a significant problem.
Shashidhara & Jayaram (2010) estimate that approximately 80% of operator-related
health issues are associated with cutting fluid poisoning [26]. These fluids often contain
various additives, many of which are toxic, such as fungicides and bactericides. These
additives can severely affect human health, including allergic reactions, respiratory

problems, degenerative diseases, and even cancer [6,27].

In addition to their impact on human health, cutting fluids also cause environmental
damage. They can contaminate soils, sewers, rivers, and water sources, harming

ecosystems and water quality [28,29].

The cost of cutting fluids (CFs) is another drawback, especially as environmental
regulations become more stringent and manufacturers are held accountable for the entire

lifecycle of the product, from production to disposal [22,30]. Research suggests that CFs
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alone can contribute from 7 to 17% of the total machining cost [31], and in exceptional

cases, they can reach up to 30% [32].

In this work, the approach used was the closed-loop concept, which prevents fluid
dispersion into the atmosphere and keeps the tool cool throughout the cutting process.
The goal was to improve productivity through increased cutting parameters, longer tool

life, enhanced surface integrity, and greater sustainability.

The decision to use Inconel 718 as the work material was based on its significance in
the aeronautical industry, where economic quality and reliability are crucial. Despite its

importance, machinability remains a significant challenge.

1.5. Work structure

This work was divided into five chapters, as follows:

Chapter 1: contains an introduction raising the problem and scientific gap for
justifying the work, general and specific objectives, ending highlighting the relevance and

originality of the work.

Chapter 2: presents the literature review of the main topics related to the work,
including heat in the machining process and main temperature measurements
techniques; cooling techniques such as wet machining, near dry machining, and dry

machining; methods about tools indirectly cooled - TIC and machinability of Inconel 718.

Chapter 3: gives details of the methodology used in the experimental work, with
equipment and all the procedures adopted, the internal cooling system design, and

Inconel 718 characteristics.

Chapter 4: the main results for temperature, cutting forces, roughness tool’s life, and

wear mechanisms are presented and discussed in this chapter.

Chapter 5: presents the most relevant conclusions drawn from this work, as well as

suggestions for future work.



Page |30

Chapter 2: Literature review

2.1. Heat and temperature in machining

Machining is a complex operation still not fully comprehended, as it encompasses a
thermomechanical process [4]. This process involves high pressures and temperatures in
a small area at the interface between the tool and the chip. The energy generation during
machining is primarily converted into heat, distributed among the workpiece, chip, tool,

and surrounding environment [33,34].

Heat generation in machining is closely related to the process of chip formation. The
chip formation begins with the initial contact between the tool and the workpiece, known
as the initial engagement. The tool's cutting edge elastically deforms the workpiece's
material during this stage. According to Knight & Boothroyd (2005), heat generation is
minimal during this initial engagement because the material absorbs energy elastically

[35].

The elastoplastic deformation plane comprises shear stresses, but compression and
tensile stresses may also occur, or even their combination, culminating in the material's
rupture. As the cutting process is dynamic, several deformation planes rapidly form
parallel, which defines the primary shear zone - PSZ, as shown in Figure 2-1. In a second
moment, material lamellae are wholly or partially separate, giving rise to a continuous or

discontinuous chip [4,36].

Knight & Boothroyd (2005) developed a mathematical treatment of the average
temperature, for orthogonal cutting, increase of the material (65) when passing through
the PSZ (P;) as a function of heat generation rate, with an energy’s fraction being
distributed to the part (I') and the remainder distributed to the chip (|1 —T|P,) [35].
Firstly, the rate of energy generated in the cutting process (B,,) is given by the product of
the cutting speed (v,) and the cutting force (F,), Eq. (1):

Bn =F..v, l//s] (1)
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Heat Sources in Orthogonal Cutting

Primary Shear Zone
(Elasto-plastic deformation; initial
heat generation)

Secondary Shear Zone
(Plastic deformation; sticking-sliding
fricction; heat generation)

L Tertiary Shear Zone
(Elastic deformation; fricction; heat
generation )

Workpiece

Figure 2-1: Heat sources in the orthogonal cutting
Source: [191]

The total heat generation rate (P,) in machining can be divided in the the heat
generation rates given in the primary (P,), secondary (Pf) and tertiary zones. The tertiary
zone is the contact between the workpiece and the flank face of the cutting tool and
consumes a minimal amount of energy and thus can be ignored unless the tool is too worn

out. So, Eq. (2) represents the simplified form of heat generation rate:
Pn =P+ P ]/s] 2)

The heat generated in the primary shear zone can be determined by the equation of

the average temperature increases in the workpiece at the PSZ (6;), given by Eq. (3):

L _li-Tip
ST peveacay (3)

Where: p is the density of the part [kg/m?3];
c is the specific heat of the part |J/kgK]|;
a. is the undeformed chip thickness [mm];
a,, is the cutting width [mm].

The heat generated in the secondary shear zone is given by Eq. (4):
Pf = Ff. VUchip (4)

Where: Fy is the frictional force [N]on the rake face,
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Venip LS the chip velocity [m/min], that can be calculated by vchip = vc/Rc,
Rc is the chip thickness ratio (R = V¢pip/vC)

The second stage of heat generation occurs when the chip, under high temperature
and pressure, is forced to slide over the tool's rake face, forming a material flow that forms
the secondary shear zone - SSZ. The tribological characteristics of the chip/tool pair are
essential in this step, as the chip must overcome the frictional forces that influence: the
cutting force (Fy), the rate of material removal, heat generation, temperature increase,

wear and tool life, and productivity [4,5].

The SSZ can be divided into two regions: adhesion and sliding zones. In certain
conditions, the chip/tool contact pressure close to the cutting edge on the tool rake
surface can reach as high as giga Pascal order, with temperatures above 1,000 °C,
deformation rates (¢ = 10°/s) with a theoretical heating rate of the order of (10°°C/s)
[37]. Under these conditions, the cutting region becomes extremely hot, softens the work
material, and creates a condition for developing a flow zone - FZ in the adhesion zone -

AZ.

Machado et al. (2015) comment that a common condition for machining steels in the
industry is when the chip velocity (vchip) is of the order of 120 m/min with a small
contact area of just 6 mm? [4]. Such high speed would prevent heat from being exchanged
for conduction to the tool, forming an adiabatic process. However, the chip has a speed
gradient, where the film of adhered material on the tool surface has V =0 and grows
continuously, featuring a flow zone - FZ, with thickness ranging from 0.01 to 0.10 mm,
until it reaches the chip’s full flow speed (Vmax = vca,,), according to Figure 2-2. This
phenomenon is vital since the chip when in direct and prolonged contact with the tool,

allows heat transfer by conduction, with a consequent increase in temperature and wear.

In the sliding zone, the relative movement of the chip over the tool rake face occurs
in the points of contact in a way known as stick-slip. It is characterized by an unstable
dynamic condition and non-linear sliding [38], in which the movement of the chip
involves adhesion and sliding. Heat under such conditions occurs by flashes when the

contact points are broken.
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Figure 2-2: Chip formation on tool rake face

In the tertiary shear zone - TSZ, heat is generated by contact friction between the
newly machined surface and the tool flank, where elastic deformation predominates [36].
The amount of heat generated in this region can be neglected if the tool is new (no flank
wear) and a clearance angle (a,) has been selected in a way that minimizes friction

between the newly formed surface and the tool.

The heat generated in machining is dissipated from the primary, secondary, and
tertiary zones through the chip, tool, workpiece, and environment, as illustrated in Figure

2-3 [39].

Maximum chip temperature (6,,,,) can be estimated by considering the SSZ
temperature increment (8,,) plus the initial workpiece temperature (8,) plus, the PSZ

temperature increment (6s) given by Eq. 5, neglecting the TSZ [35].
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Figure 2-3: Representation and an orthogonal cut heat transfer model
Source: [39]

Omax = Om + 05 + 6, (5)

Where: 0,, = temperature increase of the workpiece material after the S5Z;
0; = temperature increase of the PSZ;
0, = initial workpiece temperature.

The increase in chip temperature (6,,) caused by heat generated in the SSZ is given by

Eq. (6):
Py

" peviaca, )

Due to the complex nature of the physical and chemical phenomena occurring during
the cutting process and the inherent difficulties in directly measuring the chip-tool
interface, there are discrepancies in the literature regarding energy distribution in the
process [24]. Furthermore, the proportion of heat distributed among the workpiece, tool,
chip, and environment can vary depending on several factors, such as the tool and
workpiece material, cutting parameters, tool condition, machining operation type, and
environmental conditions. In their extensive literature review, Fleischer et al. (2007)

concluded that it is challenging to precisely determine the exact percentage of energy
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distribution among the workpiece, chip, and tool. However, they could estimate
percentage ranges, as presented in Table 2-1 [24]. The heat going to the tool goes from 1
to 35 %.

Table 2-1: Energy distribution during machining

Drilling Turning Milling

Workpiece (%) 5~15 2,1~18 53~10
Tool (%) 10 ~35 1.1~20 1.3 ~25
Chip (%) 55~75 74.6 ~96.3 65 ~74.6

Source: [24]

Numerous studies have highlighted the adverse effects of high temperatures on the
machining process. These effects include reduced tool life, undesired deformations,
increased surface roughness, excessive material hardening, thermal cracks, compromised
dimensional accuracy, impaired surface integrity, elevated costs, and more [40-42].

Many decades ago, computer numerical control (CNC) machines emerged, featuring
improved structural integrity and increased power compared to their predecessors. This
technological advancement marked a significant milestone in metal cutting,
revolutionizing machining operations [43,44]. This technology enabled a sharp increase
in cutting parameters. Naturally, the elevation of these parameters increases the contact
region at the tool/part interface, generating more friction, heat, and consequently, higher

temperatures [5].

Various techniques are being employed to address the issue of high temperatures.
One approach involves adjusting cutting parameters to optimize the process. Additionally,
the use of increasingly robust tools, characterized by their thermal stability and high wear
resistance, is gaining prominence [45]. Such tools include cemented carbide (coated or
uncoated)[16], ceramics, cubic boron nitride (CBN), and polycrystalline diamond (PCD).
However, it is worth noting that these advanced tools often come at a higher cost and are
more fragile. Therefore, their usage is only when economically justified [22,30]. Another
detail is that the use of these special tools demands new machinery and special fixing
methods that do not generate strong vibrations, as these tools are very sensitive and

break easily under these conditions [46].
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The equations (1 to 6) presented in this chapter, along with the table of Energy
Distribution during Machining, play a fundamental role in introducing the topic of heat
and temperature in machining. While these equations are not directly applied for
calculation purposes in this work, they serve a crucial role in establishing the necessary
conceptual foundation to understand the importance of temperature throughout this
study. Temperature is a primary variable in this field of research, and its impact will be

addressed in various parts of this thesis.
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2.1.1. Temperature measurement via infrared radiation

The infrared radiation measurement technique is based on the principle that any
material surface with a temperature above absolute zero (- 273 °C) emits electromagnetic
radiation in the infrared (IR) spectrum, with a wavelength ranging from 1 to 1,000 pm.
This phenomenon was first observed by the English physicist William Herschel in 1,800
while measuring the temperature of a crystal's light spectrum using a mercury
thermometer. Herschel noticed that the heat was more pronounced near the red-light

spectrum, even though no visible light was present [47].

With significant technological advancements, infrared cameras with high-precision
sensors have become widely used. This method offers several advantages: (i) it is non-
intrusive, meaning it does not interfere with the machining operation; (ii) modern devices
have high data acquisition rates, allowing for real-time temperature monitoring; (iii) it
provides high measurement accuracy, typically within a range of approximately * 2 °C;
(iv) it enables temperature measurements in difficult-to-reach areas; (v) it is relatively
easy to apply compared to other temperature measurement techniques; (vi) it provides
temperature readings along the surface, offering a comprehensive view rather than justa

single point measurement [48].

However, there are some limitations to consider: (i) obtaining accurate surface
emissivity can be challenging; (ii) obstructions caused by chips or cutting fluids can
obstruct the camera's view; (iii) proper camera positioning is crucial for accurate

measurements; (iv) infrared cameras can only measure surface temperatures [49,50].

Meola & Carlomagno (2004) feature the calibration function of an infrared camera
term (Eq. 7)[47]:

A

EZSW (7)

Where: E is the real amount of energy detected,
& = emissivity coef ficient of a surface;
T = is the temperature of the object through calibration constants A, B, C.

Planck's law gives the radiation intensity of a black body as a function of temperature

(T) and wavelength (1) (Eq. 8) [51]:
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C1
T5(e@/A0 — 1) (8)

EA,T) =

Where: 1 = wavelength in m;

T = is the temperature of the object in K;

Ciand C, = first and second constant radiation,
C, = 1.191044x107 Wm? and C, = 0.014388 m. K.

However, a real body emissivity constitutes only a fraction of an ideal black body

emissivity, considering an equal temperature and wavelengths, according to Eq. 9 [47].

Eam

(9)

&

Where: E; = intensity of reading a real body;
E,r) = radiation intensity of an ideal black body.

Zhao et al. (2018) used infrared radiation specially developed in a two-color
pyrometer during the Inconel 718 turning [51]. They used ceramic tools reinforced with
whiskers. According to the authors, this equipment eliminates the emissivity variation,
increasing the accuracy of measurements. It has a range of 350 ~ 1,400 °C with a
resolution of + 3 °C. The cutting speed was varied in vc = 60, 80, 100 e 120 m/min reaching
the maximum temperature for each of these speeds in T = 715, 750, 775, 800 °C,
respectively. Both feed and depth of cut were kept constant at 0.085 mm/revand 0.5 mm,

respectively.

Vastly different temperatures were found by Diaz-Alvarez et al. (2017) in comparison
to Zhao et al. (2018), showing that, even with modern equipment, it is still challenging to
measure these variables accurately [51,52]. The authors also used the two-color
pyrometer technique with optical fibre, measuring a range of 250 to 1,200 °C, turning the
Inconel 718, varying the feed rate, and cutting speed (v¢) and using uncoated carbide tools
(TCMW16T308H13A). The feeds were f=0.05, 0.08, and 0.1mm /rev, cutting speeds have
been vc = 30, 60, 90, 120, and 180 m/min the depth of cut was kept constant at ap = 2.0
mm. Temperatures found, as a function of cutting speed and feed, are shown in Figure
2-4. However, the decrease in temperatures with an increase in cutting speed (vc) was

not explained in the text.
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Figure 2-4: Temperature as a function of feed and cutting speed when
turning the Inconel 718.

Source: [52]

Abukhshim et al. (2006) performed several tests to measure the turning temperature
of AISI 4140 steel using a high-speed machine, ve = 750 m/min, f = 0.15 mm/rev and
ap = 0.1 mm [36]. The IRT was used, and they could verify temperatures higher than 1,200
°C where the insert meets the workpiece, as shown in Figure 2-5.
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Figure 2-5: Infrared photograph of the cutting process (vc = 750 m/min)
Source: [36]
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2.1.2. Temperature measurement via thermo-couple tool-work

The tool-workpiece thermocouple method utilizes a thermoelectric circuit consisting
of multiple junctions formed by various elements, including the one created by the tool
insert and the workpiece. Figure 2-6 illustrates the basic configuration of a thermocouple

tool-workpiece system [53].

a) F1 F2 b)

Piece . Rotating conter tip - = ®
Q Piece (P) ( Material A) § T.0

f ; Q
| Rotating ’ ’
Too conter tip 0 |
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Figure 2-6: (a) Representative schematic of tool-work thermocouple using a rotating
tailstock; (b) Thermoelectric tool-thermocouple system using a rotating tailstock.

Source: [53]

The contact point between the tool and workpiece Q is the hot joint (in red), which
reproduces the temperature generated during the machining operation, while F1, F2, F3,
F4, and F5 represent the cold joints (in blue). In this configuration, a rotating tailstock
transfers the electrical signal through mercury located internally to this component.

By interconnecting the electrical wires emerging from joints F5 (tool connection) and
F2 (connection to the rotating dead center of the tailstock) at joints F3 and F4, it becomes
feasible to measure the electrical signal of the system and determine the average
temperatures at the chip-tool interface.

This method was described in publications such as Franca et al. (2022) and Klocke
(2011) [6,37]. Referring to Figure 2-6 (b) and considering the clockwise direction, the
electrical circuit of the tool-workpiece thermocouple system can be represented by Eq.

(10):

AE = EFP " T1 + EPA " T3 + EAB " T4_ + EB.F. " Tz (10)
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Each portion of the sum of this equation represents the electromotive force (e.m.f.)
formed at each junction of their respective pairs, where this e.m.f. is a function of the
temperature. The term Egp indicates the e.m.f. that is generated between the insert and
the workpiece subjected to a temperature T;. Epy, represents the e.m.f. generated
between the workpiece and material A at the temperature T;. Esp the e.m.f. that relates
the joint between the metal A and the copper wire B for the temperature T, and finally,
the last term of the equation Egy indicates the e.m.f. formed by the connection of the

copper wire and the tool at the temperature T,.

Analyzing equation (10) to find the temperature of interest of the hot joint Ty, it is
necessary to know the e.m.f. that act on the other joints of the system [53]. Because
different materials form them and generally have relative temperatures, secondary

junctions generate e.m.f. that significantly influence the e.m.f. of the system.

To eliminate unwanted noises, the tool-workpiece thermocouple system with a
physical compensation was proposed by Kaminise et al. (2014), which minimizes the
effect of the e.m.f. of the cold joints [54]. The various cold joints generate this by adding a
component formed by the two materials in the system that compose the standard
measurement system: dead center material A and workpiece material P. It also allows
calibration on the test bench, which on the other hand, in most cases, is carried out
externally and may not adequately represent the system more realistically. Figure 2-7

illustrates this circuit with the addition of the physical compensation.

Tailstock rotating dead center
Part(P) ( Material A) Copper wire (Material B)

01, Ts 0T

Tailstock rotating dead center tip
material (A)
e o o - - ee e

Tool (F) Workpiece material (P)
]

Physical Compensation Element( P + A)

Figure 2-7: Schematic representation of the tool-work thermocouple system
with a physical compensation element.

Source: [53]
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Analyzing the standard circuit with the addition of physical compensation (Eq. 11) is

obtained:
AE = Epp " Ty + Epa T3 + Epp " Ty —Epp* Ts — Epa* Ts —Epp - T2 (11)
When considering that the cold joints distant from the cutting zone do not consider

temperature variations throughout the tests, the temperature relations will be

T, =T, = Ts = T, (Egs. 12 to 14):

Epy "T3 =Epp-Teand Ejp Ty = Egp - Ts (12)

Thereby,

AE=Epp 'Ty — Epp - T, =K (T; — Ty) (13)

Finally, isolating T; the final Eq. 14 will be given by:

T, =T, +% (14)

Note that, by equation (14), it is possible to obtain the cutting temperatures by the
voltage AE measured by a voltmeter, where T; is the average temperature obtained at the
chip-tool interface, T, is the joint temperature formed by the contact of the element
compensation in the tool, and K is the Seebeck constant obtained in the system calibration
[54]. The temperatures obtained in T, can vary throughout the cutting process, mainly in
the inserting processes [53]. Therefore, it is necessary to measure T, in the calibration

and execution of the tests and during the development of the final curve.
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2.2. Machining Cooling Techniques

Researchers have studied thermal behavior during machining for over a century. In
1883, Frederick W. Taylor conducted studies to reduce the heat generated. He devised a
system to supply a continuous plentiful flow of water saturated with soda and observed
that it led to a significant increase in cutting speed, approximately 40% [55]. This
groundbreaking work marked the inception of cutting fluids (CFs). Since then, extensive
research and development efforts have been dedicated to achieving temperature control

in machining processes [10,56,57].

Besides CFs, alternative strategies and lubrication-cooling methods have been
studied and successfully applied [7]. Among them, there are minimum quantity of
lubricants - MQL, minimum quantity of cooled lubricant - MQCL, high-pressure cutting
fluid - HPCF, cryogenic fluids (nitrogen liquid), solid lubricants, nanoparticles,

texturization, high-pressure and refrigerated compressed air, among others [10].

Several studies have employed hybrid lubrication-cooling techniques. For instance,
Yildirim (2019) utilized sixteen different lubrication environments while turning Inconel
625, incorporating hBN and Al203 nanoparticles [59]. Other researchers have also
explored the inclusion of nanoparticles or solid particles in the lubricating oil used in
minimum quantity lubrication (MQL) applications [60-62]. Another approach involves
cooling the MQL air before blending it with atomized oil particles, a technique called the

minimum quantity of cooled lubrication (MQCL).

Fernandes & Barbosa (2022) classified many lubri-cooling conditions in machining
into three main groups: wet machining (WM), which is the traditional method and its
variations; near dry machining (NDM), which utilizes fluids (liquids or gases) in minimal
amounts; and dry machining (DM), which can be performed without any coolant, with
the use of solid lubricants, or through indirect cooling techniques like internally cooled
tools. Figure 2-8 provides a visual representation of this division of lubri-cooling

methods.
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Figure 2-8: Classification of the machining environments according to the

possible forms of lubrication and cooling

Source: [7]

In pursuing more sustainable processes, dry machining is considered an ideal

approach. However, this practice can encounter technical challenges that necessitate

using coolant, especially regarding temperature. As a result, despite ongoing efforts to

explore more environmentally friendly machining methods, the prevailing lubri-cooling

condition is still the application of cutting fluids in abundance (CFA). Further information

about this technique will be described in the following sections.
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2.2.1. Wet Machining

In the upcoming subchapter, an extensive exploration of cutting fluids will be
conducted. The initial focus will be on the traditional approach known as Cutting Fluid in
Abundance (CFA). This comprehensive analysis will provide profound insights into
historical practices and their wide-ranging implications within the field of machining
processes. It will encompass various aspects, including types of cutting fluids, market
dynamics, the role of additives, advantages and disadvantages, and sustainability

considerations, among other pertinent factors.

2.2.1.1. Cutting Fluid in Abundance - CFA

Metal working fluids (MWF) are liquid or gaseous chemical elements used in metal
processing for material removal or forming. Cutting fluids serve various functions,
including lubrication, cooling, anti-oxidation, and chip removal. An adequate cutting fluid
alters the tribological system at the tool/chip interface, reducing friction and temperature
and thereby facilitating cutting and preserving the integrity of both the part and the tool.
Additionally, these fluids help to protect the machinery by preventing oxidation and the

accumulation of debris between moving parts [4].

Cutting fluids can be categorized into three main groups: neat oils, emulsions
(emulsifiable or semi-synthetic), and solutions (synthetic). Figure 2-9 provides detailed

information about this classification [4].

Vegetal

Animal

Neat oils H

Mineral

Emulsifiable

Emulsions |

Micro
emulsions

Cutting Fluids -CFs

Solutions =—1100% Synthetic

Figure 2-9: General classification of cutting fluids
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The most widely used CFs are emulsifiable fluids, also known as macro emulsions.
These fluids are a heterogeneous mixture of water and oil, with particle sizes ranging from
2 to 5 um in diameter. The next category is semisynthetic fluids, also known as micro
emulsions, which serve as an intermediate type between emulsifiable fluids and solutions.
Typically, they contain less than 50% of neat oil and have particles ranging from 0.1 to 1
um in diameter. The third category comprises 100% synthetic fluids, forming a
translucent water-based solution. Lastly, 100% neat oils can be derived from animal,
vegetable, or mineral sources, but their usage has decreased over time [55]. Figure 2-10

depicts the market share of each CF type throughout the 20th century.
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Figure 2-10: Evolution of Metal Working Fluids Consumption - MWF
(including FCs) globally

Source: [55]

Cutting fluids are manufactured using different primary inputs, depending on their
type and functional additives. A cutting fluid can consist of over ten additives, regardless

of whether it is. Each additive has a specific role in the formulation, contributing to the
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product's overall performance. Byers (2016) explains the various types of additives and

their respective functions [55]:

o Lubricants: can be of two distinct types, boundary or extreme-pressure - EP.
They are incorporated to enhance the lubricating performance of the fluid, as
mineral oil and water alone do not possess this property. These additives undergo
chemical activation based on the operating temperature (Figure 2-11); Itis worth
noting that due to environmental concerns, chlorine-based additives are

becoming less common as they contribute to the greenhouse effect.
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Figure 2-11: Relationship between metal temperature and friction coefficient
for various contour and EP lubricating additives

Source: [55,192]

o Corrosion inhibitors: The corrosive action of free hydrogen ions in water
(H-) tends to corrode metals, so additives that inhibit this action are necessary.

They form a protective film on the surface of the metal.

o Metal deactivators: Non-ferrous materials are prone to staining when they meet
certain elements, such as sulfur. Additives with hydrophilic and polar structures
are used to address this issue, forming a protective layer on the metal surface. It

is important to note that aluminum alloys can compromise their protective oxide
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layer when exposed to alkaline solutions with a pH above 9.0.

Alkaline Reserve: works with corrosion inhibitors to maintain the fluid's
alkalinity and prevent acid contamination. They play a crucial role in ensuring the
fluid remains in an optimal condition with its primary and functional
characteristics. A cutting fluid with a low alkaline reserve is vulnerable to fungal
and bacterial contamination. The pH level of the fluid is typically an excellent
indicator of its quality, with an ideal pH of around 9 for most types of cutting
fluids, particularly synthetic and semisynthetic ones. When the pH level

decreases, the alkaline reserve is increased to correct the imbalance.

Emulsifiers (surfactants): are compounds responsible for dispersing oil
droplets in water, resulting in the formation of an emulsion (macroemulsion) or
a semisynthetic mixture (microemulsion). They contain a long hydrocarbon chain
(lipophilic) interacting with the oil phase and a polar structure (hydrophilic)
interacting with the water phase. To assess the emulsifier's affinity for water, the
hydrophilic-lipophilic balance (HLB) system was developed by William C. Griffin
in 1951. This system assigns a value on a scale from 1 to 20, with 20 indicating
complete solubility and 1 indicating poor dispersibility in water. The HLB value
allows evaluation of the emulsifier's quality and effectiveness in forming stable

emulsions.

Coupler agents: work with emulsifiers to stabilize the emulsion and prolong its
shelf life. They play a crucial role in maintaining the stability and homogeneity of
the emulsion over time, preventing phase separation and degradation. By
enhancing the interaction between the oil and water phases, coupling agents

contribute to the overall stability and longevity of the emulsion.

Antifoams: as the name suggests, they function by inhibiting the formation of
foams. Foams are created when the air becomes trapped within the cutting fluid,
typically due to their interaction. Foam generation can be particularly
troublesome in high-speed cutting operations or when using high-pressure
cutting fluids, as these processes tend to introduce more air into the system.

Antifoaming agents are typically not utilized in whole oils due to their viscosity.
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o Anti-fog: is responsible for inhibiting fog formation during the machining
process. These agents consist of long and heavy molecular chain polymers that
increase the fluid's viscosity, enabling it to withstand the stresses it encounters
better. They are vital in formulating fluids designed explicitly for minimum-

quantity lubrication applications.

o Antioxidants: are additives that serve as inhibitors for oxidative processes,
particularly in fluids exposed to high temperatures and working pressures. These
additives are commonly employed in neat oils and play a crucial role in protecting
the entire assembly of the machine, workpiece, and tool from the harmful effects
of oxidation. By preventing or reducing oxidation, antioxidants help maintain the
stability and integrity of the cutting fluid, ensuring optimal performance and

prolonging the lifespan of the machining equipment.

o Dyes: are utilized to provide a uniform coloration to the fluid, which aids in
distinguishing one product from another. Additionally, they enhance the visual

appeal of the fluid, making it more aesthetically pleasing.

o Wetting: is employed to lower the surface tension of cutting fluids and enhance
their ability to wet metals. They contribute in two ways: first, by assisting in the
formation of a protective film on the metal surface, and second, by aiding in the
removal of chips from the machining process. Wetting agents help to ensure
proper coverage and contact between the cutting fluid and the metal, promoting

efficient lubrication and chip flushing.

o Biocidal: in cutting fluids consist of two types: antibacterial and fungicidal agents.
Water-based cutting fluids are susceptible to various types of contamination,
resulting in the growth of microorganisms that decompose the fluid and create
unpleasant odors, thereby compromising the work environment. Biocides are
incorporated into the cutting fluids to prevent such issues, inhibiting the growth
and proliferation of microorganisms and ensuring the fluid remains stable and

free from degradation.

It is important to note that using chlorine in lubricating additives at high

temperatures should be cautiously approached. Chlorine tends to decompose, forming
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dioxins and highly flammable substances, which can lead to uncontrollable burning.
Furthermore, these compounds pose risks to human health and the environment.
Consequently, chlorine-containing cutting fluids can only be disposed of in specialized
incinerators, significantly increasing the overall cost [63,64]. Additionally, these
compounds are not recommended for machining certain materials like titanium alloys
due to their corrosive properties [65]. As a result, the use of chlorine-containing cutting

fluids is becoming increasingly restricted in several countries.

Regarding neat oils, Gajrani & Sankar (2020) explain that they primarily consist of
oils, and Klocke (2011) states that approximately 90% are mineral-based [37,66]. Neat
oils also incorporate other additives to enhance their chemical stability, lubrication
properties, wear protection, oxidation resistance, durability, and foaming characteristics.
These oils are typically utilized in low-speed but high-severity machining operations, such

as gear milling [8].

There is a significant trend toward substituting mineral-based oils with vegetable-
based oils. This shift is driven by several advantages of vegetable-based oils, including a
low evaporation temperature, high flash point, biodegradability, and reduced harm to
operator health [14,67]. Additionally, vegetable-based oils have lower viscosity, allowing
for improved tool/chip interface penetration and enhancing lubrication performance.
However, it is essential to note that vegetable-based oils are generally more expensive
than their mineral-based counterparts. Nevertheless, increasing demand for sustainable
alternatives and stricter regulations governing manufacturers' responsibilities, from

production to disposal, have made these oils more competitive.

Water-based cutting fluids are typically formulated as emulsions or solutions.
Emulsions consist of a mixture of water and oils, usually of mineral or vegetable origin,
with a ratio ranging from 1:99 to 1:10. These emulsions are biphasic compounds, and like
neat oils, they incorporate additives based on the specific functions required for the
cutting fluid. Due to their water content, paying particular attention to the pH level is
crucial, which should ideally be maintained between 8 and 9 to prevent corrosive effects.
Emulsions rely on essential additives called emulsifiers or surfactants, which are polar
agents responsible for dispersing the oil into fine droplets throughout the water phase

[4,37].
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Emulsions are particularly vulnerable to contamination by microorganisms,
including bacteria and fungi. This contamination can decrease pH, adversely affecting the
mixture's lubrication, cooling, and anti-oxidation properties. Moreover, it promotes fluid
instability, resulting in the formation of sludge deposits that can potentially clog the
pumping system. Contamination also gives rise to unpleasant odors in the workplace.
Biocides at a concentration of approximately 0.15% are recommended to mitigate these
issues. Semisynthetic fluids, classified as microemulsions, are composed of chemicals with
oil content ranging from 5% to 50% (mineral or vegetable oil) miscible in water. These

fluids incorporate significant amounts of emulsifier additives [55].

Lastly, solutions are considered homogeneous single-phase mixtures. Since they are
already diluted in water, there is no need for the use of emulsifiers. Solutions are
translucent, which allows for better visualization during cutting processes. They do not
contain added oils, making them less toxic to the environment and operators' health.
However, they incorporate various additives such as organic and inorganic minerals,
antioxidants, lubricants, biocides, etc. Solutions are particularly suitable for high-speed
cutting operations due to their excellent coolant properties, especially when generating

significant heat. Nevertheless, the cost of these fluids remains a restricting factor [68].

Numerous studies have highlighted the technical advantages of cutting fluids (CFs),
as many machining operations rely heavily on their use. In a study conducted by Vieira et
al. (2001), various CF types, including mineral emulsion, semi-synthetic, and synthetic
fluids, were investigated during the face milling of AISI 8640 steel using a coated carbide
tool [69]. The researchers measured tool life, energy consumption, surface roughness, and
temperature to assess the cooling effectiveness of the CFs. Comparatively, dry conditions
exhibited the highest temperatures, followed by synthetic fluid, mineral emulsion, and

semisynthetic CF.

In a study conducted by Iturbe et al. (2016), the machining of Inconel 718 in a
finishing turning operation was carried out to compare the performance of two different
lubri-cooling techniques: minimum quantity lubrication with cryogenics and cutting
fluids in abundance [70]. The researchers analyzed tool wear and the surface integrity of

the workpiece, explicitly focusing on roughness and microhardness. The findings
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indicated that using CFA improved tool life and roughness during continuous machining

in comparison to MQL with cryogenics.

While cutting fluids offer various advantages, they pose significant challenges within
the production chain, primarily regarding costs, environmental impact, and human
health. Numerous research studies have been conducted to minimize or eliminate their
usage. These investigations have successfully demonstrated the technical benefits of
alternative techniques. However, the cost factor remains a significant limitation in many

situations [2,9].
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2.2.2. Dry Machining - DM

Like any other machining process, dry machining is influenced by various factors
such as the work material, machine tool assembly, cutting parameters, type of operation,
and the tools used, whether they are coated or not. Figure 2-12 provides a schematic
representation of these factors in detail. Choosing the appropriate combination of these
variables is not simple and requires extensive prior experience. Additionally, it is essential
to note that optimal selection may not be universally applicable but rather varies on a

case-by-case basis.
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However, when the variables are chosen correctly, dry machining can be effectively
applied to various materials and operations, including challenging materials such as
titanium or nickel superalloys. This has been demonstrated in studies by Minton et al.

(2013) and Zhang et al. (2012) [12,71].

Dry machining is more commonly employed when dealing with metal alloys that
exhibit higher machinability, as it allows for efficient machining operations. Grey cast
irons, which contain graphite in their composition, are often machined dry due to the self-
lubricating action of the graphite [72]. Free-machining steels containing added inclusions,
such as Pb, Bi, Te, Se, Sn, etc., act as lubricants at the chip-tool interface, reducing heat
generation and cutting forces [73]. These alloys are typically well-suited for dry

machining.

Easy-cutting materials like magnesium, aluminum, and copper alloys are also prime
examples where dry machining is recommended. These materials possess low melting
points, exhibit low shear resistance and hardness, and often produce short chips [74,75].
However, it is essential to note that certain materials warrant caution when considering
dry machining. Ductile materials such as pure aluminum, copper, and low-carbon steels
tend to adhere intensely to the cutting tool, making dry machining less suitable, especially

in drilling processes [76].

Finally, titanium and nickel-based superalloys are virtually unviable materials
machined industrially dry, with rare exceptions. For example, titanium alloys widely used
as biomaterials can be machined dry to avoid contamination. These alloys are poor heat
conductors, maintain their mechanical properties even at high temperatures, suffer
excessive work hardening, have high hardness, chemical affinity, etc. [77-79]. All these
make it exceedingly difficult to use DM when cutting them with cemented carbide tools,
but there are studies in this sense in which the cutting factors were carefully selected to
enable dry machining. The nickel-based superalloys can be machined with ceramic tools,
and in this case, the recommendation is DM because of the poor thermal shock resistance

of these tool materials.

Devillez et al. (2011) evaluated the surface integrity (microhardness and
microstructure) of the Inconel 718 after turning with triple coated carbide tool (TiCN,

Al203, TiN - CVD) under CFA and DM cutting conditions for several different cutting
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speeds to determine the ideal for dry cutting [80]. The authors found that the optimum
cutting parameters were vc = 60 m/min, ap = 0.5 mm, and f = 0.1 mm/rev. They also
concluded that regarding microhardness, microstructure, and residual stresses analyses

dry machining presented results equivalent to CFA.

Ginting & Nouari (2009) studied the surface integrity (roughness and
microhardness) of titanium alloy (Ti-6242S) in milling operation with coated
(WC-Ti/Ta/Nb-C), (TiN/TiC/TiCN - CVD) and uncoated tools [81]. The results indicated
that DM could be used for titanium with an uncoated carbide tool and limited to finishing

and semi-finishing operations.
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2.2.3. Tools Indirectly Cooled - TIC

The cutting fluid helps to protect the tool by lowering the average system temperature.
However, it also acts on the workpiece and chip. The temperature elevation experienced
by the workpiece and chip during machining is advantageous since it diminishes the
material's mechanical strength. This temperature increase facilitates cutting by reducing
the required force and power. Hence, an ideal cooling system should focus exclusively on

cooling the tool, effectively lowering its temperature [7].

The idea of indirectly cooling the cutting tool during the machining process probably
began in 1964 when Meyers (1964) obtained a patent for a thermoelectric system. In
1970, Jeffries & Zerkle (1970) proposed a mathematical thermal analysis of a tool
indirectly cooled - TIC for orthogonal cutting considering new and worn ones [82,83].

Since then, many other attempts have been made to this meaning.

Studies conducted on tool indirectly cooled systems have demonstrated encouraging
results so far [53,84-87]. However, it is essential to note that most of these studies have
been conducted in a dry-cutting atmosphere, which deviates from the industrial reality
where cutting fluid in abundance is commonly employed. Further studies are necessary
to validate TIC's effectiveness in different machining scenarios. Yet in the literature there
is no specific study on how coatings can help reduce the temperature in the ICT, for
instance. In the following discussion, some of the prominent research efforts in the field

of TIC will be explored.
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2.2.3.1. Internally Cooled Shim - ICS

Among the various approaches developed for tool indirectly cooled (TIC) systems,
indirect cooling through the shim is one commonly explored technique. This method has
garnered significant attention due to its practicality, as cooling the shim is relatively easier

than cooling the tool.

In 1964, Meyers patented a cooling system that utilized the concept of
thermoelectricity [82]. This concept involves certain materials that exhibit a temperature
difference when subjected to an electrical potential differential, with one terminal heating
up while the other cools down. Meyers' idea was to apply this principle by placing the cold
junction in contact with the cutting tool, thereby conducting heat away from the
machining process. According to Meyers (1964), one advantage of this system was that
cooling would occur only at critical points, thus minimizing energy waste and eliminating

the need for cutting fluids in the process.

In 1970, Jeffries and Zerkle expanded on indirect cooling by introducing heat
exchange surfaces within the tool shim, utilizing a phase-changing fluid [83]. They
suggested that this method could offer a high heat removal capacity by harnessing the
latent heat of vaporization. The authors conducted a thermal and mathematical analysis,
considering dry environments and their proposed system. They examined the
temperature distribution on the chip and the tool during orthogonal cutting, considering

the scenarios of both new and worn tools.

Zerkle (1971) stated that the proposed system could achieve a heat reduction ranging
from 1,000 to 20,000 Btu/hour.ft2. °F [88]. In contrast, the conventional cutting fluid
typically has a heat removal capacity of 10 to 1,000 Btu/hour.ft2. °F. Zerkle further
mentioned that this system could potentially lower the temperature by approximately
204 °C, whereas the temperature reduction with conventional cutting fluid is around 93

°C.

In a study conducted by Minton et al. (2013), a similar approach was employed, but
instead of utilizing the cutting tool shim, they employed a cooling chamber (block) [89].
They implemented a closed-circuit system using nonethylene glycol at room temperature

(~26 °C). The machining experiments were conducted on Titanium, specifically class 2,
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using carbide inserts coated with polycrystalline diamond (PCD) through chemical vapor

deposition (CVD). Figure 2-13 provides further details.
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Figure 2-13: System proposed by Minton et al. (2013). (a) Internally cooled tool
carrier, (b) Cooling block cut- A-A sight, (c) Pyrometer position, (d) Assembly of machine
tool-part

Source: [71]

The authors observed that the internal cooling system within the tool carrier
demonstrated efficient performance. They noted that the PCD coating effectively
dissipated heat from the surface, which was then removed through internal cooling. The
refrigeration system employed in their experiment resulted in improved tool life and
lower temperatures. The researchers achieved successful heat extraction from the tools,
thereby preventing the activation of thermal oxidation between titanium and PCD.
However, they acknowledged the need for further studies, mainly focusing on the

superficial integrity of the machined surfaces.

Another study proposed by Li et al. (2017) conducted a three-step simulation study
to determine the optimal geometry for the refrigerated tool indirectly [90]. Firstly, they
performed a topological optimization for both the shim and the tool. The concept involved
incorporating fluid flow inside the shim with relief to enhance the heat exchange area. In
in Figure 2-14 (left) there is the optimized design of the tool, and on the right the shim,

both with protrusions that enhance the heat transfer.

In the second stage, thermal and mechanical simulations were carried out to assess

the effectiveness of the internal cooling channels. Finally, computational analysis of the
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structure and fluid was conducted at various speeds to check the thermal behavior.

Figure 2-14: Tool (left) and shim (right) with relief optimized to improve thermal
efficiency.

Source: [90]

In the simulations conducted by Li, three different designs were tested. A structural
and mechanical analysis was performed using ANSYS software, with the AISI 1045 steel
selected as the material for evaluation. The depth of the internal channels was adjusted to
maintain the same material removal rate across the proposed designs. The results of the
mechanical simulations revealed that the optimized tool exhibited 7.6% higher stresses
than conventional tools, while the non-optimized tool demonstrated a higher stress level
of 16.3%. Additionally, deformation was found to be lower for the optimized tool at 6.5%,

while the non-optimized tool showed a higher deformation rate of 9.3%.

Lietal. (2017) concluded that the indirectly refrigerated tool with optimized relief
exhibited superior temperature results [91]. They observed a temperature decrease of
approximately 180 °C compared to a conventional tool and around 6 °C less than an

indirectly refrigerated tool without topographic optimization.

Following their numerical investigations into the optimal topologies of shims and
tools, Li et al. (2018) proceeded with experimental work centered around the studied
system [92]. The authors conducted a performance evaluation of indirectly refrigerated
tools, comparing the results between optimized and non-optimized relief designs during
the turning process of AISI 1045 steel. The study focused on analyzing the heat transfer
capacity and tool wear. Figure 2-15 in the reference illustrates the designs of the tools

employed in the experiments.
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Figure 2-15: Shim and refrigerated inserts indirectly. (a, b) computational
design. (c, d) optimized. (e, f) not optimized. (g, h) conventional.

Source: [92]

In the experimental study, the main parameters used included a cutting speed of 100
m/min, a feed of 0.16 mm/rev, and a depth of cut (ap) of 1.0 mm. The water flow rate was
set at 1 mm/s with a temperature of 11°C. The key findings regarding temperature

showed that the optimized tool exhibited a temperature of 22°C, the non-optimized tool
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had a temperature of 56°C, and the conventional tool recorded a temperature of 110 °C,
measured at the flank face. Regarding flank wear, the results indicated values of 19 um,
47 um, and 35, um for the optimized, non-optimized, and conventional tools, respectively.
Figure 2-16 in the reference showcases the results of both flank wear and temperature

obtained from the experiments.

Optimized Non optimized Conventional

38.88°C

Flank wear
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Figure 2-16: Experimental results for optimized, non-optimized and conventional
tools proposed by Li et al. (2018). (a) Temperature and (b) flank wear

Source: [92]

To sum it up, the authors discovered that indirectly cooled tools with an optimized
relief design on the shim have a considerable capacity for heat removal, resulting in lower
temperatures and less wear. Furthermore, the tool with an optimized relief design
exhibited superior performance in terms of deformation compared to the non-optimized

relief design.



Page | 62

Another system developed by Rozzi et al. (2011) utilizes microchannels in the tool
shim to exchange heat, which is cooled by circulating liquid nitrogen (LN2) [94]. This
cooling technique can be used for both static and rotating tools. The authors created a
numerical model to predict tool life based on different cutting speeds and cooling
functions. They also conducted experiments to validate the model and compared the life
of the indirectly refrigerated tool with CFA. The authors filed a patent application for this
invention in at least ten countries, including Brazil, where it was accepted with the
number BRPI1010317B1. Additionally, they registered a patent application in Brazil for
the heat exchanger adapted for rotating tools, known as BRPI1013942B1. Figure 2-17

provides details of the heat exchanger system.

"'\, 4

MHX outlet

(a) Microchannel heat (b) View of tool holder after Brazing showing
exchanger - MHX the bottom of the Heat Exchanger Module

MHX inlet

Vacuum-Insulated Inlet

Chip Breaker

Insert

MHX Module (MHX and Manifold)
Working Fluid Exit

(c) The completed tool holder

Figure 2-17: Indirect cooling system proposed by Rozzi et al. (2011) . (a) Heat
exchanger. (b) Internal view of the heat exchanger. (c) Complete set

Source: [93]
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In their study, Rozzi et al. (2011) concluded that the LN2-cooled microchannel heat
exchanger system is a viable solution that can significantly enhance tool life compared to
traditional flood cooling with cutting fluids. The proposed design effectively minimized
pressure losses and leakage issues. Furthermore, the numerical model developed by the
authors demonstrated good agreement with the experimental results in predicting tool
life. As a final remark, the authors suggest that the system has the potential to be
implemented on an industrial scale, offering improved sustainability in terms of social,

environmental, and economic aspects by replacing conventional cutting fluids.

Neto et al. (2015) designed a unique internally cooled tool holder with a refrigerant
fluid instead of the commonly used water [95]. The refrigerant fluid was in direct contact
with an expansion chamber constructed from silver, as depicted in Figure 2-18. This
system was patented in Brazil in 2016 under the patent of process number BR

102013018189-7 A2 [96].

i — il
~ Support > 'LA Condenser *~  Toolholder
Toolhold? 7 f \ J‘\ Sy L
4 |
«. Cutting M . (b)
Tool
luid ‘
Flui ~~ Silver
outlet L_ ' Interface
channel | —
Fluid inlet channel (a) (©)

Figure 2-18: Indirect cooling system of the tool carrier proposed by Neto et al. (2015):
(a) Cut view of the tool holder and parts; (b) diagram of the refrigeration system; (c)
tool carrier with displaced tool

Source: [95]

The authors conducted turning tests using the proposed system on SAE XEV-F, a type of
stainless steel known for its low thermal conductivity (14.5 W/m-K), like Inconel 718. The
tests employed triple-coated cemented carbide tools with TiN, TiCN, and Al203 CVD
coatings. The study considered three different input variables: cutting speed, feed rate,

and the cutting environment, which included the internally cooled tool holder, dry cutting,
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and cutting fluid. The depth of cut was maintained constant at 0.50 mm, and the specific

variable conditions are outlined in Table 2-2.

Table 2-2: Cutting conditions used [95]

condition Ve f 2 cutting
[m/min] [m/min] [mm] atmosphere
1 80 0.20 0.50 (Internally
2 80 0.40 0.50 Cooled), (Dry
3 100 0.20 0.50 Cutting) or
4 100 0.40 0.50 Cutting Fluid)

Source: [95]

The study analyzed response variables: temperature, cutting forces, crater wear (KT),

and tool life (VBmax = 0.6 mm or Veg = 0.3 mm). The results obtained from the experiments

are illustrated in Figure 2-19, providing insights into the effects of the different input

variables on the response variables.

T[rC] Temperatures Viem] Removed Material
200 500
160 T T I T ] T 400
120 ‘ l ‘ ‘ alc 300 alC
80 + — —— T — — WCF 200 mCF
DC DcC
40 1 — — — - 100
0 T T T (1]
I 2 3 4 2 3 4
Condition (a) Condition (b)
KT[mm] KT F N Resultant Force
0,030 1500
0,025 1250
0.020 + 1000 miC
0.015 mic 750 mCF
mCF DC
J 500
0,010 oC
0005 - =
] 2 3 4 ! 2 3
Condition (c) Condition (d)

Figure 2-19: Results for each condition and cooling method: a) Average temperature in
thermocouple 1; b) Volume of removed material; (c) maximum depth of crater wear; d)

Resulting force

Source: [95]



Page | 65

2.2.3.2. Heat pipes and heat sinks

Heat pipes or heat tubes are devices constructed using highly conductive metals such
as copper or silver. They are filled with a liquid, typically used for refrigeration purposes.
When one section of the heat pipe is heated, the liquid absorbs heat until it reaches its
vaporization point, acquiring latent heat. This causes a pressure differential within the
tube, initiating the circulation of the fluid from the hottest region to the coldest one. In the
coldest part, the system releases heat to the surrounding environment, causing the fluid

to condense and complete the cooling cycle [7].

Judd et al. (1995) introduced an indirect cooling system that integrated heat pipes
(HP) into the tool holder. The primary objective was maintaining refrigeration to prevent
thermal expansion with [97] subsequent loss of dimensional tolerance. To evaluate its
performance, the authors monitored the tool holder's temperature using thermocouples
and employed millimeters to measure the thermal expansion during the turning process

of AISI 1018.

A copper heat tube with a thermal exchange capacity of up to 200 W was employed,
and the adapted tool holder was a boring bar with a diameter (@) of 10 mm and an internal

hole. Cold water (~ 0 °C) was circulated within the system by a centrifugal pump.

The input variables were the depth of cut (ap = 1.25, 2.50, and 3.75 mm), feed rate
(f=0.148 and 0.230 mm/rev), and a fixed cutting speed of 45 m/min. The fluid flow rate
inside the heat tube ranged from 150 ml/min to 300 ml/min, depending on the thermal

intake received.

Figure 2-20 depicts the primary outcomes derived from the thermocouple
measurements conducted with and without coolant, as presented by
Judd et al. (1995). The authors concluded that the heat pipes exhibited a remarkable
thermal exchange capacity, effectively removing heat from the system. Ultimately, the
authors emphasized the significant impact of the device and recommended further

studies to enhance and refine the technique.
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Figure 2-20: Results of temperature measurements with the proposed system. (a)
Heat pipes are used. (b) No heat pipes (c) Temperature in thermocouples

Source: [97]

H. Zhao et al. (2002) conducted a numerical study investigating the influence of
internal cooling on the flank wear of the tool by employing heatsinks [99]. Their research
involved the development of a model that incorporated orthogonal cutting and
considered the material's softening effects concerning temperature. To analyze the
impact of the heatsink on tool temperature, the authors proposed and examined various

geometries. Figure 2-21 illustrates the proposed schematic representation of the study.

Figure 2-22 provides an overview of the temperature and flank wear results
obtained from a numerical simulation by H. Zhao et al. (2002) [98]. The simulation
involved a rectangular plane heatsink with 2.0 x 2.0 mm? dimensions and a thermal
dissipation capacity (qus) ranging from zero (no heatsink) to 25 W/mm?. The heatsink

distance (D) was fixed at 1.0 mm.
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Figure 2-21: Orthogonal cutting scheme with heatsink.
Source: [98]
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Figure 2-22: Numerical results with different HS capacity.
(a) Temperature on the main slack surface, (b) Flank wear

Source: [98]

In Figure 2-23, the outcomes of a second simulation are presented. This simulation
employed a heatsink with identical dimensions (Aus = 2.0 x 2.0 mm?) but with an
increased thermal dissipation capability (qus = 45 W/mm?). The heatsink distance (D)
varied between 1.5 and 3.0 mm. The authors emphasized that heatsinks in carbide tools

can lead to an extension of tool life by up to 15% compared to a dry system.
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Figure 2-23: Numerical results, qus =45 W/mm?, varying the HS distance
(a) Temperature on the main slack surface (b) Flank wear.

Source: [98]

In another study by Zhao et al. (2006), the researchers examined the impacts of
employing various types, geometries, and capacities of heat sinks on the temperature at
the tool/chip interface [100]. This research followed a similar approach to the previous
study described earlier. The numerical analysis considered the chip, tool, and interface

between them as semi-finite bodies.

The authors investigated the effects of varying the thermal dissipation capacity (qus),
distance (D) of the heat sink in the tool, chip/tool contact length (C), and heat sink area.
They conducted numerical simulations, and Figure 2-24 presents a compilation of the

primary temperature results obtained in these simulations.

In their conclusion, Zhao et al. (2006) state that indirect cooling with heat sinks
effectively removes heat from the chip/tool interface [100]. They observed a significant
temperature decrease ranging from 40 to 150 °C. The researchers identified the heat sink
capacity (qus), the distance (D) of the heat sink in the tool, and the heat sink area (Ans) as

the most influential parameters in reducing the temperature at the chip/tool interface.
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Figure 2-24: Results of numerical temperature simulations at the chip/tool
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Source: [100]

In a study by Jen et al. (2002), a numerical analysis using the Finite Element Method

(FEM) and experimental investigations were conducted on a Tool Indirectly Cooled (TIC)

system [99]. This system involved the use of heat tubes inserted inside helical drills. The

researchers aimed to determine the optimal design of the drill with the heat tube by

conducting a parametric study.

The study focused on various dimensional parameters, such as the diameter of the

drill and heat tube, the distance between the drill tip and the heat tube, and the type of

contact between them. These factors were found to influence the thermal efficiency of the

system significantly.

Figure 2-25 (a) illustrates the proposed tool, while Figure 2-25 (b) simplifies the

heat tube and the drill as ideal cylinders for analysis. These visual representations aid in

understanding the configuration and geometry of the TIC system under investigation.
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Figure 2-25: a) Illustration of a drill with internal channel to insert the heat tube
proposed by Jen et al. (2002) (b) Physical representation of an ideal heat tube

Source: [99]

The experiments and simulations were conducted in three different setups: solid
drill, heat pipe without a sink; heat pipe with a sink; basic convection cylinder (BC). The

temperature outcomes are presented in Figure 2-26.
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Figure 2-26: Temperature results for six different conditions simulating a drill in
drilling condition.

Source: [99]
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Jen et al. (2002) conducted experimental tests to validate the accuracy of their
numerical model, and a strong correlation between them was observed [99]. The
maximum temperature difference recorded was approximately 110 °C between the
conventional drilling method (BC) and the heat pipe with dry cutting (HP with DC). In the
case of experiments without a heat sink (HT or HP) and with a heat sink, the temperature

difference was around 4.0 °C.

Once the numerical and experimental models were validated, the authors performed
a parametric optimization study on the drill design with a heat tube. This study involved
analyzing factors such as the distance between the cutting edge and the end of the heat
tube, the impact of contact resistance, and the diameter of the heat tube. The authors
concluded that heat pipes, especially when combined with heat sinks, are highly effective

in maintaining a cool temperature for the drill.

In a subsequent and ongoing study on HP, Zhu et al,, 2009, conducted finite element
method (FEM) simulations to perform thermal, structural, static, and dynamic analyses of
drills equipped with heat pipes to assess their practicality [101]. The researchers utilized
COSMOS\works software to compare conventional drills (CD) with HP drills, both with
and without CFA. Figure 2-27 depicts the simulated device, resembling the one examined

earlier in Figure 2-25 (a).

Figure 2-27: Conventional drill (a) and drill with heat tubes (b) simulated with
FEM proposed by Zhu et al. (2009)

Source: [101]

The maximum temperatures obtained from the experiments were as follows: 343 °C
for conventional drilling (CD), 258 °C for conventional drilling with cutting fluid

application (CD + CFA), 189 °C for heat pipe cooling (HP), and 173 °C for heat pipe cooling
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with cutting fluid application (HP + CFA). The thermal stress analyses revealed 250 MPa
for CD, 200 MPa for CD + CFA, 160 MPa for HP, and 130 MPa for HP + CFA. These findings
demonstrate that heat pipes are highly effective in removing heat from the drilling
process, resulting in significantly lower temperatures. A maximum temperature
reduction of 153 °C was observed, and the thermal stress was reduced by 3x compared to

conventional drilling methods.

Regarding stress and deformation analyses, the maximum stress values were found
to occur in the drill channels. The maximum stress value for the drill with a heat pipe was
3.401 x 1078 Pa, while for the conventional drill, it was 2.643 x 10”8 Pa. This indicates that
the heat pipe (HP) configuration increased the stresses by approximately 30% due to the
reduction in the hole. Consequently, the stresses in the HP drill were also higher, with
maximum values of 1.313 x 1073 Pa for the conventional drill (CD) and

1.779 x 107-3 Pa for the HP drill.

In the dynamic analysis, the authors found that the deformations in the HP drill were
significantly larger, potentially leading to a loss of dimensional quality. However, it should
be noted that the drills did not reach the point of failure, indicating that the structural
performance was still within acceptable limits. The authors recommended future work to
design reinforced drills, mainly focusing on the points of higher loads, to address the

structural concerns identified.

In conclusion, the authors state that thermally, the heat pipes are highly efficient in
cooling the drill, but structurally, the performance is affected, although they do not reach
failure. The need for reinforced drill designs and further investigation into areas of high

load is suggested for future research.

Chiou et al. (2007) studied the thermal behavior of carbide tools using Heating tubes
(HT) for indirect tool cooling [102]. The HT device was designed to be attached between
the tool and the shim, providing cooling to the tool. The authors performed numerical
simulations using ANSYS as the finite element software to analyze the thermal behavior,
and they also conducted experimental tests using AISI 1020 and 1040 in a turning

operation.

Figure 2-28 provides detailed information about the HT system, illustrating its
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components and configuration. The study's main results are presented in Figure 2-29,
Figure 2-30, and Figure 2-31. These figures showcase important temperature

distribution, thermal stress, and tool life findings.

The numerical simulations and experimental tests allowed the authors to observe the
effectiveness of the HT device in reducing temperatures and minimizing thermal stress
on the carbide tools. The results demonstrate that the HT system successfully mitigated

heat buildup, leading to lower temperatures and improved tool life [102].
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Figure 2-28: Tool Indirectly Cooled - TIC by heat pipes proposed by Chiou et al. (2007).
(a) Mlustration of heat flux;(b) Illustration of simulation with ANSYS; (c) Experimental
assembly; (d) Illustration of the fixation of thermocouples

Source: [102]
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According to the findings of Chiou et al. (2007), the use of HT at the tooltip resulted
in a maximum temperature difference of 59 °C in the numerical simulations [102]. In the
experimental measurements using a thermocouple, a maximum temperature difference

of 28 °C was observed at 1.05 mm from the cutting edge.

In terms of chip morphology, as depicted in Figure 2-29 (a) (b), dry cutting exhibited
larger bending chips, indicating higher temperatures. The bluish coloration observed in
the chips further suggests the activation of an oxidation mechanism at elevated
temperatures. Figure 2-29 (c) (d) shows that a visual analysis indicates more prominent
crater wear in dry cutting conditions when considering tool wear. Based on these results,
the authors conclude that heat pipes effectively remove heat from the tool, preserving its

service life.

It is interesting to note that additional research in this area was conducted by
Shu et al. (2011), who used finite element analysis and ANSYS software to simulate a tool
holder with internal cooling channels and heat pipes in the tool shim, as shown in Figure
2-32 [103]. The authors conducted dynamic, static, thermal, and structural analyses to

evaluate their proposed system's effectiveness.

Cutting insert

Water channel

Seam seat
Inlet Qutlet

Tool holder  Heat pipe

Figure 2-32: Tool Cooled Indirectly - TIC by internal cooling channels in the tool
carrier and heat pipes proposed by Shu et al. (2011).

Source: [103]
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The primary findings demonstrated that integrating internally cooled channels
(ICCs) with heat tubes (HT) resulted in an approximately 81 °C reduction in the maximum
tool temperature [103]. Additionally, deformation tests revealed that the conventional
tool exhibited a deformation of 5.210 pm, whereas the ICCs combined with heat pipes
exhibited a deformation of 5.495 pm. Ultimately, the authors concluded that the combined
device is viable and represents the most efficient cooling method for the insert.

Furthermore, the insertion of ICCs had a minimal structural impact on the tool holder.

Liang et al. (2011) conducted numerical experiments and simulations to utilize
inverse engineering methods and determine the temperature at the interface between the
tool and chip [104]. To accommodate the heat pipe next to the tool, an adaptation was
made to the clamp. Figure 2-33 illustrates the details of the experimentally assembled

and simulated device.
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Figure 2-33: Conventional device (a), adapted with heat tube (b),
simulation of the conventional (c) and (d) simulation of the heat tube.

Source: [104]
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The input variables in the study included cutting speed (vc = 63 to 283 m/min), feed
rate (f=0.7 mm/rot and 0.1 mm/rot), cutting environment (dry and with heat pipes), and
a constant depth of cut (ap = 0.7 mm). The output variables were chip temperature and
morphology. To determine the tool/chip contact area, the authors applied black paint to
the rake surfaces and measured the area revealed by chip drag after machining. Three K-
type thermocouples were inserted into the tool to measure the temperature during AISI
1045 turning. Figure 2-34 presents an example of the temperature measured
experimentally and through simulation. Using this data, the thermal flow was estimated
tobeq"=2.95x 107 W/m?, enabling the temperature simulation at the tool/chip interface
using ABAQUS 6.8 software, as shown in Figure 2-35. Figure 2-36 depicts the obtained

chips. No significative difference was observed.
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Figure 2-34: Measured temperature without heat pipes in different positions
experimentally (left) and by simulation (right),
(ve=175.84 m/min, ap = 0.7 mm and f = 0.1 mm/rev)
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(a) (b)

Figure 2-36: Chip morphology for experiments with heat (a) and dry tubes (b),
(ve=175.84 m/min, ap = 0.7 mm and f = 0.1 min/rev )
Source: [104]
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2.2.3.3. Internally Cooled Tools - ICT

As the name suggests, internal cooling tools have internal channels through which a
coolant fluid circulates. There are various methods for ensuring fluid circulation within
the tool during machining. Additionally, the geometry of the internal galleries is a factor
that undergoes optimization studies to determine the most efficient design for removing

heat.

Sun et al. (2012) introduced an internally cooled tools (ICT) system, which featured
internal channels that passed directly through the insert and were located near the
cutting edge [105]. The authors employed the Taguchi DoE to simulate the optimal cooling
structure near the cutting edge. In addition to simulations, the system was also tested

experimentally. Figure 2-37 illustrates the proposed ICT system.

Figure 2-37: Internally Cooled Tool - ICT with drawing and real photos
Source: [105]

Initially, Sun et al. (2012) utilized computer fluid dynamics (CFD), ANSYS, and FLUENT
software to simulate the thermal behavior of the ICT system. They employed a carbide
tool and pure water at room temperature (~25°C) with a flow rate of 0.15 m/s for the
simulations. The theoretical results indicated a temperature reduction of 35 °C within the
ICT. The subsequent phase of the study involved optimizing the tool geometry for efficient

heat exchange. The variables considered in the optimization process included insert
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thickness (T), vertical dimension (V), horizontal dimension (H), and diameter of the
internal cooling channels (D). The results indicated that the diameter of the channels (D)
insert thickness (T) and vertical (V) dimension are significant variables concerning

thermal exchange efficiency.

Two similar patents of internally refrigerated tools were requested in Russia, having
the same authors. In the first one, Pavlovich et al. (2017) explain that it consists of a
cooling device for turning cutting inserts with two heat exchangers, one with Peltier cells

inserted into a coolant tank [107]. Further details are shown in Figure 2-38.

5 B 1 23

7 P

Figure 2-38: Indirect cooling device with propéséd_f’eltier cells
Source: [107]

As per Pavlovich et al. (2017) in Figure 2-38, the system comprises several
components. These include an adapted tool door (1) and a corresponding cutting tool (13)
connected via a duct for a cold coolant inlet (14) and a hot fluid outlet duct (15). The
purpose of these connections is to remove heat generated during the machining process.
Quick coupling valves (3) are utilized and connected by thermally insulated fluid inlet (4)
and outlet (5) ducts. A pump (6) is employed to facilitate the forced circulation of fluid
within the system. A heat exchanger, such as a refrigerant (7), is connected to a heatsink
(8) in contact with Peltier thermoelectric cells (9). An expansion tank (10) is designed to

compensate for variations in coolant volume resulting from heating or cooling (12). Inside
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a cooling tank (12), an agitator (11) is present to promote convection. Lastly, the

workpiece is denoted as (16).

The authors did not provide specific experimental results or simulations in their
study. However, they claim that the device can potentially increase tool life by 1.5 times
and improve productivity by 25%. They acknowledge a couple of challenges associated
with the device. Firstly, they note that the cooling capacity of the Peltier cells is limited to
the size of the tool holder. Additionally, they mention that the external system required
for the device is complex to assemble, involving numerous connections, which could lead
to longer tool change times. The authors did not provide any specific information

regarding the manufacturing of these channels.

In the second patent by Pavlovich etal. (2017), the authors introduce a system similar
to the previous one [106]. However, instead of utilizing Peltier cells, they propose using a

refrigeration machine. The system is illustrated in Figure 2-39.

According to Pavlovich et al. (2017) in Figure 2-39, the system comprises the
following components: an adapted tool holder (1) and a corresponding cutting tool (12)
connected via a duct for cold coolant input (14) and a hot fluid outlet duct (15) to extract
heat generated during the machining process. Quick coupling valves (3) are connected by
thermally insulated fluid inlet (4) and outlet (5) ducts. A pump (6) is utilized to force fluid
circulation within the system. A heat exchanger, such as a coolant (7), is connected to a
heatsink (8), which is in contact with a cooling chamber (9). The system also incorporates
a refrigeration machine (10) for cooling purposes. An expansion tank (11) is designed to
accommodate variations in coolant volume resulting from heating or cooling. The

workpiece is denoted as (15).

According to Pavlovich et al. (2017), implementing cooling on both the bottom and
top of the tool at -15 °C can effectively reduce wear [106]. This approach enables the
device to enhance tool life and increase productivity by allowing higher cutting

parameters while eliminating the need for cutting fluids.
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Figure 2-39: Draw of Internally Cooled Tools -ICT with refrigeration system
Source: [106]

The Group of Sustainable Manufacturing (GSM) at the Federal University of Uberlandia
in Minas Gerais State, Brazil, has developed another important proposal for an ICT system.
The major improvement from the previous works is the design of the galleries and the
tool holder, enhancing cooling capacity. In their proposal, a chiller is used to cool a water
mixture solution with an antioxidant and pump it into the internally cooled tools during
machining. It was constructed using an adapted conventional refrigerator, specifically a
Prosdocimo brand model 04180CBC201, with a power rating of 146 W. The freezer unit
consists of thermal insulation, a compressor, a condenser, an expansion device, and an

evaporator, as depicted in Figure 2-40 [108].

Compressor

Fluid reservoir

Figure 2-40: Schematic of a chiller and its components
Source: [108]
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In a study conducted by Barbosa (2021), the aforementioned internally cooling system
was tested on polycrystalline cubic boron nitride (PCBN) tools. The system involved
circulating a closed-circuit mixture of water and ethylene glycol. The tests were carried
out during the turning operation of D6 hardened steel and compared with dry machining.
The study's main findings demonstrated that the internally cooled tool (ICT) system had
a notable impact on reducing the temperature of the tool's rake surface, as evidenced by
thermographic camera measurements. Figure 2-41 presents the tools that were utilized
in the experiments.

Cold fluid inlet
Tool holder

by S5 1
= e sin

Iuid inlet

) Obstruction
Shim screw

~—— Hot fluid outlet

Figure 2-41: PCBN Internally cooled tool used by Barbosa (2021)
Source: [108]

Regarding tool life tests, the ICT system consistently showed an extended tool life in all
analyzed scenarios compared to dry machining, with cutting speed being the most
influential factor. The feed rate primarily influenced the cutting force due to the increased
cutting area, followed by the cooling system. The ICT system exhibited higher forces due

to the lowered cutting temperature.

Conversely, the roughness was predominantly affected by the edge geometry
condition, where a worn tool resulted in a better surface finish. Both flank and crater wear
were observed, with crater wear being more pronounced in dry machining due to higher
cutting temperatures. The predominant wear mechanisms identified were abrasion and

diffusion.

With the same cooling system varying the tool’s design, Figure 2-42, and workpiece

material, Fernandes et al. (2023) and Franga et al. (2022) studied an ICT proposal for the
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gray cast iron turning [53,84]. The former studied cutting forces, surface integrity
(roughness, microhardness, workpiece metallography), and wear mechanisms, while the

latter studied the temperature by tool-workpiece thermocouple system.

Cold fluid inlet (1) Tool holder (2)

Clamp (3) Tool (4)

cold fluidiniet 1001’ details (7)

Return of hot flq;d""
(6) .

Cooling galleries Return of hot fluid

Figure 2-42: Internally cooled tool used by Bazon (2020) and Franca
(2021)

Source: [159,165]

According to Fernandes et al. (2023), the ICT exhibited a remarkable heat removal
capacity. The analysis of the subsurface microhardness of the grey cast iron confirmed
that both ICT and CFA processes led to the expected work hardening of the material.
Notably, the ICT method displayed higher microhardness, potentially attributed to the
absence of a lubricating effect. Adhesion and abrasion were identified as the primary wear
mechanisms, with some plastic deformation explicitly observed concerning the ICT

method [85].

In their study, Franca et al. (2022) concluded that ICTs demonstrated high efficiency
in controlling temperatures at the chip-tool interface compared to dry machining
processes. Internally cooled tools effectively reduced the temperature up to 21.52%.

Additionally, ICTs significantly impacted the thermal gradient across the machining area.

Furthermore, the study concluded that ICTs have the potential to be a promising
method with reduced ecological harm. This is due to their ability to minimize or eliminate

the need for cutting fluids, resulting in significant savings in their usage.
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Despite conducting an extensive search in renowned journal databases such as Web
of Science, Clarivate, Scopus, and Science Direct, no prior studies were discovered that
have investigated the application of an internally cooled system (ICT) in the machining of

Inconel 718. This notable absence indicates a significant research gap in this area.
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2.3. Nickel (Ni) and nickel-based super alloys

Nickel (Ni) is a chemical element with an atomic number of 28. It possesses a melting
point of 1,455°C and a density of 8,908 kg/m3. With its face-centered cubic structure
(FCC), nickel falls into the category of transition metals and exhibits a desirable
combination of hardness and ductility. It is the fifth most copious metal in the Earth's crust
[109].

Exploration of ancient artifacts, including weapons, tools, jewelry, coins, and
decorative items, reveals the historical utilization of nickel in varying proportions,
although the precise extent of its usage during that era remains uncertain. Chinese

manuscripts refer to the use of nickel in copper alloys between 1,700 and 1,400 BC, known

as Baitong (& #7 in Chinese, meaning "copper white"). However, due to its silver-like

appearance, there are indications that miners may have mistaken nickel for silver as early
as 4,000 BCE, suggesting its potential utilization since then (ASM International, 1990;
Marques, 2015) [110,111]. Currently, nickel is primarily incorporated into metal alloys,
as depicted in Table 2-3.

Table 2-3: Various uses of Nickel

Stainless Steel
Steel alloys
Nickel-based
alloys
Copper-based
alloys
Galvanization
Casting
Others

NS}
w
_
e
NN
N
NN
w
w

Percentage usage Nickel (%) 57 9.5 13

Source: [110,111]

Nickel (Ni) exhibits remarkable versatility as an element, as it can readily combine
with a wide range of metals to form various alloys that find diverse applications. Some
notable examples include nickel-chromium, nickel-chromium-iron, stainless steels, iron-
nickel-chromium, nickel-iron, and iron-nickel alloys. When combined with copper, nickel
forms a fully soluble mixture, the foundation for many nickel-based superalloys.
Appendix A, B, and C provide detailed information on various nickel-containing alloys,
encompassing their compositions, mechanical properties, characteristics, applications,
and physical properties. These alloys can be classified into five distinct groups, as outlined

below [112,113]:
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Group A - Pure nickel alloys: Nickel-containing alloys typically have a nickel
content of over 95%. These alloys exhibit moderate mechanical strength and
hardness. The hardness ranges from 115 to 388 HV, with the potential for higher
values in exceptional cases when subjected to heat treatment. The rupture limit
varies between 345 and 1,170 MPa, as observed in the case of Duranickel 301.
Group B - nickel-copper alloys: The nickel-containing alloys within this range
typically consist of nickel ranging from 29 to 63%, with copper content between
27 to 34%. These alloys, known as group B, exhibit higher resistance than those in
group A but have a lower hardness. The hardness values range from 111 to 303
HV, and the tensile rupture limit falls between 385 and 1,100 MPa. An example of
such an alloy is the k-500 alloy, which achieves hardening through precipitation.
Group C - Nickel-chromium or nickel-chromium-iron alloys: The nickel-
containing alloys within this composition range typically consist of nickel ranging
from 44 to 78%, chromium from 5 to 25%, and iron from 1 to 21%. These alloys
exhibit similarities to stainless steel, including their machinability. They possess
excellent mechanical properties, even at high temperatures. The hardness of these
alloys ranges from 115 to 388 HV, and the tensile rupture limit varies from 620 to
1,310 MPa. An example of such an alloy is the Inconel 718, which achieves
hardening through precipitation.

Group D - Iron-nickel-chromium alloys: The nickel-containing alloys within this
range are primarily hardened by aging. They consist of iron from 22 to 40%, nickel
from 20 to 46%, and chromium from 19 to 23%. These alloys exhibit high hardness,
ranging from 95 to 342 HV, and possess a tensile rupture limit between 550 and
1,210 MPa. An example is the 925 alloy, which is thermally treated, and
precipitation hardened.

Group E - Monel R-405: The described alloy is a nickel-copper alloy containing a
minimum of 63% nickel and a copper content ranging from 28 to 34%. Its hardness
range of 115 to 142 HV, and a tensile strength limit of 550 MPa.

One of its notable features is its good machinability, which allows for efficient
processing with minimal restrictions. This attribute contributes to higher
productivity. The controlled addition of sulfur plays a crucial role in achieving

these characteristics. The sulfur acts as a natural solid lubricant, aiding chip



breaking and control during machining.
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Table 2-4 contains the most constituent elements of nickel alloys and their influence

over the microstructural phases' stability.

Table 2-4: Influence of various chemical elements on the properties of superalloys

Effect Iron-based Cobalt-based Nickel-Based
Solid-solution trainers Cr,Mo Nb,Cr,Mo,Ni,W,Ta Co,Cr,Feéhé[o,W,Ta,
FCC matrix stabilizers C,W ,Ni Ni ok

Carbide Formers

MC Ti Ti W,Ta,Ti,Mo,Nb,Hf
M-,C3 ok Cr Cr
M23Ce Cr Cr Cr,Mo,W
M¢C Mo Mo, W Mo,W,Nb
Carbonitrides: M(CN) C,N C,N C,N
Carbide precipitation promoters P kX kX
Formers y' Nis(Al, Ti) Al, Ni, Ti ok Al Ti
Former retarders de Ni3Ti Hokk ook Co
Precipitate and/or intermetallic builders Al Ti,Nb Al,Mo,Ti,W,Ta Al Ti,Nb
Oxidation resistance Cr Al, Cr Al,Cr,Y,La,Ce
Resistance to hot corrosion LaY La,Y,Th La, Th
Sulfur resistance Cr Cr Cr, Co, Si
Creep resistance B xRk B, Ta
Tear resistance B B, Zr B
Grain refiners Hkk *Hk B,C,Zr Hf
Workability Hokx Ni3Ti Hokx

Source: [114,115]

A typical microstructure present in nickel superalloys is composed of three different

phases, as below [111,115-118]:

e Gamma (y) phase: it is formed by a continuous face-centered cubic structure

(FCC) or austenitic phase, being the base structure (matrix) for the other phases.

It has reinforcement elements with an atomic radius close to that of nickel,

dispersed in a solid solution. These elements are cobalt, iron, chromium,

ruthenium, rhenium, and molybdenum.

e Gama (y') precipitate: it consists of precipitate elements of the gamma phase

(), type Nis(Al, Ti), also with FCC structure. It is rich in titanium, tantalum, and

aluminum.

e Gama (y") precipitate: in nickel-iron alloys rich in niobium or tantalum, there is

the formation of the y'' to the detriment of y'. The phase y"’ forms a compact and



Page |89

strongly bonded structure of type Ni3z(Nb, Ta) Tetragonal Centered Body (TCB),
with few planes of slipping, low weight, and confers mechanical resistance even
at high temperatures, as in the case of Inconel 718.

Delta (8) phase: is an orthorhombic structure that forms in prolonged exposure
to temperatures above 650 °C and consists of NisNb where the metastable phase
(y'") dissolution occurs into a delta phase (§). Stable, plate-shaped that is
inconsistent with the Y matrix. This phase is present in leagues of Inconel 718. It
can be favorable to inhibit grain growth and strengthen the alloy in small
amounts. Large quantities can weaken the material.

Carbides and borides: there is the formation of carbides, generally responsible
for abrasive wear on carbide tools. Carbon can vary within the structure from 0.05
to 0.2%, forming primary precipitates of the MC type, where M is the metal
element that joins the carbon. These precipitates are created by binding elements
such as titanium, tantalum, and hafnium. The mechanical work can promote the
decomposition of precipitates of the MC type, forming M23Cs or Me¢C that are

formed next to the grain boundaries and are responsible for work hardening.

Ezugwu et al. (1999) mentioned that heat treatment has developed to form grain

boundaries y’ precipitates to inhibit the spread of cracks and thus ensure highest

resistance to breakage [119]. According to Reed (2008), some types of aged superalloys,

such as Inconel 718, form intermetallic phases, such as the Topologically Close-Packed

structure (TCP) present in the phases y, g, laves, etc., which may cause weakening and

loss of creep resistance, so it should be avoided [120].

Reed (2008) cites that strengthening a superalloy is crucial to ensure a

microstructure that guarantees the desired mechanical properties. These are strongly

associated with the morphology of grain boundaries that is influenced by the phases

discussed above, such as y’, y", carbides, borides, etc. Ezugwu et al. (1999) explained at

least three processes for strengthening the microstructure of superalloys.

Strengthening by solid solution: consists of adding elements whose atomic
radius can range from 1 to 13% of the nickel, ensuring creep resistance. These
elements form a substitutional solid solution, hardening the crystalline network,

and must have good solubility in the matrix (y) and a high melting point. Typical
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elements include cobalt, iron, chromium, titanium, vanadium, molybdenum,
tungsten, and aluminum.

e Hardening by Precipitation: this hardening mechanism occurs mainly by the
precipitation of the y’ within the Gamma matrix (y). The hardening level is
causally related to the amount of Ni3(Al, Ti) dispersed, the volume fraction, their
size, and the anti-phase boundary - APB energy. APB energy is given depending
on the level of organization of the structure of the y’ particulates. When there is a
network failure of this structure, it creates a high-deformation zone that makes
dislocations challenging to move. To deform, it is necessary to overcome the
strength of APB. Nis elements (Al, Ti) make cracks challenging to propagate in
grain boundary regions. Carbides or borides are not as effective in this hardening
mechanism because of their low volume fraction. However, they play an essential
role in creep and fatigue resistance. If the y’ phase is saturated with niobium,
titanium, or tantalum, the structure may transform. For example, Ni3Ti in a
metastable eta phase (1) of a compact hexagonal structure can interfere with the
mechanical properties of the material. Also, if niobium saturation occurs, there
will be the transformation of the metastable eta phase (1) for a ¥y’ phase of a
centered body tetragonal structure (CBT) until it reaches Ni3zNb equilibrium with
an orthorhombic structure.

e Hardening by carbide dispersion: at high temperatures, the y’ precipitates tend
to solubilize, forming a new stable phase insoluble in the matrix. One way to
contain this change is by using oxides homogeneously dispersed in the matrix.
Carbides are also used in dispersion hardening, formed by structures M¢C, M7Cs,
and M23Ce. These structures tend to form and concentrate in the grain boundary
regions, hindering the propagation of cracks and increasing the material strength.
However, due to the high hardness and stability, in excess, they can weaken the
material. Therefore, there must be strict control to ensure the best possible

mechanical properties in the casting process of nickel alloys.

Heat treatmentis another relevant aspect of ensuring the good mechanical properties
of nickel-based superalloys. Ezugwu et al. (1999) further explain that three main

processes are:
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e Annealing or softening: it is indicated for alloys subject to hardening by
mechanical work and usually hardened alloys with a solid solution. It aims to
promote the recrystallization of grains, increase their size, and relieve
microstructure stress. It makes the material more ductile and tougher but less
resistant. This process should be done in a controlled manner to avoid the
complete solubilization of the precipitate’s phases, y’, carbides, etc.

e Treatment by solution: aims at solubilizing or dissolving the phases of the y'
precipitates, carbides, borides, etc., before reheating or aging. Each treatment will
depend on the precipitates' solubility temperature, the grains' annealing, the
quantity, etc. Thinner grains, or refined crystalline structures, provide better
fatigue and tensile resistance, hardness, etc., while coarser structures ensure
better resistance to flow.

e Aging or precipitation hardening: this treatment promotes the precipitation of
harder phases. The main goal is usually to increase the mechanical properties of
tensile strength, hardness, fatigue, etc, to the detriment of ductility and
toughness. Promotes the formation of more heterogeneous microstructures with

the precipitation of the y', y"' phases, carbides, and borides.

Finally, in the words of the authors in Ezugwu et al. (1999), the importance of the

development of the mechanical properties of nickel superalloys is given as follows:

“(i) solid solution reinforcement y; (ii) increase the percentage in a volume of y’;

(iii) increase the power of the fault of y’; (iv) hardening of a solid solution of y’;

(v) reduction in the formation of n, NisNb, Laves, and o phases; (vi) carbide formation
control to avoid grain boundary films with M23Cs and cellular structures (for tensile
strength); and (vii) carbide control and y" (grain size, etc.) to increase resistance to
breakage’.

Among the nickel-based superalloys, especially nickel-chromo-iron grades, group C,

the Inconel 718@® stands out. The details will be discussed in the following section.
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2.3.1. Inconel 718 ®

In the upcoming subchapters, a comprehensive examination awaits. This scholarly
journey commences with a meticulous exploration of Inconel 718®, a superlative
superalloy of substantial scientific and industrial significance. This expedition begins with
a systematic exposition of the alloy's overarching attributes and multifarious applications.
Subsequently, the intricate terrain of machining Inconel 718® shall be navigated,
dissecting the intricate challenges inherent in this process. The expedition further extends
to the domain of wear mechanisms, with a particular focus on those germane to Inconel
718®. The aim is to contribute sagacious insights, deeply rooted in rigorous research, to

this scholarly discourse.

2.3.1.1. General overview of Inconel 718®

Inconel 718 belongs to group C and is a nickel-chromium-iron alloy containing
significant amounts of niobium, molybdenum, titanium, and tantalum. It was originally
developed in the late 1950s by H.L Eiselstein for use as a jet engine turbine disc by General
Electric (GE), and it was patented by the International Nickel Corporation [111,118]. This
material possesses good mechanical, corrosion, and creep resistance, even at
temperatures up to 700 °C. Through aging and precipitation heat treatment, it achieves a
high hardness of approximately 388 HV [112]. In manufacturing, it exhibits exceptional
weldability, forging, casting, and brazing capabilities [121,122]. However, it is essential to
note that Inconel 718 has lower machinability than stainless steel and aluminum, which

are approximately 75% and 94% easier to machine, respectively [123].

By the beginning of the 21st century, it accounted for nearly 50% of all superalloys
used worldwide. Its versatility and performance have led to its widespread applications
in sectors such as medical (orthopedic prostheses and dentistry), aeronautics (gas
turbines, combustion chambers, screws, housings, exhaust systems, turbines, blades), as
well as in space, naval, defense, petrochemical (structural elements, screws, fans, valves,

cryogenic vessels), and electronics and nuclear industries [111,124].

For reference, the chemical composition of Inconel 718 is presented in Table 2-5,

while Table 2-6 provides information on its physical and mechanical properties.
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Table 2-5: Inconel 718 chemical composition

Min

Max 55® 21 3.3 5.5 1.15 0.80

Composition (wt.%) @
Ni Cr Fe Co Mo W Nb Ti Al C Mn Si B Cu S Outros

50 17 28 e 475 0.65 020

bal 1.0 0.08 0.35 0.35 0.006 0.3 *** ok

a) Single values are maximum values unless otherwise indicated.
b) Nickel plus cobalt content.
c) Niobium plus tantalum content.

Source: adapted from [112]

Table 2-6: Mechanical and physical properties of Inconel 718 AMS 5663M

. Th 1
Temperature Ultimate tensile Young modulus Density Melting cOndfcgsiw
[°C] strength [MPa] (0.2%) [MPa] [kg/m3] point [°C] [W/meK]
Ambient 1594 1926 8190 1300 11,2
600 1366 1596

Source: [125]

Inconel 718 is commercially available predominantly in two conditions: annealed for
softening and stress relief. In a most recent advancement, it can also be found by additive
manufacturing more related to specific applications [126]. Also, it can be precipitated and
aged to enhance its mechanical strength. As mentioned earlier, during precipitation
hardening, the formation of the ¥’ phase occurs, which is primarily composed of Niz(Al,
Ti) and contains significant amounts of titanium and aluminum. However, when this
phase reaches saturation, a structural transformation may occur, forming a metastable
eta (n) phase with a compact hexagonal structure, typically composed of NisTi.
Furthermore, with niobium saturation, the metastable phase undergoes a transformation
from eta (n) to a highly hardened y'' phase with a centered body tetragonal structure,
eventually achieving a balance with the formation of NisNb, which exhibits an
orthorhombic structure. These structural transformations contribute significantly to the
hardening of Inconel 718. Other alloying elements, such as molybdenum and tantalum,
contribute to solid precipitation hardening. Additionally, carbon and boron facilitate

hardening by forming carbides and borides [119].
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Figure 2-43: Standard Heat Treatment Diagram of the Inconel 718
(precipitated and aged)

Source: [127]

Kuo et al. (2009) explained the standard heat treatment process for producing
Inconel 718, which involves solubilization and aging steps, as depicted in Figure 2-43 of
the heat treatment diagram [127]. The first step is solubilization, where the alloy is heated
to a temperature of 1,095 °C and then cooled for 1 hour in atmospheric air (AA) until it
reaches room temperature. This process allows for the dissolution of carbides and the
Laves phase back into the Gamma matrix (y). The aging process occurs in two stages. In
the first stage, the alloy is heated to 955 °C and then cooled to room temperature for 1
hour in atmospheric air (AA). During this stage, precipitation of the & phase takes place,
which occurs along the grain boundaries. This precipitation hinders the growth of the

grain boundaries, leading to the refinement and strengthening of the microstructure.

In the second stage of aging, the alloy undergoes a heat treatment where the
precipitation of the y’ and y'' hardened phases occurs. Inconel 718 is heated to 720 °C and
held at this temperature for 8 hours. Subsequently, it is cooled in a furnace with a cooling
rate of 57 K/h until it reaches 620 °C for 8h, then it is cooled in atmospheric air (AA) [127].
Figure 2-44 displays the microstructure of Inconel 718 at different stages of the heat

treatment process, highlighting the presence of carbide and § phases.
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Figure 2-44: Raw structure of Inconel 718 (a) (2,000x); structure after
solubilization treatment (b) (500x) (1,095°C 1h/AA) and after aging (c) (500x) (955
1h/AA)

Source: [127]
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2.3.1.2. Inconel 718® machinability

Inconel 718 poses several challenges arise during cutting [128]. These include: i) high
hardness that persists even at elevated temperatures; ii) continuous hardening due to
mechanical work; iii) high shear resistance; iv) low thermal conductivity, which
concentrates heat in the tool-workpiece contact area; v) elevated temperatures that
accelerate tool wear; vi) limited cutting speeds (typically 40 to 50 m/min) with carbides.
As these values fall within the range where build-up edge (BUE) formation can occur; vii)
the presence of abrasive carbide particles within the microstructure; viii) chemical
affinity that promotes diffusive wear, especially at high temperatures; ix) material
adherence to the tool surface due to high cutting temperature and pressure; x) formation
of long chips that are difficult to control due to the high mechanical strength of Inconel
718 [77,79,128]. These factors, combined with the complex extraction and casting
processes (attributed to the alloy's high melting point), significantly hinder the

competitiveness of these alloys, limiting their use to exceptional cases.

A summary of studies conducted on Inconel 718 and the developed cutting

parameters can be found in Table 2-7.

Table 2-7: Studies of Inconel 718 with cutting parameters and response variables

Reference Cutting S_peed Feed Depth of cut Remarks
(m/min) (mm/rev) (mm)
(He etal., 2016) 60; 40; 80 0.3; 0.2; 0.10 0.7;0.5; 0.3 Residual stresses of compression
(Iturbe et al., 2016) 70 0.2 0.2 Surface Integrity and Tool wear
(Kumar et al., 2017) 30; 50; 70; 90; 110 0'03.51;506}8.;10%25; 0.20 Surface roughness
(Shokrani et al., 2017) 60 0.05 20 eradial 1  Tool wear, surface roughness, and tool life
(Paturi et al.,, 2016) 60; 80; 100 0.1; 0.2; 0.3 0.01; 0.075; 0.1 Surface roughness
(Yazid et al,, 2011) 90; 120; 150 0.10; 0.15 0.30 e 0.50 Surface integrity
30; 50; 100; 150;
(Kitagawa et al., 1997) 200; 250; 300 0.19 0.50 Tool Wear and Temperature
0.015;0.025; 0.15;0.25; 0.35;

(Jafarian et al., 2016) 75;100; 125; 150
(Thirumalai et al., 2012) 25; 35; 45

0.035; 0.045 0.45
0.10; 0.15; 0.20 1.0; 1.25; 1.50

Surface roughness and Tool wear

Surface roughness and Tool wear

Source: [79]
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Roy et al. (2018) comprehensively reviewed the machinability of Inconel 718
regarding processes, environment, tool wear, temperature, and surface integrity. In the

author's words, the main conclusions observed were:

e “The abrasive wear at the trailing machining edge was found to be the most vital
wear mechanism of the cutting tool. Coated tools generated a better surface finish
than uncoated tools during high-speed machining operations. The tool's wear was
found to be mainly dependent on the machining speed followed by feed and depth

of cut.
e Notch wear, chipping of tool tip, flank and crater wear were noticed main types of
tool failure in various machining operations.

e It was found that during machining operation most of the heat was generated at

the rake face of the tool around the cutting edge and by proper application of

coolant can drastically reduce the heat generated during machining. It was found

that cutting speed was the most dominating factor for wear of the tool followed by
machining temperature.

e Enhanced surface finish was achieved by increasing the cutting speed and reducing

the feed rate and depth of cut during machining operation of super alloy.”
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2.3.1.3. Wear mechanisms & types for Inconel 718®

The tool wear process can be divided into two main categories: mechanisms and
types of wear. In their study, Machado et al. (2015) identified some phenomena
contributing to wear mechanisms, as depicted in Figure 2-45. It is worth noting that the
intensity of these phenomena and their impact on tools are closely linked to the process's
temperature (cutting speed), as illustrated in Figure 2-46. The literature has extensively

described these four physical-chemical wear phenomena [4,37,129,130].

N\ A ) Ny
N = ‘ F_cuiingforcs N\ AN &..\\\‘;\
//// /// //
,/II/// Tool
a) ADHESION % b) ABRA/;(ST\/]W////

Chip

~_ Carbide

C) DIFFUSION

D) OXIDATION

Figure 2-45: Physical-chemical phenomena of tool wear: adhesion (a); abrasion
(b); diffusion (c); oxidation (d)

Source: [37]

e Adhesion: adhesion is a wear phenomenon that occurs at the grain level on the
rake and clearance surfaces, both primary and secondary. A rough and non-
uniform appearance characterizes it and is more common at low cutting speeds,
as depicted in Figure 2-47. However, it can also occur at higher speeds,
particularly in areas with irregular material flow. During adhesion, small contact
areas experience significant forces, resulting in high stresses that can reach the

GPa level and temperatures exceeding 1,000 °C. These conditions
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Figure 2-46: Wear mechanisms depending on machining parameters and
temperature.

Source: [37,129]
promote the formation of strong chemical bonds by exchanging thermally
activated free electrons or even mechanical junctions in cases of excessive plastic
deformation. Electrons thermally activate diffusion or mechanical junction
(notching) if there is too much plastic deformation [130].

The material/tool combination's specific characteristics influence the
adhesion's strength. The dynamics of wear through adhesion involve several
stages: the initial formation of micro weld points to create the bond, followed by
reinforcement of the bond through the flow of compressed chip material onto the
tool surface, and ultimately the detachment of the bond due to the flow of the chip
itself, as illustrated in Figure 2-45 (a). This wear mechanism is particularly
prevalent in the sliding zone (refer to Figure 2-2) but can be mitigated in some
instances, especially when using effective lubrication and cooling methods [4].
Adhesion is a significant challenge in machining superalloys due to high
temperatures, pressures, and chemical affinity, such as Inconel 718. Figure 2-47

provides an example of adhesive wear with a rough surface.
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JCitype, 300m/min, 0.05mm/rev

29kV X15a 188xm 18 65 CGEII

Figure 2-47: Abrasion and support details in Inconel 718 machining with
uncoated PCBN tool
(ve =300 m/min, f= 0.05 mm/rev, ap=0.2 mm)

Source: [193]

Abrasion: occurs at the grain level, regardless of cutting speed, and is
characterized by a uniformly rough surface with parallel grooves aligned in the
direction of material flow. It results from the relative movement or sliding
between two or more bodies, such as chip/tool or chip/tool/hard particles. Loose
particles in this process form a tribological system involving three bodies.
Abrasion is commonly observed on the rake surfaces, primarily, and on the
clearance surfaces (both primary and secondary) [4]. The mechanism typically
begins with the sliding motion between two bodies, where the hard phases in the
microstructure, such as oxides, carbides, nitrides, borides, etc., meet the cutting
tool. These hard phases eventually loosen and form particles, forming a
tribological system involving three bodies.

The type of abrasive wear can vary depending on the material. It can occur
through plastic deformation or brittle fracture, with the harder material rubbing
against the softer one. Micro-plowing, micro-cutting, or microcracks are some

examples of the different types of abrasive wear, as illustrated in Figure 2-48.
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Figure 2-48: Types of abrasive wear caused by particles
Source: [37]

In the case of micro-plowing, the wear mechanism involves the formation of
lateral grooves characterized by elastoplastic deformation without material pull-
out. This differs from micro-cutting, where the worn material is removed as a
chip. Fragile materials can experience the formation of micro-cracks or erosion.
Figure 2-47 illustrates the details of abrasive wear, showing the orientation of
the grooves in the direction of sliding between the workpiece and the tool. This
mechanism is prominently observed in the machining of Inconel 718, primarily
due to hard phases such as carbides, y', y", and 6 [7].

Diffusion occurs at the interatomic level on the tool's output and clearance
surfaces (primary and secondary). It has a smooth appearance and is activated at
high temperatures, specifically at high cutting speeds. The type of interaction, or
affinity, between the workpiece and the tool influences this wear mechanism,
considering factors like solubility, atom size, type of solution, and interatomic,
interstitial, or substitutional exchange.

The process involves the formation of the adhesion zone (AZ). At the point of
contact with the tool, the chip velocity is zero, creating conditions for diffuse
exchanges that require some time. The adhesion zone is continuously renewed as
the existing zone detaches and a new one forms. Without this renewal process,
the adhesion zone would act as a protective layer for the tool [4]. Although the
amount of material worn from the tool is relatively low due to this mechanism,
the main concern is the weakening of the tool due to the diffusion of specific
alloying elements, such as Cobalt, in the case of carbide tools. This weakening
grows exponentially with increasing temperature, posing a challenge for

superalloys that experience high temperatures near the cutting edge, such as
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Inconel 718. Figure 2-49 illustrates the details of diffusion in carbide tool wear

during the machining of the Inconel 718 superalloy.

I WD =13.5mm Mag= 60X Time :13:36:26

200 pm EHT = 20.00 kV Signal A = SE1 Date :7 Dec 2021 ﬁ

Figure 2-49: Details of diffusion mechanism (smooth surface) on S20
carbide tool after machining Inconel 718 with CFA

Oxidation: occurs at the interatomic level on the tool's output and clearance
surfaces (primary and secondary). It is characterized by a rough appearance and a stain
and is activated by both friction and high temperatures, particularly at high cutting
speeds. The nature of the interaction or affinity between the workpiece and the tool plays
a significant role in chemical wear. Ceramic and ultrahard materials are generally
chemically inert or resistant to this type of wear. However, materials such as high-speed

steel and carbide can be significantly affected [4].

The dynamics of the chemical wear process involve an oxi-reduction reaction, where
one of the materials involved in the wear yields electrons from its valence layer. The
resulting oxidizing layer can carry the material flow or adhere to the tool, forming a
coating. Chemical wear is commonly observed near the cutting zone, where thermal
activation is present. In Figure 2-50, the dark spot indicates the presence of the oxidizing

layer on the chip, which was not removed during the cutting process.
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UFU-LEPU F x160 500 um

Figure 2-50: Oxidizing dark spot on the main flank face in a class K cemented carbide
tool after grey cast iron machining.

According to Trent & Wright (2000) additional mechanisms are plastic deformation
by shearing at high temperatures and plastic deformation under compressive stresses.
Notch wear and oxidation are also considered part of the wear mechanisms by these
authors. On the other hand, Klocke (2011) identifies five wear mechanisms, with one
being separate from the main four. This additional mechanism is surface damage caused

by the tribological alternating state of stresses.

Continuous wear mechanisms acting on tools give rise to various wear shapes. As
depicted in Figure 2-51, these wear types include crater wear (A), notches (B, C, E), flank
wear (D), and plastic deformation. These wear types manifest on the primary and
secondary clearance (flank) faces, as well as on the rake face of the tool. Flank and crater
wear are progressive types that naturally occur during machining. In contrast, notch wear
can be mitigated in different scenarios, primarily by adjusting cutting parameters
(Dearnley & Trent, 1982; Klocke, 2011; Machado et al,, 2015; Trent & Wright, 2000).
Figure 2-52 depicts parameters for measuring wear of cutting tools according to

standard (ISO 3685, 1993)[132].
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Wear forms on a turning cutting tool

Cratering on rake face Smeared material, partly
(A) overlapping the cutting edge in
a palisade-like manner

Spalling of cutting edge along

Notch wear on minor ; .
A major cutting edge
cutting edge (E)
: . ) Notch wear on rake face
Plastic deformation of corner of (B)
cutting edge to the point of r
L breaking ~
s
Spalling of cutting edge

T due to chip impact or

Layer flaking due to plastic aisinefchlos

deformation of cutting edge A —
flank face (C) _,_\_g
Layer flaking beneath width N inati i
Yy g Wi oy Tiamieamd it Delamination on cutting edge

of flank wear land beyond contactzone

flank face (D)

Figure 2-51: Wear forms on a turning cutting tool
Source: [37]
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Figure 2-52: Parameters for measuring wear of cutting tools according to standard (ISO
3685, 1993)

Source: (ISO 3685, 1993)



Page | 105

High tool wear can harm the machining process, leading to increased cutting forces,
higher energy consumption, compromised dimensional accuracy, surface integrity issues,
and amplified vibrations. The ISO 3685 (1993) standard provides measurement methods
and recommended criteria to determine the end of tool life. It should be noted that plastic
deformation, although an unpredictable type of wear, is not quantified in the standard as

its occurrence depends on the specific machining process. As per ISO 3685 (1993):

e Crater depth (KT): is an inevitable consequence of chip friction with the tool
rake surface. It is primarily caused by abrasion and oxidation mechanisms, with
diffusion playing a significant role at higher cutting speeds. In tools made of high-
speed steel, carbide, and ceramics, the criterion for tool life is determined based
on this type of wear. The formula (Eq. 16) provides the basis for assessing tool life

concerning this wear mechanism:

KT =0.06 + 0.3fc (16)

Where: fcis the feed inmm/rev.

e Notch wear (VByorVB;): can be prevented by carefully managing the
machining parameters and controlling the environment. This type of wear occurs
at the apex of the V-shaped depth of cut, where the primary or secondary
clearance face meets the tool's rake face. It is predominantly caused by the
combined effects of high oxidation, mechanical, and thermal stress, particularly
in materials with high heat generation rates like Inconel 718. For tools made of
high-speed steel, carbide, and ceramics, the tool life criterion is determined using

the following value:

VByvor VB: < 1.0 mm

e Flank wear: refers to the gradual formation of wear at the intersection of a tool's
slack and outlet surfaces, specifically at the primary and secondary cutting edges.
This wear is primarily caused by the rubbing and scraping between two or more
surfaces, resulting in abrasion and friction. Additionally, adhesion may also
contribute to the formation of flank wear, while diffusion and oxidation can occur

at higher temperatures. In practical terms, flank wear reduces the tool's ability to
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cut effectively. For HSS, carbide, and ceramic tools, the expected lifespan is

determined by the following criteria, as represented by the values:

VB < 0.3mm

VBBmax < 0.6 mm

During the machining process of Inconel 718, several wear mechanisms are

observed, including oxidation, diffusion, abrasion, and adhesion. These alloys possess a

low coefficient of thermal conductivity (Inconel 718: 11.2 W/m.K; AISI Steel 1020: 51.1

W/m.K), causing heat to concentrate on the cutting tool and leading to high temperatures,

even at low cutting speeds. Notch wear is considered a significant and major issue among

the various types of wear, while flank wear is also commonly observed. However, crater

wear is not as problematic since the other types tend to occur first [79]. Table 2-8

provides an overview of studies conducted on wear in cutting tools during the machining

of Inconel 718 [79].

Table 2-8: Summary of wear types and their causes in different machining processes of

Inconel 718

Reference

Types of wear

Cutting tool

Machining
operation

Remarks

(Grzesik etal,, 2018)
(Celik et al., 2017)

(Cantero etal, 2013)

(D’addonaetal., 2017)

(Zhuangetal, 2014)

(Y. C. Chen & Liao, 2003)

(Xavior etal., 2017)

Notch wear

Flank wear rake

Notch and Flank
wear

Flank Wear

Notch Wear

Flank wear and
chipping at outer
machining edge

Notch wear,Crater
wear, Flank wear

Coated Carbide
(AITiN/AITiN)

SiAlON milling cutter

Coated carbide
(TiAl/TiAIN)

Coated Carbide(CVD)

Kennametal roundtype

Coated Carbide(TiAIN)

Coated Carbide(TiAlIN,
PVD)
Ceramic
(Al203 - TiC)

CBN inserts

Turning
Milling
Turning

Turning

Turning

Drilling

Turning

Due to the abrasive wear mechanism atthe
trailing cutting edge
Due to severe adhesion of the workpiece with
flank and rake surface of the tool

Due to high work hardening of the workpiece.
and high machining temperature

Due to the low thermal conductivity of the
workpiece and high machining speed

Due to the hardened layer beneath the
workpiece surface

Due to friction between the tool and the
workpiece

Due to adhesion, thermal softening, notching,
diffusion, and thermal cracking

Source: [79]




Page | 107

2.3.1.4. Tools materials for Inconel 718 ® machining

A wide range of tool materials can be utilized for machining Inconel 718 alloys. The
key physical and mechanical characteristics required for such materials, including: (i)
excellent toughness, (ii) high hardness, (iii) chemical inertness, (iv) high mechanical
strength, (v) thermal stability, (vi) resistance to thermal and mechanical shock, and (vii)
good thermal conductivity. The most used tools have been high-speed steel (HSS) and
carbides for many years [77,119,128].

Tungsten carbides are typically used at low cutting speeds within the range of
10 < v, < 50 m/min [79]. High cutting speeds should be avoided as they result in
concentrated heat in the cutting zone, leading to severe flank and notch wear.
Catastrophic failures such as chipping and breaking of inserts are commonly observed,
particularly when cutting conditions are harsh (refer to Figure 2-12). In order to mitigate
these issues, Ezugwu et al. (1999) proposed a ramp machining strategy. This approach
involves continuously and gradually altering the depth of cut, allowing notch and flank
wear to develop uniformly along the entire cutting edge. Consequently, the wear initially

observed in the notches transforms into flank wear over time.

In addition to tungsten carbides, other tool materials commonly used for turning
Inconel 718 include aluminum oxide (Al203) and silicon nitride (SisN4)-based ceramics.
However, pure Al203 tools are characterized by poor conductivity and fragility. Additional
elements are incorporated in weight percentages to enhance their thermal properties and
toughness to form reinforced structures [79]. For example, adding zirconium oxide (ZrO2)
improves toughness, while titanium carbide (TiC) enhances thermal resistance and
hardness. These tools have demonstrated the ability to machine nickel superalloys at
speeds ranging from 120 to 240 m/min [134]. However, it is essential to note that the tool

life is considerably limited at such high speeds due to notch and flank wear [119].

According to Choudhury & El-Baradie (1998), the highest productivity in machining
Inconel 718 was achieved using ceramic alumina tools reinforced with whiskers at cutting
speeds ranging from 200 to 750 m/min [134]. On the other hand, Cubic Boron Nitride
tools showed poor performance at speeds between 120 and 240 m/min. However, it

should be noted that these specific tools are expensive and fragile, and their usage can
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only be justified when economically viable [30]. Table 2-9 provides information on each

tool type's mechanical and physical properties.

Table 2-9: Properties of different types of tool materials in Inconel 718 machining

Tool material

Tungsten Alumina Alumina mixt-ure hAlumilna. N - Boron Cubic
carbide (K10) 90 ~95% Al;03 +30% TiC + en an.ce wit Sialon Nitride
Material properties o We s 6o o . 5~10% Zr0,, Whiskers 77% SizNs +13% 50 ~ 90% CBN +
o WL 0% A0 +5~10%  A1,0, 4300 TiN+  75%AL0s +25%  Al:Os+ 1% Y205 oo
Co (pp%) Zr0; 5 ~10% Zr0; sic 50 ~10% TiN - TiC
Grain size (um) 1-2 1-2 1-2 * 1 1-3
Density (g/cm?) 14.8 39-4.0 4.2-43 3.7 3.2 3.1
Hardness (HV) to 20°C 1700 1700 1900 2000 1600 3000-4500
Hardness (HV) to 1,000 °C 400 650 800 * 900 1800
Fracture resistance
3 10 1.9 2 8 6 10
(MN /mz)
Young Module (kN/mm™=2) 630 380 420 390 300 680
Thermal conductivity
(W/meC) 100 8-10 12-18 32 23 100
Thermal expansion "
coefficient (x 1076/°C ) 5-6 8.5 8 3.2 5
Cutting speed (m/min) 10< v, <50 * 120 < v, < 240 200 < v, <750 * 120 < v, < 240

Source: [134,135]

The cutting edge and tool geometry are crucial in both tool life and the quality of
machined parts. Ezugwu et al. (1999) emphasized that tools with rhomboid geometry (W)
or other shapes with small tooltip angles (er) are not recommended for machining
superalloys due to the fragility of the cutting edge. As a result, square format (S) or round
(R) tools tend to perform better in terms of tool life and surface finish[119]. Selecting the
optimal geometry involves carefully considering the strength ratio and specific cutting

pressure to ensure optimal performance, beyond tooltip radius, format, etc.

The Inconel 718 alloy exhibits remarkable shear resistance, even at elevated
temperatures, and possesses good ductility. These properties form long chips that are
challenging to control during machining. Therefore, employing positive insert tools with
chip breakers becomes crucial for effectively managing chip formation and controlling the
machining process. Additionally, it is vital to consider the environmental conditions
during the machining of Inconel 718, as highlighted in the studies by Ezugwu et al., 1999,
and Roy et al. (2018).
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In the case of carbides and high-speed steel, coatings play a crucial role in enhancing
the machining performance of Inconel 718. Coatings like the triple-layer (TiN, TiCN, TiN)
have demonstrated excellent resistance properties and can effectively increase cutting
speeds. Kamata & Obikawa (2007) observed a significant reduction in the tool life of
carbide tools when increasing the cutting speed from 60 m/min to 90 m/min in Inconel
718 machining. The authors also noted that adding coatings allows for improvement in
tool life; however, there are limitations at low speeds due to the high machining forces

that can cause premature coating detachment [136].

An AICrN coating, known by the trade name BALINIT® ALNOVA, has emerged as a
potential coating for Inconel 718 alloys. The AICrN coating has been systematically
enhanced by a company in the field, as highlighted in a publication by Balzers (2013)
[137]. This high-performance coating offers several advantages, including improved
adhesivity and high reliability, high stability against thermal shocks suitable for both dry
and wet machining, a significant increase in tool life, and excellent stability on cutting
edges with efficient chip removal. The application of BALINIT® ALNOVA is recommended

explicitly for materials within a specific hardness range, as illustrated in Figure 2-53.

High-end coatings for special
applications. BALINIT® ALDURA for
¥ hard machining, BALINIT® ALNOVA for Ti
and stainless steel.

E BALINIT® BALINIT® | #————

) ALNOVA ALDURA

B

_8

©

2

o

E

b=

b4 BALINIT® BALINIT®
ALCRONA PRO LATUMA

k J

20HRC 50HRC 65HRC
Service temperature / hardness

Figure 2-53: Application range by hardness of BALINITI® coating material AICrN
Source: adapted from [137]
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According to the information provided by Balzers (2013), BALINIT® ALNOVA

coating outperforms other types of coatings in various applications. The key advantages

of BALINIT® ALNOVA include: (i) superior tool life performance when machining Inconel

718 turbine blades; (ii) increased productivity in titanium roughing milling operations;

(iii) reduction of wear width in stainless steel milling; (iv) extended tool life in H13 steel

roughing milling. These benefits are summarized in Table 2-10, which provides an

overview of the newsletters shared by Balzers (2013) [137].

Table 2-10: Various operations and results using BALINITI ® ALNOVA

Operation

Material

Tool

Cutting conditions

Remarks

Finishing/
Milling

Roughing/
Milling

Finishing/
Milling

Roughing/
Milling

Roughing/
Milling

Finishing/
Milling

Inconel 718

TiAl6V4

Stainless
steel

Aco AISI
H13

AISI 5115

AISI H13
(HRC 45)

Carbide (AITiN)
Carbide (BALINIT®

[ ]
ALNOVA)

O =16mm

Carbide (ALNOVA)
Carbide (BALINIT®
ALNOVA)

Carbide (ALNOVA)
Carbide (BALINIT®
ALNOVA)

@ =6mm

Carbide (AITiN)
Carbide (ALNOVA)
Carbide (BALINIT®
ALNOVA)

P =10mm
Carbide (TiAIN,
Wettbewerb)
Carbide (BALINITI®
ALNOVA)

@ =16mm

Carbide (AITiN)
Carbide (BALINIT®
ALNOVA)

@ =16mm

v, = 40m/min

fz = 0.045 mm/rev
ap = 22mm

a, =2mm
Emulsion

v, = 70 m/min

ap =25mm

a, =7.5mm
Emulsion 8%

v, = 31m/min

ap =2mm
a, =19mm
Emulsion

v, = 150 m/min

v, = 181 m/min
f, = 0.03 mm/rev
Emulsion 5 %

v, = 250 m/min

BANIT® ALNOVA tool life gain
28%

125% more parts produced
with BALINIT® ALNOVA

Reduced wear width when
milling stainless steel with
BALINIT® ALNOVA

Increased tool life by 106%
with  BALINIT® ALNOVA
compared to AITiN

Number of workpiece increase
(100%) using BALINIT®
ALNOVA

Increased tool life by 106%
with  BALINIT® ALNOVA
compared to AITiN

Source: adapted from [137]
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2.3.1.5. Lubri-cooling techniques - Inconel 718 ®

As a general practice, cemented carbide tools are commonly used for machining
nickel-based superalloys, and a technique called cutting fluid in abundance is employed.
The main objective of using CFA is to keep the tool cooled due to the significant heat
generated during machining. The temperature at the tool tip can reach extremely high

levels, exceeding 1,000 °C [62].

Several studies have explored unconventional cooling methods to enhance
machinability and improve productivity. Hegab et al. (2018) specifically investigated the
impact of incorporating carbon nanotubes and aluminum oxide nanoparticles (Al203) into
the oil used in minimum quantity lubrication (MQL) to enhance its cooling effectiveness
and overall thermal conductivity [61]. The researchers compared the performance of a
conventional MQL with the addition of nanoparticles during the machining of Inconel 718.
They evaluated the tool performance and chip morphology. They found that the
conventional MQL resulted in more significant flank wear, notch wear, crater wear,
adhesive plastically deformed chip, BuE formation, and higher oxidation than the MQL

with nanoparticles.

Khanna et al. (2020) conducted a study to assess the wear and hole quality in the
drilling process of Inconel 718 using cryogenic cooling compared to a dry process [139].
They utilized helical carbide drills coated with TiAIN and analyzed various variables,
including tool life, chip morphology, and hole quality parameters such as roundness,
cylindricity, and surface roughness (Ra). The findings revealed significant improvements
when employing cryogenic cooling, including a drastic reduction in temperature, a 30%
reduction in torque, an 87.50% increase in tool life, reduced deviations in roundness (up

to 51%), cylindricity (up to 77%), and surface roughness (up to 48%).

In a study conducted by Shokrani et al. (2017), an unconventional hybrid cooling
method known as CryoMQL (MQL with cryogenic fluids) was investigated for the milling
of Inconel 718 [140]. The researchers compared the performance of CryoMQL with that
of MQL and cryogenics used separately. A 12 mm diameter solid tungsten carbide end mill

was employed for the experiments. The results revealed that the hybrid CryoMQL system
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outperformed the other cooling methods, doubling the tool's life and improving surface

roughness by 18%.

Another study by Kenda et al. (2011) analyzed the residual stresses resulting from
turning Inconel 718 using four different lubri-cooling atmospheres: dry, MQL, cryogenics,
and cryoMQL [141]. Carbide tools, precisely ISO CNMG 120404 with chip breakers in MF1
format, were utilized in the experiments. The researchers employed X-ray diffraction as
the technique for measuring residual stresses. Figure 2-54 depicts the levels of stresses

observed in different directions under various machining environments.

Experiment 5 (f= 0.05 mm/rev, \/C =60 m/min, a,= 0.63 mm)
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Figure 2-54: Residual stresses in two directions (a) radial and (b)

longitudinal, under different environments: dry, MQL, cryogenic and
CryoMQL

Source: adapted from [141]
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The results demonstrate that the atmosphere had a significative impact over the
residual stresses. Note that cryoMQL atmosphere had the best performance int this
concern, reaching lower values for residual stresses, meaning compression tension in the

surface.

Ezugwu & Bonney (2004) investigated the impact of high-pressure cutting fluids on
the turning process of Inconel 718 [17]. They used a triple-layer coated carbide tool
(TiC/Al203/TiN) and cutting speeds of up to 50 m/min, comparing it with conventional
flood coolant application. The study measured tool life, wear, surface integrity, and

residual stresses.

The results revealed a significant improvement in tool life, with a gain of
approximately 740% observed at a pressure of 20.3 MPa. Moreover, the tool life tended
to increase with higher fluid pressures. This improvement was attributed to two main
factors. Firstly, the high-pressure cutting fluids facilitated the enhanced penetration of the
liquid film at the tool/chip interface. Additionally, the fluid's ability to bend and break the
chip reduced the contact area, thereby reducing the coefficient of friction on the rake
surface. These combined effects contributed to the overall improvement in tool life and

machining performance.

In a study conducted by Zhang et al. (2012), the focus was on the tool life and cutting
forces in milling Inconel 718 under different cooling conditions: dry machining,
cryogenic-cooled MQL, and biodegradable oil [12]. The experimental results
demonstrated that MQL was effective in enhancing machinability, resulting in a 57%

increase in tool life compared to dry machining.

Additionally, the study observed a reduction in all three components of cutting forces
when MQL was used. This reduction indicates that MQL, by acting on the tool/chip
interface, facilitated the cutting process and contributed to a decrease in the coefficient of
friction. These findings suggest that MQL is a promising technique for improving tool life

and cutting force characteristics during the milling of Inconel 718.

In his research, Kaynak (2014) conducted a comprehensive experimental study to
compare the performance of different lubricating atmospheres, namely dry machining,

cryogenic cooling, and MQL, in the machining of Inconel 718 [142]. The study examined
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various variables: cutting forces, flank wear, notch wear, tool crater wear, cutting

temperatures, chip morphology, and surface roughness.

Carbide tools, specifically uncoated ISO CNMG120408 inserts, were used for the
turning operation [142]. The study's results indicated that cryogenic cooling offered the
best tool life and surface integrity compared to the other cooling methods. Additionally,
injector nozzles' number and positioning were crucial in controlling machining forces and

temperature.

Figure 2-55 illustrates the machining forces for the three cooling atmospheres at
different cutting speeds. Figure 2-56 displays photographs of the crater and flank wear
observed during the experiments. Lastly, Figure 2-57 presents the maximum

temperature measured on chips formed under different cutting atmospheres.

Overall, the study emphasized the importance of selecting an appropriate lubri-
cooling atmosphere and optimizing nozzle placement to improve machining performance,

tool life, and surface quality in Inconel 718 machining operations.

55 B Radial = Feed M Main cutting

260
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Force (N)
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Dry MQL  Cryo Dry MQL Cryo
V=60 m/min V=120 m/min

Figure 2-55: Main machining forces under different environments and
cutting speeds.

Source: [142]
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Dry (Vi = 939 um) MQL (V; = 340 um) Cryo (Vz = 218 um)
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Figure 2-56: Wear for speed vc = 120 m/min, cutting time of 30 s, in different
environments. a) Flank wear and b) Crater wear

Source: [142]
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Figure 2-57: Maximum temperature measured on chips generated
under different environments.

Source: [142]

Finally, Roy et al. (2018) conducted a literature review on various machining

atmospheres employed in machining Inconel 718 superalloys. The review encompassed
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studies that utilized different cooling and lubrication methods such as MQL, dry

machining, cryogenics, compressed air cooling, and n-MQL, among others. These studies'

findings and key details are summarized in Table 2-11, providing a comprehensive

overview of the different machining atmospheres employed in Inconel 718 machining.

Table 2-11: Lubri-cooling techniques used in the machining of Inconel 718

Reference Ambient M;:(l:cl:;:g Remarks
[143] Dry and Cryogenic Milling Cryogenic cooling proved more efficient and generated better surface
(LN2) roughness
[144] Dry and Cryogenic Millin Cryogenic cooling showed better potential for machinability as
(LN2) J compared to dry condition
[145] Dry and Cryogenic Turning Lower t§n511e s_tresses were developed on the workpiece surface using
(LN2) cryogenic cooling
[146] xgi;lzrgﬁsuc ester Drilling Palm oil surpassed synthetic ester in every machining performance
[70] Flooded and Cryogenic Turnin Combining Cryogenic and MQL machining provided better machining
+MQL " & performance only for short machining time
[147] DM, CFA e MQL Turning MQL generated a better surface finish
MQL.’ Cryogem.c and . The longer life of the tool and better surface roughness was achieved
[140] Hybrid cryogenic and Turning using (Cryo + MQL) condition
MQL (Cryo + MQL)
an soli . ower wear of the tool and better surface finish was obtained usin
[148] MQL and WS2 solid Turnin L, f th 1 and b face finish btained using
lubricant MQL & WS2 solid lubricant
[23] zlr()i,’l\l/\[AQ%L((lf)(()) nr:lll//l;‘l)) Turning Better surface roughness using MQL

Source: [79]
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2.3.1.6. Surface integrity - Inconel 718 ®

Surface integrity encompasses several variables crucial in defining the quality and
quantifying the characteristics of a material's surface or subsurface. These variables
include roughness and its parameters (such as R, Rz, R, etc.), hardness or microhardness,
residual stresses, microstructure, crack analyses, color, reflectivity, and emissivity [4].
These variables are significant as they are often used as criteria for acceptance or
rejection in production lines, indicating the quality and suitability of the machined
surface.

According to Machado et al. (2015), machining results in inevitable changes to the
condition of the newly formed surface due to various physical-chemical processes. These
processes encompass elastoplastic deformations, shearing, high thermal inputs, residual
stresses, chemical reactions, diffusion, and oxidation. In addition, Ezugwu et al. (1999)
identify several defects associated with the build-up edge (BUE), including micro and
macro hardness changes, the occurrence of micro and macro cracks, as well as marks and
distortions. Furthermore, they note that metallurgical transformations, such as phase
changes, hardening, or annealing, can occur during machining.

In the aeronautical industry, where reliability is paramount, superalloys like Inconel
718 find extensive application. Surface integrity plays a critical role in manufacturing
parts for this industry. Structural parts and aircraft turbines are subjected to harsh
operating conditions, including cyclic loads, wide temperature ranges, vibrations, and
oxidation. To ensure the longevity and performance of these components, it is crucial to
minimize tensile residual stresses that can contribute to crack initiation and propagation.
Machined parts should possess compressive residual stresses to enhance their fatigue
resistance. Therefore, when machining Inconel 718, addressing the issue of residual

stresses becomes a significant consideration (Ezugwu etal, 2003).

According to Ezugwu et al. (1999), the tool wear level significantly impacts the
machined parts' surface integrity during the turning of nickel superalloys. When using
new tools with a positive insert geometry, the generated surfaces tend to have fewer
residual stresses and less plastic deformation. The authors suggest that even better
surface finishes, with reduced roughness and minimal surface damage, can be achieved

by using rounded inserts. In the case of Inconel 718, the work-hardening effect can be
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severe. As a result, it is often recommended to opt for a single pass with a greater depth
of cut instead of two consecutive passes. This approach helps mitigate the adverse effects

of work hardening and ensures improved surface integrity during machining operations.

The surface hardness of Inconel 718 increases during prolonged machining. This
increase in hardness results from the severe flank wear that tools experience during the
machining process. Increased wear, higher cutting forces, and elevated temperatures
contribute to more significant tool wear, creating a positive feedback loop that ultimately
leads to tool breakage.

It is crucial to carefully select the machining process to address surface integrity
issues associated with machining Inconel 718. The negative impact on surface integrity
can be minimized by choosing the appropriate machining techniques, including tool
selection, cutting parameters, and cooling methods (refer to Figure 2-12).

Table 2-12 provides a comprehensive overview of various studies conducted on the
surface integrity of Inconel 718 alloys and their respective conclusions. These studies
have examined different surface integrity aspects, offering valuable insights for

optimizing machining processes and achieving the desired surface quality.

Table 2-12: Several studies on the roughness of Inconel 718

Reference Tool Atmosphere Operation Findings
0,
Coated insert (Tool 5) sollljiiooondo(f5 s{:mi- Worn out tool produced higher surface
[150] (TiCN/AI203/TiN) and : Turning P a g
uncoated insert (Tool H) synthetic roughness due to the location of the wear scar
emulsion)
. . . Surface roughness was lower using flood
[80] CVD TiCN-AI203-TiN Dry and Flood Turning cooling
. . MQL condition produces better surface
[23] PVD (TiAIN) Dry and MQL Turning roughness than dry condition
o . Surface roughness was found similar for both
[151] CVD Coated Carbide insert Dry Turning high and low cutting speeds
Cemented Carbide (Al- . Surface roughness was mostly affected by
[152] TiN-TiCN-Tin) Dry Turning cutting speed and feed rate.
[153] Cemented Carbide Tool Wet Turning tsilrlrl;iace roughness was affected by machining
Feed rate was the most affecting factor for
[154] Uncoated Carbide insert Dry Turning surface roughness followed by spindle speed

and depth of cut

Source: [79]




Page | 119

Chapter 3: Experimental procedures

This chapter systematically explores the experimental procedures critical to the
study. Beginning with an examination of the cooling system and Internally Cooled Tools
(ICT), it proceeds to delve into Inconel 718® characterization. The chapter covers
machinery and fluids used, followed by a detailed analysis of temperature measurements.
Finally, it scrutinizes machining and wear mechanisms, offering comprehensive insights
into the research. Chapter 3 is pivotal in facilitating rigorous data collection and advancing

scientific excellence.

3.1. Logical sequencing of experimental procedures

This research project consisted with activities before, during, and after machining to
achieve the proposed objectives, as shown in Figure 3-1. In the pre-machining stage,
refrigeration systems and cutting tools were designed. Metallography tests on Inconel
718 were also performed, aiming at characterization. During machining, tests were done
to measure temperature, cutting force (Fc), and tool life. Finally, after machining tests,
analyses of the worn tools within the scanning electron microscope (SEM) equipped with
electron dispersion spectroscopy (EDS) were performed after machining tests to verify

the tool wear mechanisms present.

Durin :
. g After maching
machining
—
i EDS
| | Conllng_system | Temperature |
project (Tool)
g — g — T —
Internally Cuttin SEM
—| Cooled Tools — E -
project forces (Tool)
Metallography . Roughness
{Inconel 718) —| Tool'slife

B (Inconel 718)

i

Figure 3-1: Diagram of experimental procedures at three levels: before, during, and
after machining of Inconel 718
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3.1.1. Cooling system & Internally Cooled Tools - ICT

To provide cooling during the cutting process, a chiller was utilized. Then, a
conventional refrigerator was modified to accommodate the specific cooling
requirements. To hold a chilled mixture of water and mono-ethylene glycol as the internal
coolant for the tools a device was adapted. Throughout the experiments, the temperature
inside the tools was consistently maintained at approximately -5 °C. For a visual
representation of the refrigeration system, please refer to Figure 3-2. Further details and

specifications of the cooling systems can be found in Table 3-1.

Coolant reservoir Compressor

Figure 3-2: Details of the components of the cooling system
An wire electric discharge machine (EDM) was employed during manufacturing to
create internal cooling channels within the tools, diameter of 1.5 mm. The tools utilized in
the experiments were commercially avaiable carbide inserts, Ceratizit Brand, with
designation ISO code SNMG 120408EN-M34 CTPX710. These inserts were paired with a
Walter-branded tool holder, model DSSNR2525X12-P, specifically modified to enable
internal fluid circulation during machining. In Figure 3-3 is schematically represents the

tool holder/insert set with internal cooling channels.



Page |121

Table 3-1: Specifications of the cooling system

Commercial Freezer (Make/model) Prosd6cimo/04180CBC201
Cooling capacity [W] 146
Coolant R 134
D.d.p. [V] 220
Coolant (R 134) pressure [kPa] 52

Water (90%
Coolant Mono ethylene( glycgl (10%)
Minimum temperature [°C] ~-5°C
Reservoir capacity [l] 60
Pump (type/model) Micro diaphragm pump
Flow [l/min] ~1.02
D.d.p.[V] 12
Coolant pressure [kPa] 700

Figure 3-3: Tool holder set, and cemented carbide insert made by EDM.

Based on Figure 3-3, the components of tool holder following are: the hot duct (15)
and cold duct (14) are connected to the tool holder (1) using connectors (5) or nipples.
The coolant is introduced into the tool holder (1) through its back, where it flows through
internal channels (6) until it reaches the clamp (4). From the clamp (4), the coolant is

injected into the top of the adapted tool (2), facilitating the exchange of heat generated
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during the machining process. As a result, the temperature of the coolant increases, and
it is then directed to the shim (3). The sealing parts are represented in (16). The heated
coolant begins its return process to the reservoir, completing the cycle within a closed-

loop cooling system.

The coolant used in this setup is a mixture of demineralized water with 10% mono
ethylene glycol, and it was maintained at -5 °C. In Figure 3-4 is an real photograph of the
assembly, which includes the tool holder (1), connectors (5), clamp (4), cutting tool (2),
and shim (3).

Figure 3-4: Tool and tool holder set.

Table 3-2 provides the specifications of the tool used in the study, while Table 3-3
presents the details of the tool holder. For a comprehensive understanding of the tool in
its original state, the complete specification sheet can be found in Appendix D. Appendix
E contains specific details of the tool holder, and Appendix F provides the technical design

of the tool after it was adapted with internal cooling channels (ICCs).
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Table 3-2: Cemented carbide tool inserts specifications
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Tool

Standard ISO Code

Internally Cooled Tool

Coating
Available cutting edge
Insert angle [ °]

Inscribed circle diameter [mm]
Cutting edge length [mm)]

Fixing hole diameter [mm]
Insert width [mm)]

Tip radius (r;) [mm]

Feed (f) [mm]

Depth of cut (doc) [mm]
Cutting speed (v,) [m/min]
Chip breaker

Weight (g)

Estimated cost (U$)

TiNAl

9.5
5

SNMG 120408EN-M34 CTPX710

Yes No

TiNAl

90
12.7

129

5.76
4.76
0.8
0.1-0.35
0.1-35
40
M34
8.4 9.5
46 13

Balinit® ALNOVA

Yes

Balinit® ALNOVA

8.4
55

Source: adapted from [155]

Table 3-3: Toolholder specifications (in conjunction with Table 3-2)

Description

Symbol

Value

Standard ISO code
Height [mm]

Width [mm]

Functional width 1 [mm]

Functional width 2 [mm]

Functional length [mm]
Maximum balance [mm]

Total length [mm]
Orthogonal rake angle [°]

DSSNR2525X12-P

h=h1
b

f
fi

kokk

25

25
32
23.7
130

48
138.7

Source: adapted from [156]
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Figure 3-5 provides a draft of the original design (top) and the adapted tool holder
(bottom). Mechanical devices such as an M6 screw, a thread, G 1/8" connector, and silver
welding fill were utilized in the adaptation process. Additionally, a 6 mm diameter hole
was created using wire electrical discharge machining (WEDM) to facilitate the return of
the hot fluid. The clamp was also modified with silver weld fill to redirect the fluid initially
directed toward the rake surface of the tool. Furthermore, a blind hole with a diameter of
2 mm was incorporated to enable the circulation of the coolant in a closed loop.

Appendix E contains comprehensive details of the adapted tool holder.
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————— +| Sealed channels

Figure 3-5: Side view of the original tool holder (above) and adapted (below)
Source: [156]

Typically, SNMG 120408EN-M34 CTPX710 tools are coated with TiNAL. However, for
the specific machining of Inconel 718, a more suitable coating, such as AICrN, can be used
[137]. Hence, one of the objectives of this study was to evaluate the ICT system using both
TiNAl and a double-coated AICrN over TiNAl (referred to as AICrN+). To achieve this, 20
out of the 40 inserts were coated with AICrN+ by a specialized company. Figure 3-6 (a)

provides an enlarged photo with a side-cut view of the 4 um thick coating. Figure 3-6 (b)
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reveals micro-abrasion marks on the coating, exposing the underlying substrate Table
3-4 presents the specifications of the BALINIT® AICrN+ coating. Unfortunately, the
manufacturer did not provide additional information due to industrial protection

measures.

Figure 3-6: (a) Side-cut view of AICrN coating (BALINIT® ALNOVA) with
thickness of 4 um on hard metal substrate and (b) micro-abrasion marks until
reveal the substrate

Source: [137]

Table 3-4: Coating specifications (BALINIT® ALNOVA & Dragon Skin)

Commercial name BALINIT® ALNOVA + DragonSkin®
Structure AICrN - TiNAl double coated TiNAl
Hardness (HV 0.05) 3,200 1,820
Residual stresses (GPa) -3.0 oAk
Maximum service temperature (°C) 1,100 800
Coefficient of friction against steel (CoF) 0.3 0.6
e Steels > e Steels
1,000 N/mm? e Stainless steel
e Steels >45~52 HRC e Non ferrous
Carbide applications (milling/finishing) e Stainless steel alloys
e Castgrayiron e Heatresistant
e Titanium and its alloys alloys
e Inconel family

Source: [137,155]
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3.1.2. Inconel 718 characterization

Two bars of Inconel 718® VAT718 A, supplied by Villares Metals S.A., were utilized
in the study. These alloys underwent a thermal treatment process involving precipitation
and aging, as detailed in section 0. The cylindrical bars initially had dimensions of 1=300

mm and @=140 mm. For detailed information regarding the composition, mechanical

properties, and physical-chemical

Table 3-5.

properties of the bars, please refer to

Table 3-5: Composition, mechanical and physical-chemical properties of Inconel 718

Composition

Ni

Cr Fe Nb Mo Ti Al C Co

Inconel 718 (aged/precipitated)

5290 1848 1888 511 294 098 054 0.032 0.04

Mechanical properties

>
2 =
= 2= 22
= = £ & = & a
88T 92 Sg37 £C
Alloy g ¥ 05 E 54 5 & Descriptions and applications
s22 58 £8 ;28 :E
EPT 33 2 2
s =% 3 3
s =
A precipitation-hardened nickel-chromium alloy containing
significant amounts of iron, niobium, and molybdenum,
along with smaller amounts of aluminum and titanium. It
combines corrosion resistance and high mechanical
Inconel 718 strength with good weldability, including post-weld crack
L 1,240 1,036 12 211 40 T WILH Bood Weldahtiity, HCLUCIE pos=we'e ¢
(aged/Precipitated) resistance. However, it has extraordinarily little

machinability. The alloy has good crack resistance to
vibration at temperatures up to 700 ° C. Used in gas
turbines, rocket engines, spacecraft, nuclear reactors,
pumps, and tools, among others.

Physico-chemical properties

g 5 p
<
= = g — =
o E §c 5589 ¢ gz. E
= - % 728 g5 S5 Q
vzg £G © 6o ug_ug ET 8 ES § 23
5’\ Qo = ﬁ g’n ® E\E TN © 2= g
A3 2 835 gE2§ F£ER = 9= S
~ = a 5933 o~ S~ @
E w > b =
= < <
Inconel 718 (aged/precipitated) 8.19 1,260 ~ 1,336 435 13.0 11.4 1250 -112

Source: [111,112]




Page | 127

To examine the microstructure of Inconel 718, a metallographic experiment was
conducted. The specimens were prepared at the Metallographic Testing Laboratory of
FEMEC-UFU. The preparation process involved sequentially numbered sandpaper of
particle of mesh in the sequence of 80, 120, 220, 320, 400, 600, 800, and 1,200 to ensure
a smooth surface. Subsequently, the samples were polished using diamond paste with a
granulometry of 1 um and 3 pm. For a chemical attack, an etchant named Nital 3 % with

80 mL of HCl was used, and the samples were immersed in it for 30 seconds.

Figure 3-7 illustrates the resulting microstructure of Inconel 718, allowing
verification of the presence of niobium and titanium carbides (indicated by white points).
However, the delta phase (indicated by dark points) did not exhibit a significant presence

in the microstructure.

Niobium and

100 um 100 pm
E———— O S i

Figure 3-7: Microstructure of Inconel 718® VAT718 A produced by Villares
Mettals.
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3.1.3. Machine tool & Fluids

The machining operations were conducted at Laboratory for Teaching and Research
in Machining (LEPU) at the Federal University of Uberlandia. Inside the LEPU there is a
lathe IMOR MAX II, where the temperature tests were performed. It is a universal lathe
with a swing over a bed of 400 mm and a swing over a cross slide of 240 mm. It has a
center height of 200 mm and a distance between centers of 1,000 mm. The lathe features
a wide spindle speed range from 40 to 2,000 RPM, powered by a 5.5 kW motor. It is
equipped with a three-jaw chuck and a quick-change tool post. The lathe may include
additional features such as a coolant system, thread-cutting capability, taper-turning

attachment, and digital readouts.

The laboratory also has a CNC lathe manufactured by ROMI S.A., known as the
MULTIPLIC 35-D model. The CNC was used to run the cutting forces, tools live, and
roughness tests. The CNC lathe is equipped with cutting-edge numerical control
technology, specifically the series 21i-TB, provided by GE FANUC. The lathe's power
capacity has 11 kW (15 CV) on the tree axis. It has variable spindle speed, which ranges
from 3 to 3,000 rpm.

A 100% synthetic emulsion named as ECO COOL P 1977 BF was utilized during the
machining process with the CFA system. This emulsion is specially formulated to provide
good cooling and lubrication properties and enhance machining performance [157]. The

specifications of the ECO COOL P 1977 BF mixture can be found in Table 3-6.

The refractometer is a precision instrument that measures the refractive index of a
liquid, which is directly related to its concentration. Using the Pocket PAL-1
refractometer, the concentration of the emulsion mixture could be accurately monitored
throughout the machining process. This ensured that the emulsion maintained the
desired concentration (25 % in water), refraction factor of 1.7, guaranteeing consistent

performance and optimal cooling and lubrication effects.

In the internal cooling system, a mixture of water and mono ethylene glycol (MEG)
was used to provide fluid to the cutting tool. The mixture was composed of 90% water
and 10% MEG. The primary purpose of adding MEG to the mixture was to act as an

anticorrosive agent, safeguarding the machine tool set against potential damage caused
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by corrosion. MEG also served as an anti-freezing agent, enabling the cooling system to
function with a coolant temperature below 0°C. Detailed specifications and properties of

this mixture can be found in Table 3-7.

Table 3-6: ECOCOOL P 1977 BF specifications

ECOCOOLSYN
Tests Methods 1977 BF
Density (20 °C) (g/cm3) ASTMD 1298 1.040
Emulsion pH (2% in water) * MR 125 9.70
Emulsion aspect (2 % in water) * MR 079 clear, colorless
Bosch test GG (2 % in water) DIN 51 360-2 0
Emulsion stability (2 % in water) (min. 15h)* MR 015 Stable
Product stability (4 to 40 °C) (min. 15h) MR 017 Stable
Refraction factor MR 044 1,70
Product code 315021

*Emulsion made with tap water pH close to 7 and hardness ca. of 3 °d (* 54 mg/l CaCO3). The tests are
carried out at concentrations lower than recommended as we adopt more severe conditions.

Source: [157]

Table 3-7: Properties of mono ethylene glycol

Properties Value
Color Light orange
Aspect Clear
Density (4°C ~20°C) (g/cm3) 1.1150
Boiling point (°C) 170
pH 10% 8.5
Alkaline Reserve 10%, ml HCI 0,1 N 6.7
Water K.F. 2.5
Nitrites absent
Aminas Phosphate absent
Specifications ASTM D-3306; ASTM D-4985; NBR15297;

FIAT 9.55523-2

Source: [158,159]
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3.1.4. Temperature measurements

Initially, the experimental planning focused on analyzing temperature using two
methods simultaneously: a thermocamera and a tool-workpiece thermocouple system.
The first Design of Experiments (DoE) employed a fractionated factorial design,
specifically a 2751, The variables considered in this DoE are listed in Table 3-8, which
include cutting speed with levels of 47 and 94 mm/rev, feed rate, 0.1 and 0.2 mm/rev, and

depth of cut, 0.25 and 0.5 mm.

Subsequently, a second fractionated DoE, again employing a 2”51 design, was
conducted, this time varying only the cutting atmosphere between internally cooled tools
and cutting fluid in abundance. Important to state that for the thermocamera tests, only
DM and ICT conditions were performed since this method is not appropriate for CFA

conditions.

Forty-eight experiments were performed for temperature analysis, comprising initial
tests (T1) and one replica (T2). The specific details of each test can be found in

Table 3-9.

Table 3-8: Temperature fractionated DoE (27571)

Planning 01 (Temperatures) (22571)

Levels
Factors Variables
) (+)
Cutting speed (v,.) [m/min] V1 47 94
Feed rate (f) [mm/volt] v, 0.1 0.2
Tool coating Vs AICrN + TiNAl
Cutting atmosphere Va ICT DM
Depth of cut [mm] Vs 0.25 0.50
Planning 02 (Temperatures) (2571)
Cutting speed (v,.) [m/min] V1 47 94
Feed rate (f) [mm/volt] Vs 0.1 0.2
Tool coating Vs AICrN + TiNAl
Cutting atmosphere A ICT CFA

Depth of cut [mm] Vs 0.25 0.50
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Table 3-9: Fractionated factorial experiment design 2 x (2°571)

Test Atmosphere Coating Depth of cut Feed Cutting s.peed
[mm] [mm/rev] [m/min]
1 DM TINAL 0.25 0.103 47
2 ICT TINAL 0.25 0.103 94
3 ICT TINAL 0.50 0.103 47
4 DM TINAL 0.50 0.103 94
5 ICT TINAL 0.25 0.297 47
6 DM TINAL 0.25 0.297 94
7 DM TINAL 0.50 0.297 47
8 ICT TINAL 0.50 0.297 94
9 ICT AlCrN + 0.25 0.103 47
10 DM AICrN + 0.25 0.103 94
11 DM AICrN + 0.50 0.103 47
12 ICT AICrN + 0.50 0.103 94
13 DM AICrN + 0.25 0.297 47
14 ICT AICrN + 0.25 0.297 94
15 ICT AICrN + 0.50 0.297 47
16 DM AICrN + 0.50 0.297 94
17 CFA TINAL 0.25 0.103 47
18 CFA TINAL 0.50 0.103 94
19 CFA TINAL 0.25 0.297 94
20 CFA TINAL 0.50 0.297 47
21 CFA AICrN + 0.25 0.103 94
22 CFA AICrN + 0.50 0.103 47
23 CFA AICrN + 0.25 0.297 47
24 CFA AICrN + 0.50 0.297 94

25 to 48 as replica

Temperature measurements were conducted using a FLIR Tools® thermal camera,
specifically the A325 model. The camera possesses a resolution of 320 x 240 pixels and a
temperature range of 300 to 1,200 °C, with an accuracy of + 2 °C. A sampling rate of 30

frames per second was utilized for data acquisition.

To ensure accurate readings for the nickel alloy, an emissivity value of €=0.35 was
employed, as specified in the FLIR manual. Maintenance of the maximum flank wear
below 0.1 mm (Vemax < 0.1 mm) was taken by utilizing new tools throughout the

measurements.

The thermocamera was positioned with the focus directed at the root of the chip, with
a measurement time of 45 seconds. The FLIR ThermaCAM researcher professional 2.10
software was employed to calculate the average maximum temperature per frame. The

camera's focal distance was adjusted to 0.675 m, as depicted in Figure 3-8.
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Figure 3-8: A lathe and thermocamera experiment position

The thermocouple method was run with the thermo camera, as described in section
2.1.2. All tests were performed on an IMOR MAX II universal lathe, described in section
3.1.3. Beyond the ICT and DM, the CFA condition was verified, too, as the tool-work
method allows it. Each machining test took 45 seconds, more than enough for the
temperature to reach its maximum value. A tool’s life condition VBmax = 0.1 mm was

adopted to the wear does not interfere with the results.

An Agilent® 34901A data acquisition board was employed to capture the data signals
generated during machining. This board offers a resolution of 1 uV and a measurement
uncertainty of 0.3 °C. The data acquisition frequency was set at 2 Hz, as specified in
section 2.1.2. The signals were acquired using the two copper wires connected to the
thermoelectric circuit of the tool-work thermocouple. These wires were connected to the

modified rotation counter tip and the compensation element.

Figure 3-9 illustrates the experimental setup, scheming the temperature

measurement tests using the two methods. Electrical isolation was implemented for the
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bar and the tool holder in the tool-workpiece thermocouple method to ensure accurate
measurements and avoid signal loss. This precautionary step was taken to maintain the

integrity of the signals and minimize any potential interference.

| Thermo camera |

<
Inconel Count
718 ounter
sinks
Computer

Compensation
element
(Inconel 718)

L
<

I Wires of copper

| Tool-holder

<€
y

\ A

Type k thermo couples Mult.imet®er
(welded to tool) (Argilent®)

Figure 3-9: Experimental assembly diagram for temperature measurement

To enable the transfer of electrical signals from the rotating workpiece, an internally
modified live center was utilized in the lathe's tailstock. Within this live center, a Teflon®
capsule was installed to house liquid mercury. The liquid mercury establishes contact
with the rotating conical point inside the live center, ensuring the continuity of the

electrical signal during the tests.

The rotating conical point, constructed from SAE 1050 Steel, captures the electrical
signal from the rotating workpiece and transmits it to the liquid mercury. The liquid
mercury then transfers the electrical signal to an embedded copper wire, effectively
closing the circuit for the measurement system. Figure 3-10 illustrates a similar adapted

tailstock for visual reference, demonstrating the abovementioned arrangement.

A thermocouple, a piece of Inconel 718 chip and a cemented carbide stick for the
calibration scheme. Copper wires were soldered at the ends of the junction, and a K-type
thermocouple (Nickel-Chromium/Nickel-Alumel) with a temperature measuring range of

-200 °C to 1,260 °C was positioned very close to the tip of the chip-tool.
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| Insulator bushings

5 i it

Rotating tip

Figure 3-10: Modified mandril of the tailstock for capturing the signal of a rotating
part used

Source: [160]

The cemented carbide stick and the k thermocouples were placed in an electric
induction oven, specifically a Mufla-type oven, with a power rating of 7,500 W. The oven
was heated up to the desired temperature. This calibration method provides an excellent
correlation between temperatures and electromotive forces (voltage). For a visual
representation, Figure 3-11 illustrates the schematic of the experimental setup used for

the calibration process.

The Inconel 718 chip was isolated and securely fixed in the tool, ensuring pressure
contact with the isolated cemented carbide bar for calibration. This combination formed
the reference joint, known as the "hot joint," placed inside the oven. Adjacent to this
contact, a separate thermocouple of type K was inserted to measure the calibration

temperatures, specifically at the hot joint of the system.

The electrical signals generated by the Seebeck effect in the chip-tool thermocouple
were collected through the copper wires by closing the electrical circuit. These signals
were then correlated with the temperature readings provided by the K-type
thermocouple, which served as a reference for the hot joint temperature. The entire

system was electrically closed and insulated to ensure accurate calibration.

Although the calibration was not performed in the same experimental machining
equipment, it was still possible to represent machining temperatures accurately. This is
because all the equipment involved in the calibration process adheres to Seebeck's law,
which governs the relationship between temperature and the generated electrical signals

in thermocouples.
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Figure 3-11: Schematical draw of the calibration of the tool-workpiece
thermocouple in an oven.

The temperatures were measured at the beginning of the tool's life (VBmax< 0.1 mm)
using the resulting calibration equation (Eq.17), derived from the curves presented in

Figure 3-12:

Temp(x) = 48.715x + 220 [°C] + T2 (17)

Where: x is the voltage in [mV]
T, is the temperature at cold tool junction

Thermocouple Calibration

1100

y =48.715x + 219.96
1000 Rz =0.9868

900

800

700

600

Temperature [°C]

500

400

300

0 2 1 6 8 10 12 14 16 18
d.d.p. [mV]
——1 -2 -3 —e—Average - Linear (Average)

Figure 3-12: Tool-work thermocouple calibration curve
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3.1.5. Machining and wear mechanisms analysis.

A full factorial experimental design, specifically (2”2), was used to investigate
machining by the meaning of cutting forces (F¢), tool life, and surface roughness. The
design included two input variables: tool coating (TiNAl and AICrN+) and cutting
atmosphere (DM and ICT). A second experiment was also conducted to evaluate a third
cutting atmosphere condition (ICT and CFA). The details of the input variables and their
levels for these two experimental designs (DoE) can be found in Table 3-10 and Table
3-11. For the machining analysis, a total of 18 experiments were performed. This included
initial tests (T1) and two additional replicas (T2 and T3). The cutting speed
(ve= 45 m/min), feed rate (f = 0.103 mm/rev) and depth of cut (ap = 0.5 mm) were kept

constant in a finishing condition.

A third experiment included the analyses of the wear mechanisms. The input
variables were the cutting atmospheres in three levels (ICT, CFA, and DM) and the tool's
coating in two levels (TiNAl and AICrN +). The cutting speed (vc = 45 m/min), feed rate
(f = 0.103 mm/rev), and depth of cut (ap = 0.5 mm) were kept constant in a finishing
condition. After the tests, only one tool of each condition, cutting atmosphere and coating,
were analyzed using scanning electron microscopy (SEM) equipped with energy-
dispersive spectroscopy (EDS) to determine the wear mechanisms. A total of six tools

were taken for wear investigation.

Table 3-10: Two full factorial Desing of Experiment (2/2)

Planning 01 (2/2)

Levels
Factors Variables
) +)
Coating X, TiNAl AlCrN+
Atmosphere X5 ICT CFA
Planning 02 (22)
Levels
Factors Variables
) (+)
Coating X1 TiNAl AICrN +

Atmosphere X, ICT DM
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Table 3-11: Two full factorial Design of Experiment (2"2)

Tests Coating (x;)  Atmosphere (x,)

1 TiNAl ICT

2 TiNAl CFA

3 TiNAl DM

4 AICrN + ICT

5 AICrN + CFA

6 AICrN + DM

7 TiNAl ICT

Roughness, 8 TiNAl CFA
tool’s life, and 9 TiNAI DM
cutting forces 10 AICrN + ICT
11 AICrN + CFA

12 AICrN + DM

13 TiNAl ICT

14 TiNAl CFA

15 TiNAl DM

16 AICrN + ICT

17 AICrN + CFA

18 AICrN + DM

The machining tests were carried out in a CNC lathe, described in section 3.1.3.
Cutting force was measured using a Kistler dynamometer, specifically the model 9265B.
This dynamometer was attached to the tool carrier of the lathe. A Kistler charge amplifier,
model 5070, was utilized to amplify the signals. A signal acquisition board managed the
amplified signals, the National Instruments USB-6251 DaqPad, controlled by LabView®

software.

When the tool reached half-life time (Vs = 0.3 mm) the cutting forces were measured.
The measuring time took precisely 15 seconds. The acquisition rate was set at 100 Hz to

ensure sufficient data for analysis.

The obtained signal was processed using mathematical software, and an overall
average of the highest interval was calculated, as illustrated in Figure 3-13. To correct
the sign of the cutting force measured by the dynamometer (Fc, measured), a calibration

curve provided by Eq. (18) was applied.

F, = 0.935.F, meqsurea — 21.34655 + 15 N (18)
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Figure 3-13: Example of the cutting force (Fc) signal where the average was
calculated

The end-of-life test criteria was total failure, which occurred when the tools could no
longer perform the cutting operation. This criterion was chosen to push the tools to their
maximum capacity and enable a comparison between the behavior of regular and adapted

inserts.

Tool wear evolution was monitored at each cutting pass, covering approximately 150
mm. The main flank surfaces of the tools were analyzed using an Olympus
stereomicroscope, model SZ61. The wear was measured with the assistance of Image Pro-

Express software. The stereo microscope had a brand-specific amplification of 4.5x.

Figure 3-14 visually represents the machining setup (a) and a schematic diagram of

the cutting forces acquisition system (b).
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Figure 3-14: a) Photo of the force measurement experimental set up and
b) schematical draw

The evaluation of surface roughness was based on the Ra parameter, as specified in
the NBR ISO 4288 (2008) standard, which was discussed in section 2.3.1.6. A calibrated

Mitutoyo SJ-201 P roughness meter was used for the measurements.

The measurement methodology involved taking three measurements for each
section of the bar, which was rotated at 120° intervals, as depicted in Figure 3-15. Three
measurements were taken at each angle, and an average value was calculated. All the
roughness measurements were conducted when the tools reached half-life conditions

(Vs =0.3 mm) at a position of near 75 mm from the border.
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Figure 3-15 comprehensively summarizes the roughness measurements taken along
the bar. It is important to note that the study of surface roughness was performed in

conjunction with the tool life studies, utilizing the same experimental setup.

120°

Figure 3-15: Axial bar rotation for three different positions to assess roughness.

Table 3-12: Two Full factorial design (22) for roughness measurement

Roughness Measurements

Roughness test Coating Atmosphere (Ra) [ um]

0° 120° 240°

TiNAL ICT M1 M2 M3

TiNAL CFA M4 M5 M6

Replicate 1 TiNAL DM M7 M8 M9
AICrN + ICT M10 M11 M12

AICrN + CFA M13 M14 M15

AICrN + DM M16 M17 M18

TiNAL ICT M19 M20 M21

TiNAL CFA M22 M23 M24

Replicate 2 TiNAL DM M25 M26 M27
AICrN + ICT M28 M29 M30

AICrN + CFA M31 M32 M33

AlCrN + DM M34 M35 M36

TiNAL ICT M37 M38 M39

TiNAL CFA M40 M41 M42

Replicate 3 TiNAL DM M43 M44 M45
AICrN + ICT M46 M47 M48

AICrN + CFA M49 M50 M51

AICrN + DM M52 M53 M54
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Chapter 4: Results and Discussions

Chapter 4 presents the experimental results and their in-depth analysis. It covers
cutting temperatures, including thermocamera and tool-work thermocouple analysis,
shedding light on the temperature aspects. Additionally, the chapter explores cutting
forces, roughness, and tool life evaluation. Furthermore, it scrutinizes wear mechanisms,
offering comprehensive insights into the research findings. Chapter 4 plays a crucial role

in elucidating the outcomes of the experimental investigations and their implications.

4.1. Cutting temperatures

Chapter 4.1 delves into the analysis of cutting temperatures, employing two distinct
methods: thermocamera analysis and tool-work thermocouple analysis. This
comprehensive examination of temperature-related aspects provides valuable insights
into the machining process and its thermal effects, forming a crucial foundation for the

subsequent analyses and discussions within this chapter.

4.1.1. Temperature results via thermocamera

The temperatures were measured at the chip’s root for forty-five seconds of
machining in each cutting condition tested, deeply described in section 3.1.4. Considering
all the frames recorded, the average maximum temperature registered per frame, 30 per
second, was calculated. Figure 4-1 shows an experiment example with the software
(ThermaCAM researcher PRO 2.09) analysis. Table 4-1 and Figure 4-2 present the
results. It is essential to state that the CFA condition was not used for temperature tests

with a thermocamera, as the cutting fluids would block the camera view.

Jre.1°C

o

<100.0°C

Figure 4-1: Chip-back temperature analysis with software
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Table 4-1: Thermocamera temperature results

Depth Cutting Temperature Average
Atmosphere Coating of Cut F:lf;i /l;atve] speed Te“(l,ll,)ﬁ:gure (Replicate) (T1and Sta‘;le(iard
[mm] "1 [m/min] [°c] T2) [° (] '
1 DM TINAL 0.25 0.103 47 609 632 621 16
2 ICT TINAL 0.25 0.103 94 612 617 615 4
3 ICT TINAL 0.50 0.103 47 673 656 665 12
4 DM TINAL 0.50 0.103 94 673 692 683 13
5 ICT TINAL 0.25 0.297 47 613 634 624 15
6 DM TINAL 0.25 0.297 94 697 663 680 24
7 DM TINAL 0.50 0.297 47 674 682 678 6
8 ICT TINAL 0.50 0.297 94 673 654 664 13
9 ICT AICrN+  0.25 0.103 47 636 647 642 8
10 DM AICrN+ 0.25 0.103 94 652 669 661 12
11 DM AICrN+  0.50 0.103 47 653 664 659 8
12 ICT AICrN+ 0.50 0.103 94 652 648 650 3
13 DM AICrN+  0.25 0.297 47 692 704 698 8
14 ICT AICrN+ 0.25 0.297 94 611 650 631 28
15 ICT AICrN+  0.50 0.297 47 696 669 683 19
16 DM AICrN+ 0.50 0.297 94 748 743 746 4
N Depth Feed rate Cutting
Thermocamera temperature Aumosplers | Couing | ofCut | spesd
800 1 DM TINAL | 0.25 | 0.103 47
2 IcT TINAL | 0.25 | 0.103 94
3 IcT TINAL | 0.50 | 0.103 47
775 4 DM TINAL | 0.50 | 0.103 94
5 IcT TINAL | 0.25 | 0297 47
6 DM TINAL | 0.25 | 0.297 94
750 7 DM TINAL | 050 | 0297 47
8 IcT TINAL | 0.50 | 0.297 94
9 IcT ALCRN+ | 0.25 | 0.103 47
725 10 DM ALCRN+ | 0.25 0.103 94
11 DM ALCRN+ | 0.50 | 0.103 47
12 IcT ALCRN+ | 0.50 | 0.103 94
700 13 DM ALCRN+ | 025 | 0.297 47
o 14 IcT ALCRN+ | 0.25 | 0.297 94
o 15 IcT ALCRN+ | 0.50 | 0.297 47
';' 675 16 DM ALCRN+ | 0.50 | 0.297 91
S
=1
5 650
@
Qo
£ 625
2
600
575
550
525
sop —(—+-— ' X 2 1 2 X Lt 1. ! 1 L' 2 LI, 1]
16 13 15 q 6 7 3 8 10 11 12 9 14 5 1 2
MTests 746 698 683 683 680 678 665 664 661 659 650 642 631 624 621 615

Figure 4-2: Temperature results in descending order via thermocamera
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Table 4-2 presents the ANOVA results for the temperature measured by the
thermocamera considering a reliability index of 95 % and a confidence level of 5 %, and

Figure 4-3 shows Pareto’s chart indicating the significant input variables.

Table 4-2: Thermo camera temperature ANOVA

Temperature - ICT x DM

SS df MS F p-value
Cutting speed (vc) 450.00 1 450.000 232558  0.146785
Depth of cut (DoC) 8192.00 1 8192.000 4233592  0.000007
Feed rate (F) 5460.13 1 5460.125 28.21770 0.000070
Tool coating 2450.00 1 2450.000 12.66150  0.002620
Cutting atmosphere 8001.13 1 8001.125 41.34948  0.000008
VcxDoC 392.00 1 392.000 2.02584 0.173851
Vcx F 28.12 1 28.125 0.14535 0.708035
Vc x Coating 288.00 1 288.000 1.48837 0.240147
Vc x Atmosphere 3486.12 1 3486.125 18.01615 0.000618
DoCxF 45.12 1 45.125 0.23320 0.635699
DoC x Coating 242.00 1 242.000 1.25065 0.279939
DoC x Atmosphere 253.13 1 253.125 1.30814 0.269556
F x Coating 861.13 1 861.125 4.45026 0.051000
F x Atmosphere 2812.50 1 2812.500 14.53488  0.001532
Af;its‘;‘ﬁ;e 496.13 1 496125 256395  0.128881
Error 3096.00 16 193.500

Total SS 450.00 1 450.000 2.32558 0.146785

tand

(5-1)de

L]
1,376298
i L]

p=,05
Figure 4-3: Pareto chart results for the cutting temperature measured
by the thermocamera.
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Firstly, it will be considered exclusively the results provided by Figure 4-2 and Table
4-1. In general, the results obtained in the study were consistent with expectations. As
the cutting parameters increased, such as cutting speed, feed rate, and depth of cut, they
had significance in the temperature, increasing it. This can be attributed to an increase in
mechanical energy leading to higher heat generation, resulting in elevated temperatures
during machining. These findings are in line with previous studies conducted by Korkut
etal. (2007) [162], O'Sullivan and Cotterell (2002) [163], and J. Zhao et al. (2018) [51].

Regarding the specific temperature values, as shown in Figure 4-2 and Table 4-1, a
comparison between different tool coatings and cutting atmospheres revealed that the
lowest temperatures, measuring 615 * 4 °C, were recorded when using a TiNAl coated
tool and ICT cutting atmosphere. On the other hand, dry machining with an AICrN+ coated
tool resulted in the highest temperature of 746 * 4 °C. These temperature values align
with the findings of Zhao et al. (2018), who conducted turning experiments on Inconel
718 using ceramic tools reinforced with whiskers. They reported a temperature of
approximately 750 °C under similar cutting conditions, specifically using a cutting speed
of 80 m/min, feed rate of 0.085 mm/rev, and depth of cut of 0.5 mm [51].

About the coating effects, TiNAI coating exhibits excellent thermal conductivity,
allowing for efficient dissipation of heat, while AICrN+ coating acts as a thermal insulator,
leading to a higher concentration of heat. This distinction explains why TiNAl-coated tools
generally produce lower temperatures during machining than AICrN+-coated tools. As
discussed in the extensive review by Zhao et al. (2021), the thermal barrier formed by
tool coatings effectively protects the substrate from excessive heat [164].

In terms of the cutting atmosphere, dry machining is known for its limited cooling
and lubrication capabilities, resulting in increased temperatures in the cutting
atmosphere. Franca (2022) studied ICT when turning grey cast iron and demonstrated its
ability to remove heat effectively [53]. Compared to dry machining, the author observed
a temperature reduction of nearly 22 % at the chip-tool interface when ICT was used.
Other studies that utilized indirect cooled tools also discovered significant temperature
differences with this innovative method. For example, Minton et al. (2013) used a cooling
chamber (block) to work with titanium grade 2 [71]. Using a thermocamera, the authors
found an approximate temperature reduction of 8 % when using cooled PCD

(Polycrystalline Diamond) compared to dry machining with PCD. Similarly, Li et al. (2018)
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conducted turning experiments on AISI 1045 steel and achieved a temperature reduction
of approximately 80% by employing optimized cooled tools instead of dry machining [92].
This finding establishes the cutting atmosphere as a statistically significant factor
influencing temperature.

In the face of the statistical analysis depicted in Table 4-2 and Figure 4-3, it revealed
that nearly all input variables significantly influenced the cutting temperature, except for
cutting speed, which yielded surprising results. Hypotheses regarding this unexpected
outcome will be explored and discussed in detail. The interaction effects between
variables, explicitly cutting speed x cutting atmosphere and feed rate x cutting

atmosphere significantly influenced the cutting temperature.

Among the input variables analyzed, the depth of cut emerged as the most influential
factor. The transition from a depth of cut of 0.25 mm (level -1) to 0.50 mm (level +1)
resulted in an average temperature increase of 2.1%. This can be attributed to the higher
depth of cuts corresponding to larger cutting section areas, which consequently lead to
increased cutting forces. These elevated forces necessitate more power and energy from

the machine, which is generally converted into heat, raising the temperature.

Similar effects were observed concerning the feed rate (f) and the interaction
between the feed rate and cutting atmosphere. Changes in the feed rate also contributed
to temperature variations. Additionally, the interaction between the cutting speed and

cutting atmosphere demonstrated a significant influence on the cutting temperature,

These findings further highlight the complex interplay of various parameters in
determining the cutting temperature. The depth of cut, feed rate, and their interactions
with the cutting atmosphere were identified as key factors influencing temperature

variations during machining.

Regarding the cutting speed, it bought an unexpected result. It is generally observed
that higher cutting speeds result in higher temperatures and lower cutting forces during
machining. However, an interesting finding by Peixoto (2021) while using the ICT system
in turning grey cast iron with uncoated tools challenges this general observation [166].
The study showed that increasing the cutting speed led to an increase in the cutting forces.
This unexpected result suggests a plausible hypothesis that the high cooling capacity of

the ICT system might effectively mitigate the cutting temperature increase associated
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with higher speeds, thereby canceling the typical influence of this variable on

temperature. Further investigations are necessary to have a conclusive finding.

Supporting this hypothesis, the strong influence of the cutting atmosphere variable
on chip temperature further reinforces the role of cooling in temperature control. Dry
machining, characterized by the absence of cooling or lubrication, significantly increased

the chip temperature as depicted in Figure 4-2.

Furthermore, the existing literature presents conflicting findings regarding the
relationship between temperature and cutting parameters, suggesting that the behavior
of cutting temperature is closely tied to the specific combination of machine, workpiece,
and tool used. For example, in a study conducted by Korkut et al. (2007), the temperature
at the chip root was examined using a FLIR thermocamera during the turning of AISI 1117
[162]. The researchers employed an uncoated carbide tool with a chip-breaker and varied
the depth of cut, feed rate, and cutting speed. Their findings indicated that as these
variables were increased, the chip-root temperature increased, with cutting speed being

the most influential parameter.

Similar results were observed by Kus et al. (2015) in their investigation of machining
parameters [48]. They utilized a thermocouple and an infrared sensor to measure the
temperature during the dry turning of AISI 4140 alloy (hardened, 50 HRC) with PVD
TiNAI-TiN coated tools. The main findings demonstrated a proportional increase in
temperature with the rise in cutting parameters, with cutting speed being the most

influential parameter in promoting temperature elevation.

In contrast, O’Sullivan & Cotterell (2002) examined the workpiece temperature
during the turning operation of aluminum alloy 6082-T6 [163]. They employed K-type
thermocouples and an Inframetrics ThermaCAM (model PM380E) camera to determine
the temperature of the machined surface. Their results revealed a decrease in the
temperature of the machined surface at higher feed rates.

Adding to the previous information, Barbosa (2021) conducted a study using the
same ICT system while turning D6 hardened steel with a PCBN tool [16]. Surprisingly, the
study found that neither the basic cutting parameters nor the cutting atmosphere

influenced the machining temperature.
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Still analyzing the statics (Figure 4-3) outcomes for temperature, the second most
significant variable was the cutting atmosphere, which exhibited nearly the same level of
influence as the depth of cut. The results demonstrated that dry machining (level 1)
increased the temperature compared to ICT (level -1). This was explained earlier with

vast literature examples of how internally cooled tools effectively reduce temperature.

Finally, the tool coating was identified as a significant variable, although it had the
least influence. The temperature increased when using the double-coating AlICrN+
(level +1) instead of the single-coating TiNAI (level -1). This can be attributed to the fact
that AICrN+ is a thermal insulator and tends to concentrate more heat at the cutting zone,
whereas TiNAl, with its superior heat dissipation properties, directs the heat flow towards
the tool substrate rather than concentrating it on the chip. Also, it must be considered that
the coating AICrN+ is a double coating type, which naturally has a thicker layer

contributing to heat concentration.

Kusiak et al. (2005) proposed an analytical solution for heat conduction in a coated
insert, comparing different coating types such as TiNAl, TiN, and Al203[167]. They found
that Al203 exhibited the best thermal insulation properties, while the other coatings had
no significant impact on heat flux within the tool. This finding aligns with the results
obtained, where TiNAl, an excellent thermal conductor, effectively dissipates heat,

reducing the cutting temperature.

Summarizing the founds of the thermocamera measurements, minimum
temperature values were 615 * 4 °C (TiNAl and ICT), 621 + 16 °C (TiNAl and DM), and the
maximum was 746 * 4 °C (AlICrN+ and DM) and 683 + 19 °C (AICrN+ and ICT). Tool coating
and cutting atmosphere were the most significant variables, with TiNAl and ICT
effectively contributing to decreasing the temperature. The feed rate and the depth of cut
were also statistically significant variables, considering 95 % of the reliability index;

surprisingly, the cutting speed was not significant.
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4.1.2. Temperature results via tool-work thermocouple

Table 4-3 and Figure 4-4 show the results of the chip-tool interface temperatures

measured by this method during the tests (T1) and replicas (R1).

Table 4-3: Tool-work thermocouple temperature results

Depth of Cutting Average

Test Atmosphere Coating cut [mfr.:/e;iev] speed Tenrll‘[;ell;?:;ure ;Zg;?;rit;z? (T1and T2) DS‘:gV
[mm] [m/min] c '
1 DM TINAL 0.25 0.103 47 922 930 926 6
2 ICT TINAL 0.25 0.103 94 1046 1040 1043 4
3 ICT TINAL 0.50 0.103 47 948 922 935 18
4 DM TINAL 0.50 0.103 94 1110 1141 1126 22
5 ICT TINAL 0.25 0.297 47 976 952 964 17
6 DM TINAL 0.25 0.297 94 1197 1195 1196 1
7 DM TINAL 0.50 0.297 47 1055 1031 1043 17
8 ICT TINAL 0.50 0.297 94 1191 1190 1191 1
9 ICT AlCrN+ 0.25 0.103 47 876 896 886 14
10 DM AICrN+ 0.25 0.103 94 1058 1033 1046 18
11 DM AlCrN+ 0.50 0.103 47 963 970 967 5
12 ICT AICrN+ 0.50 0.103 94 1121 1112 1117 6
13 DM AlCrN+ 0.25 0.297 47 988 1001 995 9
14 ICT AICrN+ 0.25 0.297 94 1178 1202 1190 17
15 ICT AICrN+ 0.50 0.297 47 1034 1062 1048 20
16 DM AICrN+ 0.50 0.297 94 1243 1255 1249 8
17 CFA TINAL 0.25 0.103 47 844 868 856 17
18 CFA TINAL 0.50 0.103 94 1077 1066 1072 8
19 CFA TINAL 0.25 0.297 94 1150 1163 1157 9
20 CFA TINAL 0.50 0.297 47 1032 1053 1043 15
21 CFA AlCrN+ 0.25 0.103 94 1070 1079 1075 6
22 CFA AlCrN+ 0.50 0.103 47 941 940 941 1
23 CFA AICrN+ 0.25 0.297 47 953 949 951 3
24 CFA AICrN+ 0.50 0.297 94 1207 1207 1207 0

The analyses of variance ANOVA were performed with the input of the results
obtained by pairs of cutting atmospheres and considering a reliability index of 95 % and
a confidence level of 5%. ANOVA of the results of comparing ICT x DM cutting
atmospheres are presented in Table 4-4 and Figure 4-5 shows Pareto’s chart with

significant variables.
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Figure 4-4: Tool-work thermocouple temperature results.

Table 4-4: ANOVA of the temperature measured by the tool-workpiece

thermocouple method (ICT x DM).

Cutting speed (vc)
Depth of cut (DoC)
Feed rate (f)
Tool coating
Cutting atmosphere
Vcx DoC
Vex f
Vc x Coating
Vc x Atmosphere
DoCx f
DoC x Coating
DoC x Atmosphere
fx Coating
fx Atmosphere
Coating x Atmosphere
Error
Total SS

Temperature - ICT x DM

SS
242556.1
23005.1
86320.1
666.1
3741.1
28.1
3160.1
45.1
55.1
406.1
1225.1
28.1
1326.1
6.1
2556.1
2861.0
367985.9

df

N

16
31

MS
242556.1
23005.1
86320.1
666.1
3741.1
28.1
3160.1
45.1
55.1
406.1
1225.1
28.1
1326.1
6.1
2556.1
178.8

F
1356.483
128.655
482.741
3.725
20.922
0.157
17.673
0.252
0.308
2.271
6.851
0.157
7.416
0.034
14.295

p-value
0.000000
0.000000
0.000000
0.071518
0.000312
0.696906
0.000673
0.622262
0.586415
0.151284
0.018664
0.696906
0.015037
0.855494
0.001638




Pareto Chart of Standardized Effects; Variable: Thermocouple
2**(5-1) design; MS Residual=155,8977
DV: Thermocouple

Cutting speed

Feed 23,563077

. liures
4‘898704
4.502277
%////% -4,04922
2‘91557

Depth of cut
Atmosphere
Ve x F

Coating x atmosphere

F x Coating
Doc x Coating 2,803305

Coating 2,067083

39,444

\
p=,05

Page | 150

Figure 4-5: Pareto Chart for tool-work thermocouple temperature, ICT x DM

ANOVA of the results for the comparison of ICT x CFA cutting atmospheres are

presented in Table 4-5, and Figure 4-6 shows Pareto’s chart with significant variables.

Table 4-5: ANOVA of the temperature measured by the tool-workpiece

thermocouple method (ICT x CFA)

Temperature - ICT x CFA

SS df MS
Cutting speed (vc) 254362.8 1 254362.8
Depth of cut (DoC) 23166.3 1 23166.3
Feed rate (f) 85387.8 1 85387.8
Tool coating 2983.8 1 2983.8
Cutting atmosphere 675.3 1 675.3
Vcx DoC 4394.5 1 4394.5
Vex f 318.8 1 318.8
Vc x Coating 1212.8 1 1212.8
Vc x Atmosphere 19.5 1 19.5
DoCxf 63.3 1 63.3
DoC x Coating 11.3 1 11.3
DoC x Atmosphere 34.0 1 34.0
fx Coating 603.8 1 603.8
fx Atmosphere 0.8 1 0.8
Coating x Atmosphere 472.8 1 472.8
Error 2267.5 16 141.7

Total SS 375975.0 31

F
1794.842
163.467
602.516
21.054
4.765
31.009
2.249
8.558
0.138
0.447
0.080
0.240
4.260
0.006

3.336

p-value
0.000000
0.000000
0.000000
0.000303
0.044291
0.000042
0.153140
0.009906
0.715331
0.513514
0.781453
0.630762
0.055618
0.941734

0.086494
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Pareto Chart of Standardized Effects; Variable: Thermocouple. ICT x CFA
27*(5-1) design; MS Residual=157,9896
DV Thermocouple

' ] L
p=05

Cutting speed 40,1247

Feed 23,2479

Depth of cut 12,10916

Vex F -5,27402

Coating 4,345795

Ve x Coating

Atmosphere -2,06742

Figure 4-6: Pareto Chart of the temperatures measured by the tool-workpiece
thermocouple method, ICT x CFA

ANOVA of the results of comparing CFA x DM cutting atmospheres are presented in

Table 4-6, and Figure 4-7 shows Pareto’s chart with significant variables.

Table 4-6: ANOVA of the temperature measured by the tool-workpiece
thermocouple method (CFA x DM)

Temperature - CFA x DM

SS df MS F p-value
Cutting speed (vc) 218295.3 1 218295.3 1427.058 0.000000
Depth of cut (DoC) 35444.5 1 354445 231.711 0.000000
Feed rate (f) 86216.3 1 86216.3 563.620 0.000000
Tool coating 30.0 1 30.0 0.196 0.663638
Cutting atmosphere 11819.5 1 11819.5 77.268 0.000000
Vcx DoC 108.8 1 108.8 0.711 0.411498
Vex f 1339.0 1 1339.0 8.754 0.009243
Vc x Coating 42.8 1 42.8 0.280 0.604175
Vc x Atmosphere 318.8 1 318.8 2.084 0.168148
DoCx f 47.5 1 47.5 0.311 0.584950
DoC x Coating 2983.8 1 2983.8 19.506 0.000432
DoC x Atmosphere 979.0 1 979.0 6.400 0.022292
fx Coating 427.8 1 427.8 2.797 0.113907
f x Atmosphere 7.0 1 7.0 0.046 0.832947
Coating x Atmosphere 371.3 1 371.3 2.427 0.138806

Error 2447.5 16 153.0

Total SS 360879.0 31
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Pareto Chart of Standardized Effects; Variable: Thermocouple - CFA x DM
2™(5-1) design; MS Residual=163,9769
DV: Thermocouple

. meme
4‘2657‘1 8
-2,44347

Cutting speed 36,48638

Feed

DoC 14,70223

Atmosphere 8,490021
Doc x Coating

VexF

2,857617
Doc x Atmosphere

Coating 427952

p=,05
Figure 4-7: Pareto Chart of the temperatures measured by the tool-workpiece
thermocouple method, CFA x DM

The study demonstrated a clear relationship between cutting parameters and the
temperature at the tool-chip interface, indicating that increasing the cutting parameters
resulted in higher temperatures. Temperature measurements obtained using the tool-
workpiece thermocouple system, as shown in Figure 4-4 and Table 4-5, compared
different tool coatings and cutting atmospheres. The combination of TiNAIl coating with
CFA yielded the lowest temperature of 856 + 17 °C, while dry machining with AICrN+
coating recorded the highest temperature of 1,249 + 8 °C.

These temperature values' magnitude follows the results recorded in the work
developed by Marques (2015). The author machined Inconel 718 in turning operation
using different cutting atmospheres, such as MQL, CFA, MQL, and solid lubricants. The
tools used were uncoated cemented carbide. The author found that increasing the cutting
speed from 20 m/min to 70 m/min, the temperatures varied from 550 to 900 °C. Itakura
et al. (1999) used the same method for machining Inconel 718, turning operation, using
multilayer coating carbide tools, P20 grade [168]. They also found that increasing the
cutting speed, the temperature increased too. At 30 m/min, it was ~ 717 °C, and at 100

m/min, 1,046 °C.
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As expected, dry machining exhibited the highest temperatures among all tested
cutting conditions. However, CFA and ICT showed similar results, with a slight advantage
of ICT over CFA at higher removal rates and larger machining parameters (ap, v¢, and f).
In contrast, CFA outperformed ICT at lower cutting conditions. This observation is
agreement with the literature about machining that cutting fluid's lubricating ability is
more effective at lower removal rates while cooling becomes crucial at higher material
removal rates [4,37]. This was surprising as the cutting fluids contain lubricating and
cooling capacities acting together. Thus, CFA was expected to have a lower temperature

as the ICT only has a cooling capacity.

Two hypotheses were proposed to explain the observed phenomenon. The first
hypothesis suggests that at high cutting speeds, thin film lubrication struggles to reach
the tool-chip interface due to the absolute contact zone between the tool and chip, as well
as the dynamic nature of the cutting process [3]. Cutting fluids serve two main purposes:
lubrication and cooling. Lubrication is more effective at lower cutting conditions [169],

while cooling becomes crucial at higher speeds [170].

The performance comparison between CFA and ICT supports the hypothesis that CFA
exhibits better lubrication capacity at lower speeds but performs worse at higher speeds
[5,171,172]. This can be attributed to the increasing pressure between the tool and chip
as machining parameters increase, forming a stronger adhesion zone characterized by
absolute contact. Consequently, the cutting fluid faces challenges accessing the tool-chip

interface, resulting in reduced performance [4].

ICT demonstrates its effectiveness as a highly efficient cooling method in such
scenarios. This finding aligns with the second hypothesis, which states that ICT
compensates for the lack of lubrication by providing excellent heat removal capabilities,
as discussed by Neto et al. [95]. Both hypotheses complement each other, suggesting that

both phenomena likely coincide.

Regarding the cutting atmospheres, dry machining presented the highest values in
practically all cutting conditions because the air lacks cooling or lubricating abilities. CFA
and ICT had quite similar results, with a slight advantage for ICT over CFA at high removal
rates or bigger basic machining parameters (ap, v¢, and f). In opposition, CFA performed

better at lower values, and the reason for this was discussed earlier.



Page | 154

Generally, the AICrN+ coating exhibited higher temperatures compared to the TiNAI
coating. The explanation for these results follows what was stated for the thermocamera
analysis, and it is worth to be mentioned again. The AICrN+ coating is known for its
superior thermal insulation properties, contributing to its performance in high-
temperature applications. These thermal insulation properties can be attributed to the
unique microstructure and composition of the coating [137]. Compared to other coatings,
such as TiNAl, AICrN+ exhibits enhanced resistance to heat flow. This characteristic
enables the AICrN+ coating to act as a thermal barrier, reducing heat dissipation from the
cutting zone and resulting in higher temperatures at the tool-chip interface. These results

are consistent with the findings in the existing literature [55,173-175].

Regarding the statistical analysis, comparing the cutting atmospheres ICT x DM,
Table 4-4

Table 4-4 and Figure 4-5. the most significant variables were cutting speed, feed,
depth of cut, and atmosphere. Furthermore, significant interactions were observed
between several variables that affected the meaning of temperature increase. In
summary, the use of DM contributed to an increase in the chip-tool interface temperature,
particularly when combined with the AICrN+ coating and higher levels of basic cutting

parameters such as cutting speed, feed rate, and depth of cut (v, f, and ap).

Considering ICT and DM, the results were under the literature [176], where generally,
the vc was the most influential parameter. Dry machining is critical when machining
nickel-based superalloys because it has poor cooling and lubricating ability. It
undoubtedly impacts the temperature by increasing it. Meanwhile, ICT has high heat
removal capacity, as proven by Franca [165]. The author found a temperature reduction
at the tool-chip interface of almost 25% compared to dry cut when turning grey cast iron.
He also found the atmosphere a significant influencing variable.

Considering ICT x CFA, Table 4-5, and Figure 4-6, similar findings were verified. The
cutting speed, feed rate, and depth of cut were significant variables for the chip-tool
interface temperatures, as were the interactions between cutting speed x feed rate and
cutting speed x tool coating. The tool coating was a critical variable, with AICrN+
increasing the temperature. The cutting atmosphere had a marginal significance, i.e.,

almost was not significant. In this comparison, the ICT increased the chip-tool interface
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temperature as compared to CFA, however, only slightly. This is an exciting result, and the
reasons were described previously.

Finally, for CFA x DM conditions, Table 4-6 and Figure 4-7 showed that all the basic
machining parameters (cutting speed, feed rate, and depth of cut, in this order) and the
cutting atmosphere were statistically significant. Cutting atmosphere had an essential
contribution with DM increasing the overall chip-tool interface temperature. Tool coating,
in this comparison, was not significant. The interaction depth of cut x tool coating, cutting
speed x feed rate, and depth of cut x cutting atmosphere were also statistically significant.
Again, AICrN+ coating contributed to the increase in the temperature, but not
significantly.

Last but certainly not least, it has been demonstrated that internally cooled tools
(ICT) have a superior ability to remove heat compared to dry machining and cutting fluid
application (CFA). ICT tools maintain significantly lower temperatures than dry
machining and are comparable to CFA. It is important to note that internally cooled tools
are considered a form of dry machining, as highlighted by Neto et al. [95] and Fernandes
etal. [85]. Consequently, ICT lacks the lubricating capacity of CFA. In cutting fluids, the oil
acts as a lubricant on the rake face, facilitating sliding and reducing temperature.
Therefore, it is reasonable to infer that ICT compensates for the lack of lubrication by
having a much higher heat removal capacity, which ultimately results in comparable
interface temperatures despite the absence of lubricating oil.

To summarize, the higher the basic machining parameters (v, f, and doc), the higher
the mechanical energy dispended, and the temperature will increase [4]. The results
showed that the basic parameters were the most significant variables and had the higher
parcel of contributions to increase the temperature at the tool-work interface. These are

supported by Kumar et al. [177] and Marques [111].
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4.2. Cutting forces

Table 4-7 shows the results for the cutting force, and Figure 4-8 shows the average

of their values in block diagrams.

Table 4-7: Cutting forces measured at the beginning of the tool's life

Cutting Force Test Coating Atmosphere Cutting Forces [N]
TiNAL ICT 186
TiNAL CFA 261
. TiNAL DM 270
Replical AICrN+ ICT 258
AlCrN+ CFA 211
AlCrN+ DM 277
TiNAL ICT 158
TiNAL CFA 272
. TiNAL DM 277
Replica 2 AICrN+ IcT 254
AlCrN+ CFA 208
AlCrN+ DM 294
TiNAL ICT 221
TiNAL CFA 264
. TiNAL DM 304
Replica 3 AICrN+ ICT 261
AlCrN+ CFA 213
AlCrN+ DM 300

Cutting forces

350 +

284 290
300 +

250

188

200

150 +

100 +

Cutting forces[N]

AICrN + - DM

50 +

Figure 4-8: Cutting forces with different tool coatings and atmosphere conditions.
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Table 4-8 contains the analysis of variance for the cutting forces comparing the
atmospheres, while Figure 4-9 contains the Pareto diagram with the significance

variables considering a 95% confidence interval.

Table 4-8: Cutting Forces ANOVA

Cutting Forces - ICT x CFA

SS df MS F p-value
Coating 154.08 1 154.08 0.58848 0.465043
Atmosphere 690.08 1 690.08 2.63558 0.143150
Atclgzts‘;‘l’f:re 11594.08 1 11594.08 44.28039  0.000160
Error 2094.67 8 261.83
Total SS 14532.92 11
Cutting Forces - ICT x DM
SS df MS F p-value
Coating 4332.00 1 4332.00 11.76109  0.008962
Atmosphere 12288.00 1 12288.00 33.36109  0.000416
Af;i‘,ts';‘l"f;e 2945.33 1 2945.33 7.99638 0.022226
Error 2946.67 8 368.33
Total SS 22512.00 11
Cutting Forces - CFA x DM
SS df MS F p-value
Coating 4332.00 1 4332.00 11.76109  0.008962
Atmosphere 1752.08 1 1752.083 13.92384  0.005776
Aflzgts';‘;‘f;e 7154.08 1 7154.083 56.85364  0.000067
Error 2852.08 1 2852.083 22.66556  0.001425

Total SS 1006.67 8 125.833
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b)

Coating x Atmosphere

n:l()ﬁ
Figure 4-9: Pareto chart results for cutting forces considering
different atmospheres, ICT x CFA (a), ICT x DM (b), CFA x DM (c)
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Comparing the results of the cutting forces - Fc for CFA atmosphere, when using the
TiNAl coated tools, the ICT strategy presented the lowest values, while when using the
AICrN+ coating, it had highest values. Dry machining presented the highest cutting forces
regardless of the tool coating and cutting atmosphere conditions. With the TiNAl-coated
tools, the cutting force average values were 188 + 32, 266 + 6, and 284 + 18 for ICT, CFA,
and DM, respectively. With the AICrN+, it was 211 £ 3,258 + 4, and 290 + 12 for CFA, ICT,
and DM.

It is known that high temperatures in the cutting zone tend to decrease the
mechanical strength of the material and, consequently, the cutting forces. This is widely
accepted in the literature (Klocke, 2011; Machado etal., 2011; Trent & Wright, 2000). On
the other hand, a material with lower shear strength is more ductile and deforms more
than fragile materials. So, this higher ductility could cause an increase in the tool-chip
contact length; with this, the cutting forces tend to increase. So, the high heat removal
offered by the cooling strategy cools the cutting region more efficiently and tends to
change the shape of the chip, deforming it less, with reduced chip-tool contact area and
consequently lower cutting forces. It is important to emphasize that this hypothesis is
supported only by the TiNAI coating, which is a good conductor. In the case of ICT and the
double AICrN+ coated tool, which is thermal insulating, the shear force was higher than
the CFA and lower than the DM. Bearing in mind that the cutting fluids also contain good
lubricating capacity in addition to the heat removal capacity, that ICT strategy does not

have.

Under the DM condition, the shear forces were higher in all analyzed situations. The
explanation would be that the high temperature, which on the one hand favors the
softening of the material, also deforms it further, increasing the chip-tool contact length
that, in turn, enhances the machining force. This can even be observed in the machining
of Inconel 718, either in dry machining or when the tools are already worn when the

material tends to adhere further on the rake surface.

The Pareto’s chart, Figure 4-9, showed the most significant input variables for the
cutting force. When comparing ICT (level +1) x CFA (level -1), only the tool coating x
cutting atmosphere interaction was significant, considering a 95 % reliability index

Figure 4-9 (a). The cutting force was higher for the tool coating AICrN+ (level +1) and
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ICT cooling strategy. The CFA atmosphere tended to decrease the cutting forces, although
not statistically significant. With the TiNAI coating, the lowest cutting forces were found
for ICT, 30% lower than CFA. However, for AICrN+, CFA was

18 % lower.

Bazon (2020) monitored cutting forces during trials of turning cast gray iron with
uncoated cemented carbide tools comparing two different atmospheres, ICT and CFA and
varied cutting speed from 40 to 600 m/min [159]. The author found that ICT presented
higher cutting forces than CFA for all tested cutting conditions, however, with a tendency
to increase as the vc increased. This reinforces the following hypothesis: increasing the
cutting speed, the cutting fluid has more difficulty getting access to the cutting zone or the
chip-tool workpiece interfaces; at low cutting speeds, it has the better lubricating ability;
at high cutting speed, the cooling capacity becomes more relevant, and so, the ICT tends

to perform better reducing the cutting forces.

For ICT (level +1) x DM (level -1), all the variables were significant, Figure 4-9 (b).
In this case, ICT performed much better than DM, having with the TiNAI coated tool 33 %
and AICrN+ 11 % lower cutting forces. Tool coating was the second most significant input
variable. AICrN+ contributed to the increase in the cutting forces, and the explanation is
attributed to the high heat generation on this coating. Finally, the interaction of the tool
coating x cutting atmosphere is significant, with the combination of AICrN+ and DM

conditions contributing to enhancing the cutting force.

Peixoto (2021) used the ICT when machining grey cast iron during turning with
uncoated carbide tools and varied the cutting speed [166]. The author found that ICT's
cutting forces were also lower than DM's. According to him, this result was because of the
discontinuous chip type and the ICT strategy that could effectively reduce the
temperature at the chip-tool interface, changing the tribological conditions. However,
Barbosa (2021), when machining AISI D6 hardened steel with PCBN tools, found higher
forces for ICT than DM [179]. Even with contradictory results, they are important because

they prove that internally cooled tools influence the tribology of the chip-tool interface.

Neto et al. (2015) developed a particular type of internally cooled tool holder using a
refrigerant fluid instead of water [95]. They performed a turning test with the proposed

system using stainless-steel (SAE XEV-F), a challenging to cut with poor thermal
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conductivity (14.5 W/m.K), a value close to Inconel 718. The tests were carried out with
triple-coated cemented carbide tools (TiN, TiCN, Al203, and CVD). The author found the

highest machining force values when using DM compared to CFA and ICT.

For CFA (level +1) x DM (level -1), all the input variables were significant, Figure 4-9
(c). The cutting atmosphere was the most significant influence variable, with CFA
considerably decreasing the cutting forces. Tool coating x cutting atmosphere interaction
was the second most influential input variable, with the DM and AICrN+ coated tool the
most important variable, increasing the cutting force remarkably. With the TiNAI coated
tool, the CFA presented 7% lower cutting forces, and with AICrN+, 27 % lower than DM.
The reason was already mentioned, which is part of this method's lubricant and cooling
ability. The literature supports these findings since cutting fluids reduces the machining

force components [12,14,180,181].
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The measured of roughness was make with tool at half-life condition, Vs = 0.3 m.

Tables 4.9 to 4.11 show the results of the workpiece surface roughness Ra, Rz, and Rq

parameters for the three cutting atmospheres, DM, CFA, and ICT. Figure 4-10 to Figure

4-12 show these results graphically.

Table 4-9: Surface roughness Ra parameter

Roughness Measurements Average
Routil;iless Coating Atmosphere [(:};2] [(11};3]
0° 120° 240°

TiNAL ICT 1.07 1.35 0.96 1.13
TiNAL CFA 1.17 1.20 1.18 1.18
Replicate 1 TiNAL DM 1.02 0.97 0.96 0.98
AICrN+ ICT 0.45 0.51 0.55 0.50
AICrN+ CFA 0.38 0.36 0.38 0.37
AlCrN+ DM 0.60 0.46 0.43 0.50
TiNAL ICT 1.15 1.08 1.17 1.13
TiNAL CFA 0.89 1.01 0.94 0.95
. TiNAL DM 0.88 0.87 0.70 0.82
Replicate 2 AICrN+ ICT 0.43 0.37 0.44 0.41
AICrN+ CFA 0.43 0.33 0.31 0.36
AICrN+ DM 0.65 0.60 0.79 0.68
TiNAL ICT 0.51 0.61 0.65 0.59
TiNAL CFA 1.06 0.84 1.24 1.05
. TiNAL DM 1.38 1.38 1.33 1.36
Replicate 3 AICrN+ ICT 0.75 1.04 0.79 0.86
AICrN+ CFA 1.26 0.93 0.95 1.05
AlCrN+ DM 0.71 0.77 0.83 0.77
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Table 4-10: Surface roughness R; parameter

Roughness Measurements

Average
Roughness Coating Atmosphere (R:) (Rz)g
test [ pm]
s . s [um]
0 120 240

TiNAL ICT 5.40 8.70 4.70 6.27

TiNAL CFA 5.90 6.20 6.10 6.07

. TiNAL DM 5.30 4.80 4.80 4.97
Replicate 1

ALCRN+ ICT 2.80 3.10 2.30 2.73

ALCRN+ CFA 2.30 2.20 2.40 2.30

ALCRN+ DM 3.80 2.70 2.30 2.93

TiNAL ICT 5.80 7.30 8.10 7.07

TiNAL CFA 4.70 490 4.80 4.80

Replicate 2 TiNAL DM 6.50 4.30 3.80 4.87

ALCRN+ ICT 2.60 2.60 2.40 2.53

ALCRN+ CFA 2.70 2.10 2.40 2.40

ALCRN+ DM 4.40 3.60 3.50 3.83

TiNAL ICT 3.10 3.60 3.20 3.30

TiNAL CFA 4.70 5.50 9.10 6.43

. TiNAL DM 6.90 9.50 8.80 8.40
Replicate 3

ALCRN+ ICT 4.00 3.30 7.70 5.00

ALCRN+ CFA 4.20 4.60 6.70 5.17

ALCRN+ DM 3.80 4.40 490 4.37

Table 4-11: Surface roughness Rq parameter
Roughness Measurements
Roughness . (Rq) Average

test Coating  Atmosphere [ um] (Rq)

0° 120° 240° [ pm]

TiNAL ICT 1.30 2.0 1.20 1.50

TiNAL CFA 1.40 1.40 1.40 1.40

. TiNAL DM 1.20 1.10 1.20 1.17
Replicate 1

ALCRN+ ICT 0.70 0.70 0.60 0.67

ALCRN+ CFA 0.50 0.50 0.50 0.50

ALCRN+ DM 0.50 0.60 0.80 0.63

TiNAL ICT 1.30 1.60 1.70 1.53

TiNAL CFA 1.10 1.20 1.10 1.13

Replicate 2 TiNAL DM 1.40 1.10 0.90 1.13

ALCRN+ ICT 0.50 0.60 0.50 0.53

ALCRN+ CFA 0.50 0.40 0.50 0.47

ALCRN+ DM 1.00 0.80 0.90 0.90

TiNAL ICT 0.60 0.80 0.80 0.73

TiNAL CFA 2.10 1.30 1.30 1.57

Replicate 3 TiNAL DM 1.70 1.90 1.90 1.83

ALCRN+ ICT 0.90 0.90 1.60 1.13

ALCRN+ CFA 1.10 1.10 1.10 1.10

ALCRN+ DM 0.90 1.00 1.10 1.00
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Figure 4-10: Surface roughness Ra average (R1, R2, and R3) for various cutting
atmospheres and tool coatings.
vc =45 m/min, ap = 0.5 and f= 0.103 mm/rev
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Figure 4-11: Surface roughness Rz average (R1, R2, and R3) for various cutting
atmospheres and tool coatings.
vc =45 m/min, ap = 0.5 and f= 0.103 mm/rev.
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Figure 4-12: Surface roughness Rq average (R1, R2, and R3) for various cutting
atmospheres and tool coatings.
vc =45 m/min,ap = 0.5 and f=0.103 mm/rev.

Considering the dispersion bars, the tool coating input variable significantly
influenced the surface roughness Ra, Rz, and Rq parameters. The AICrN+ coating presented
lower surface roughness than TiNAl, regardless of the cutting atmosphere used. These
results can be explained in the face of the coating. AICrN + was specially developed for
superalloys, such as Inconel 718. TiNAl is the standard coating from the manufacturer,
CERATIZIT®. Its datasheet informs that this coating suits various applications, from cast
irons, non-ferrous, etc, to super-alloy materials. So, it is reasonable to expect a non-
optimized performance for Inconel 718. While it may seem counterintuitive that the
AICrN+ coating, which resulted in higher temperatures, could lead to improved surface
roughness, this phenomenon can be attributed to the coating's unique suitability for
machining Inconel 718. The compensatory effect of this coating's superior performance
on Inconel 718 contributed to the overall improvement in surface roughness, despite the

elevated temperatures.

Ramanujam et al. (2018) studied the performance of several tool coatings in the
turning of Inconel 825 alloy [182]. The authors compared TiNAl, AICrN, TiNAI-AICrN, and
uncoated tools. The best Ra roughness results were obtained with the TiNAI-AICrN tool.
According to the authors: “good surface morphology, high thermal stability, high adhesion
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strength, low coefficient of friction, and better wear resistance of TiAIN/AICrN coating could
be the reasons for a better surface finish of the workpiece.” This author’s arguments are
sustained by the study of Sampath Kumar et al. (2014) [183]. They characterized TiAIN,
AICrN, and AICrN/TiAIN coatings and found that double coating (AICrN-TiNAl) had higher
hardness (32.75 GPa), higher Young’s modulus (561.97 GPa), and superior scratch
resistance (LCN = 46 N) than the counterpart.

The analyses of variance results for the Ra, Rz, and Rq roughness parameters are
presented in Table 4-12 when the pair ICT x CFA was compared. Figure 4-13 contains
the Pareto diagram showing the most statistically significant input variables on the

workpiece surface roughness, considering a 95% of confidence level.

Table 4-12: Roughness Ra, Rz, and Rq ANOVA comparing ICT x CFA

Roughness - Ra

SS df MS F p value
Tool coating 0.509781 1.000000 0.509781 6330942  0.036025
(TG 0.008893 1.000000 0.008893 0.110437  0.748188
atmosphere
Coating x 0.008893 1.000000 0.008893  0.110437  0.748188
Atmosphere
Error 0.644178 8.000000 0.080522
Total SS 1.171744 11.000000

Roughness - Rz
Tool coating 15.870000 1.000000 15870000  6.902501  0.030307
Cutting 0.005926 1.000000 0.005926  0.002577  0.960755
atmosphere
Coating x 0.094815 1.000000 0.094815  0.041239  0.844148
Atmosphere
Error 18.393333 8.000000 2.299167
Total SS 34.364074  11.000000
Roughness - Rq

Tool coating 1.001481 1.000000 1.001481 8365043  0.020130
Cutting 0.000370 1.000000 0.000370  0.003094  0.957009
atmosphere
Coating x 0.030000 1.000000 0.030000 0250580  0.630146
Atmosphere
Error 0.957778 8.000000 0.119722

Total SS 1.989630 11.000000
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Pareto Chart of Standardized Effects; Variable: Rg
2**(2-0) design; MS Residual=,1197222
DV: Rgq

Coating -2,89224

Coating x Atmosphere

Atmosphere

Figure 4-13: Pareto chart results for (a) Ra; (b) Rz and (c) Rq - ICT x CFA

For the ICT x CFA comparison, only the tool coating significantly influenced the
surface roughness Ra, Rz, and Rq parameters, and AICrN+ coating presented a better
surface finish than TiNAL Although the cutting atmosphere was not statistically
significant, the CFA atmosphere presented better results than ICT and DM. This can be
associated with the lubricating capacity lacking in ICT and DM. It is not clear how much
cutting fluids could penetrate chip-tool-workpiece interfaces. At the tool’s rake face, the
cutting zone is formed with high pressure and high temperatures, and the theory indicates
the presence of a seizure zone, of absolute contact between the chip and the tool where

no fluid can gain access [4,5].

Nevertheless, the seizure zone is followed by the sliding zone, where the pressure is
less and with room for cutting fluid penetration. In the sliding zone, the CFA strategy
allows a liquid film formation that eases the chip sliding over the rake face, reducing the
CoF at the chip-tool interface [4,5,37]. The results demonstrate the possibility of using
ICT, at least concerning the workpiece surface roughness, as it presented statically the
same behavior as CFA, the standard technique used for Inconel 718 turning with

cemented carbide tools.
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The analyses of variance for the Ra, R;, and Rq roughness parameters for the
comparison between ICT x DM are presented in Table 4-13. Figure 4-14 contains the
Pareto diagram showing the most statistically significant input variables on the

workpiece surface roughness, considering a 95% of confidence level.

Table 4-13: Roughness Ra, Rz, and R ANOVA comparing ICT x DM

Roughness - Ra

SS df MS F p-value
Tool coating 0.444675 1 0.444675 6.985338 0.029576
Cutting atmosphere 0.021112 1 0.021112 0.331646 0.580526
Coating x Atmosphere 0.001268 1 0.001268 0.019912 0.891270
Error 0.509267 8 0.063658
Total SS 0.976321 11
Roughness - Rz
Tool coating 15.11259 1 15.11259 5.819790 0.042348
Cutting atmosphere 0.50704 1 0.50704 0.195258 0.670277
Coating x Atmosphere 0.04481 1 0.04481 0.017258 0.898727
Error 20.77407 8 2.59676
Total SS 36.43852 11
Roughness - Rq
Tool coating 0.766759 1 0.766759 6.184466 0.037706
Cutting atmosphere 0.026759 1 0.026759 0.215833 0.654616
Coating x Atmosphere 0.002315 1 0.002315 0.018671 0.894691
Error 0.991852 8 0.123981
Total SS 1.787685 11

Pareto Chart of Standardized Effects; Variable: Ra
2**(2-0) design; MS Residual=,0636583
DV:Ra

-2,64298

Coating

Atmosphere

Coating x Atmosphere }
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For the ICT x DM comparison, only the tool coating input variable significantly
influenced the roughness Ra, Rz, and Rq parameters, as occurred in the comparison of
ICT x CFA. AICrN+ coating presented better results than TiNAlL Although the cutting
atmosphere was not statistically significant, the ICT strategy tended to decrease the
surface roughness. The ICT's high heat removal capacity can contribute to reducing the

temperature at the cutting zone, avoiding its harmful effects.

Many studies indicate lower temperatures improve surface finishing [2,30,125].
Temperature plays a multifaceted role in machining processes, significantly impacting
surface roughness. Elevated temperatures can lead to thermal expansion of the
workpiece, potentially causing dimensional changes and rougher surfaces. Tool wear
accelerates with increased temperatures, resulting in tool-related irregularities and
roughness. The material properties of workpieces can be affected, with some materials
becoming more susceptible to deformation and smearing at higher temperatures. Chip
formation and evacuation can also be influenced, potentially leading to chip adhesion and
surface imperfections. Effective cooling can mitigate these effects, maintaining smoother
surface finishes. Additionally, the choice of tool coating can modulate the impact of
temperature on surface roughness. Achieving the desired surface finish in machining
processes requires a careful balance of temperature control and optimization [7]. Dry
machining, though, presented a poor surface finish with almost no lubricating and cooling

capacity.

Finally, ANOVA results for the Ra, Rz, and Rq roughness parameters for comparing
CFA x DM are presented in Figure 4-13. Figure 4-15 contains the Pareto diagram
showing the most statistically significant input variables on the workpiece surface

roughness, considering a 95% of a confidence interval.
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Table 4-14: Roughness Ra, Rz, and Rq ANOVA comparing CFA x DM

Roughness - Ra

SS df MS F p-value
Tool coating 0.589633 1.000000 0.589633 7.935846 0.022596
Cutting 0.000133 1.000000 0.000133 0.001795 0.967248
atmosphere
Error 0.594400 8.000000 0.074300
Total SS 1.234867 11.000000
Roughness - Rz
Tool coating 19.253333 1.000000 19.253333 3.905341 0.083539
Cutting 0.963333 1.000000 0.963333 0.195402 0.670164
atmosphere
Coating x 0.270000 1.000000 0.270000 0.054767 0.820845
Atmosphere
Error 39.440000 8.000000 4.930000
Total SS 59.926667 11.000000
Roughness - Rq
Tool coating 1.100093 1.000000 1.100093 12.001010 0.008514
Cutting 0.020833 1.000000 0.020833 0.227273 0.646303
atmosphere
Coating x 0.015648 1.000000 0.015648 0.170707 0.690337
Atmosphere
Error 0.733333 8.000000 0.091667
Total SS 1.869907 11.000000
Pareto Chart of Standardized Effects; Variable: Ra
2**(2-0) design; MS Residual=,0743
a)

Coating

Coating x Atmosphere ¢

Atmosphere
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When comparing CFA x DM atmospheres, results followed the same trends, with the
tool coating being the most influential input variable on the surface roughness. However,
in this comparison, none of the input variables presented statistical influence over the Rz

roughness parameter, Figure 4-15 (b).

Rz often exhibits a higher statistical dispersion compared to other roughness
parameters due to its specific method of measurement. Unlike parameters such as Ra
(average roughness) or Rq (root mean square roughness), which consider the entire
roughness profile, Rz focuses on the distance between the highest peak and the lowest
valley within each sampling length. This localized measurement can be more sensitive to
isolated irregularities or abrupt changes in the surface texture, leading to greater
variability in the data. Additionally, Rz may capture unique features that other parameters
overlook, contributing to its tendency for higher statistical dispersion in certain cases.
Again, AICrN+ coating presented better workpiece surface roughness than TiNAl, and DM

atmosphere tended to increase it for not having either cooling or lubricating capacity.

Barbosa (2021), using the same ICT cooling strategy proposed in this work, found
similar results, i.e., the cutting atmosphere did not influence roughness Ra, Rz, and Rq
parameters. The author machined D6 hardened steel in turning operation using PCBN
tools internally cooled compared to DM. Bazon (2020), using the same ICT but machining
grey cast iron in turning operation, found that the cutting atmosphere was not a

significant variable for the surface roughness.

Therefore, these results are a positive aspect since they demonstrate the possibility
of using ICT, at least concerning the surface roughness, as it presented similar behavior of
the CFA strategy, the standard technique used for Inconel 718 turning with cemented

carbide tools.
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Table 4-15 shows the results for the tool's life, and Figure 4-16 shows the average

of these variables. The tool's end-of-live criterion was when the tool had no more cutting

capacity, i.e., failure.

Table 4-15: Tool’s life for different machining conditions

Material Material Material
Tool Cutting removed removed removed Average Stand.
Coating Atmosphere Replica 1 Replica 2 Replica 3 [em3] Deviation
[cm3] [cm3] [cm3]
TiNAL ICT 330 310 280 307 25.00
TiNAL CFA 245 237 245 242 4.61
TiNAL DM 115 119 116 117 2.080
AICrN+ ICT 291 321 308 307 15.00
AICrN+ CFA 418 458 467 448 26.00
AICrN+ DM 161 135 141 146 16.60
Tool's life
500 +
448
450 + I
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Figure 4-16: Average (Replica 1, 2, and 3) for tool's life for each

machining condition
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The ANOVA of the tool life results was performed in pairs of comparisons,
considering all three cutting atmospheres tested. The results are presented in Figure
4-15 and Figure 4-17, which contain the Pareto diagram showing the influence of the

input variables considering a 95% confidence level.

Table 4-16: ANOVA of the tool life tests

Tool’s life - ICT x CFA

SS df MS F p-value
Tool coating 3,162133E+10 1 3,162133E+10 81,01110 0,000019
aufl‘(‘)‘::l‘ire 4,408333E+09 1 4,408333E+09 11,29377  0,009923
Atclflﬁ';i;‘l’fe"re 3,162133E+10 1 3,162133E+10 81,01110  0,000019
Error 3,122667E+09 8 3,903333E+08
TotalSS  7,077367E+10 11
Tool’s life - ICT x DM
SS df MS F p-value
Tool coating  6.380208E+08 1 6.380208E+08  2.4346  0.157304
atrfll(l)tst]inrlll%re 9.248852E+10 1 9.248852E+10 3529254  0.000000
Afn‘:itsi:fexre 6.380208E+08 1 6.380208E+08  2.4346  0.157304
Error 2.096500E+09 8 2.620625E+08
Total SS  9.586106E+10 11
Tool’s life - CFA x DM
SS df MS F p-value
Tool coating  5,182133E+10 1 4,196133E+10 54,05110  0,000001
aufl‘(‘)tst;‘l‘ire 4.124269E+10 1 4124269E+10 1853083  0.000001
Atclgzgi:fexre 1.372810E+11 1 1.372810E+11 616.8201  0.000000
Error 2.327602E+10 8 2.327602E+10
Total SS  1.780500E+09 11
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Pareto Chart of Standardized Effects; Variable: Tool's Life - CFA x DM
2*%(2-0) design; MS Residual=222562E3
DV: Tool's Life

Atmosphere ¢

Coating ¢

Coating x Atmosphere ¢

p=,05
Figure 4-17: Pareto’s charts of the for tool’s life results, (a) ICT x CFA, (b) ICT x
DM and (c) CFA x DM.

Observing the results of Figure 4-16, both the cutting atmosphere and the tool
coating significantly affect the tools' life. The ANOVA of the tool life results was performed
in pairs of comparisons, considering all three cutting atmospheres tested. The results are
presented in Figure 4-15 and Figure 4-17, which contain the Pareto diagram showing

the influence of the input variables considering a 95% confidence level.

In this regard, the AICrN+ coating has proven its superiority over TiNAl across a
spectrum of cutting conditions. This distinction holds particular significance when dealing
with Inconel, a material known for its propensity to produce continuous chips that entail

extensive contact between the chip, tool, and workpiece.

The formation of continuous chips during Inconel machining introduces challenges
such as heightened friction and thermal stress at the tool-chip interface. Consequently,
the selection of an appropriate tool coating becomes imperative to mitigate wear and
friction in such demanding scenarios. The double layered AICrN+ coating not only

surpasses TiNAl but also fortifies the tool by adding extra protective layers over the
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WC+Co substrate. This reinforcement significantly enhances tool durability and overall
performance, making it particularly well-suited for machining high-strength materials

like Inconel 718.

This correlation underscores the pivotal role played by tool coatings in addressing
the unique demands imposed by the chip type generated during Inconel machining. Given
Inconel's tendency to produce continuous chips characterized by higher chip-tool-
workpiece contact compared to the segmented chips of titanium alloys, the choice of a
double-coated (AICrN+) tool emerges as a robust solution, bolstering resistance and

protection through multiple layers over the WC+Co substrate.

The tool's results life when using the tool coated with AICrN+ better performance was
obtained with CFA, followed by ICT and DM, with the average tool’s lives being 448 +26,
306 %15, and 146 +15 cm3, respectively. Cutting fluids applied by flooding usually have
good heat removal and lubricating capacity, which is lacking in the ICT system. The CFs
form a film on the rake face where the chip slides over, facilitating the cutting and less

stressing the tool. It also cools the tool preserving it.

The AICrN+ is double-coated with TiNAl forming a thermal insulating layer between
the substrate and the chip. Since ICT has a cooling action inside the tool, the AICrN+ will
probably reduce the heat removal creating a thermal barrier because of its low thermal
conductivity. This hypothesis can be sustained because, for TiNAI single coating, the ICT
presented the highest tool’s life, 307 +25, compared to CFA and DM, 242 +5 and 117 #2,

respectively.

The Pareto’s chart, Figure 4-17, showed the most significant variables for the tool’s
life. When comparing ICT (level +1) x CFA (level -1), tool coating, cutting atmosphere, and
their interaction was statistically significant, considering a 95 % confidence level. AICrN+
(level +1) and CFA contributed equally to increasing the tool’s performance, followed by
their interaction. Again, AICrN+ with CFA had the highest tool’s life, + 46% in comparison.
However, for TiNAl (level -1), ICT presented the highest performance, + 27%, compared
to CFA. Important to note that ICT has no lubricating capacity, only cooling of the tool,
while CFA has both capacities. Thus, it is concluded that ICT demonstrates good heat

removal capacity.
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Only the cutting atmosphere significantly affected ICT (level +1) x DM (level -1)
comparison. In this case, ICT performed much better than DM. Because Inconel 718 has
very high mechanical resistance, more mechanical energy is dispended for shearing. Itis
well known that most of this energy is converted into heat at the cutting zone (L. R. R. Da
Silva et al,, 2018; Fernandes et al., 2021; Klocke, 2011; Trent & Wright, 2000). Thus, DM
machining is practically impossible for turning this work material since it has no cooling
effects, while ICT is the opposite. ICT tool’s life was higher for both AICrN+ (level +1) and
TiNAl (level -1), being 210 % and 262 %, respectively, compared to DM. Barbosa (2021),
when machining D6 hardened steel using a PCBN tool internally cooled, found 35% higher

tool life compared to DM.

All input variables were statistically significant for the comparison of
CFA (level +1) x DM (level -1). The cutting atmosphere was the most important, with CFA
considerably increasing the tool’s life. The reason was already mentioned, which is part
of this method's lubricant and cooling ability. The tool coating was also an essential factor,
with the AICrN+ (level +1) with CFA having much better performance, 307% in
comparison to DM. For TiNAl (level -1) and CFA, it was 207 % higher than DM.

The tool’s life results align with many other works where tool indirectly cooled was
studied, which shows that this system has promising perspectives. For instance, Neto et
al. (2015) performed turning tests with the proposed system in SAE XEV-F, a type of
stainless steel challenging to cut with poor thermal conductivity (14.5 W/m. K), a value
close to Inconel 718. The tests were carried out with triple-coated carbide tools (TiN,
TiCN, Al203, CVD). The authors found intermediary tool’s life for their system; the highest
values were obtained for CFA while the lowest for DM. According to the authors, the lack
of lubrication in their system could be improved (using a hybrid method, for example) to

achieve better results.

Minton et al. (2013) used a similar system with a cooling chamber (block) replacing
the cutting tool shim. They used mono ethylene glycol at room temperature (~26°C) in a
closed circuit. The machined material was titanium, grade 2, using cemented carbide
inserts coated with Polycrystalline Diamond - PCD (Chemical Vapor Deposition - CVD).
The authors observed that the internal cooling system of the tool holder acted efficiently,

showing that the PCD coating dissipates heat quickly on the surface, which is
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subsequently removed by the internal cooling. The refrigeration system achieved better

tool life results and lower temperatures.

Rozzi et al. (2011) developed a system of exchanging heat removal made by
microchannels in the tool shim through which liquid nitrogen (LN2) circulated to cool the
tool indirectly during cutting. They conclude that the LN2-cooled microchannel heat
exchanger is a viable system capable of significantly improving tool life compared to the

traditional CFA environment.
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4.5. Wear mechanisms analysis

Figure 4-19 shows the perspective view, Figure 4-20 the lateral view (flank face),
and Figure 4-21 the top view (rake face) for all the tool coatings and the atmosphere
conditions. Regarding the wear mechanisms, the five most common in machining were
observed: adhesion (attrition), abrasion, oxidation, diffusion, and plastic deformation.
However, they were present regardless of the tool coating or cutting atmosphere used in
different intensities. For Inconel 718 machining, these five wear mechanisms are widely
observed, and the findings follow the literature [111,117,119,143,168,185]. Lima [115]
investigated the tool wear on ceramics (SiAlON, mixed, and whiskers) when turning
Inconel 751 and 718. The author varied the cutting speed from 150 to 300 m/min and
could observe an intense adhesion wear mechanism on the tool surfaces for all the cutting
conditions tested. Although using cemented carbide tools, in the present work, the same
was observed. The adhesion wear mechanism was present in all the cutting conditions

tested.

Adhesion is a wear mechanism in which the work material adheres to the tool's
surface and slides over it, pulling out grains from the tool. Adhered work material on the
worn tools indicates an adhesion wear mechanism may have occurred. With the help of
EDS analysis shown in Figure 4-22 and Figure 4-23, together with a visual inspection,
adhered work material can be certified. For instance, nickel (Ni), iron (Fe), and chrome
(Cr), basic elements of Inconel 718, were observed on the tool, even after the chemical
attack, especially over the cutting zone. EDS is a semi-quantitative analysis that can help
to estimate the elements presented. Thus, Table 4-17 is a supportive tool to help to
identify the wear mechanisms present in the tool after machining. It shows a semi-

quantitative presence of each element.

Regarding the cutting atmospheres, it was not observed notable differences between
them. However, a difference in adhesion between TiNAI and AICrN+ coatings was
observed. The nickel and iron content sum at AICrN+ coating was superior to TiNAl, Table
4-17. Figure 4-18 graphically shows the elements' content comparing flank and rake
faces obtained by EDS analysis. Nickel and iron elements are absent in the tools and come
from the workpiece material. The transference is associated either with diffusion or

adhesion. This could happen due to the affinity between the coatings and the work
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material.

Table 4-17: Semi-quantitative elements analysis at tools rake and flank faces

Rake face
Coating  Atmosphere N Al Ti Cr Fe Co Ni W Total
AICrN + ICT 22.73 2426 146 2418 1578 044 097 1019 100
AICrN + CFA 2390 2749 142 2986 391 0 723  6.19 100
AICrN + DM 25.08 2415 159 28.09 393 071 944 7.00 100
TiNAl ICT 3491 6.66 1011 040 997 165 083 3547 100
TiNAl CFA 2692 1776 21.02 1.22 2.00 057 288 27.63 100
TiNAl DM 28.09 2031 2568 086 101 030 190 21.86 100

Flank face
Coating  Atmosphere N Al Ti Cr Fe Co Ni W Total
AICrN + ICT 28.00 2599 060 2318 933 161 123 10.07 100
AICrN + CFA 30.59 2582 0.62 2394 244 013 498 1147 100
AICrN + DM 23.57 19.09 399 1947 634 029 1094 1630 100
TiNAl ICT 34.67 2714 2877 032 1.80 134 0.59 5.37 100
TiNAl CFA 32.69 2932 3196 0.89 1.19 0 2.10 1.85 100
TiNAl DM 3240 2422 2734 074 090 018 143 1279 100

Another difference is related to the content of tungsten (W), the major element of the
tool substrate. For the rake face, where the chip sliding effects occur, Table 4-17 shows
that much higher W is observed on the TiNAI coated tool than AICrN +, indicating that the
latter resisted more to abrasion wear than the former. It also must be considered that
AICrN + is a double coating with AICrN + over TiNAL However, the opposite effect
happened in the flank face, where more wear was obtained for the
AICrN+ coating. This is probably due to the dynamics of chip forming. While it tends to
slide at the rake face, at the flank, the tool tends to attrit with the newly formed workpiece

surface.

The wear occurred more uniformly at the AICrN + coating than TiNAL It was more
concentrated in small regions, with a more significant presence of nickel, iron, and
chromium at the tip of the cutting tools. In turn, for TiNAI, there was chipping, cracking,
and greater crater wear, causing the chip-tool contact area to be greater, thus increasing

the dispersion of these elements, as observed in Figure 4-22 and Figure 4-23.
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Figure 4-18: Semi-quantitative graphic elements analysis at tools rake and flank
faces

Abrasion is a wear mechanism that generates grooves caused by hard particles on
the work material like oxides, nitrides, and carbides or by hard particles lost from the

tools by adhesion or microchipping, for example. It involves sub-classifications, such as
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two or three bodies, generating grooves or micro groves, etc. In the present work, these
details were not considered, and abrasion was simplified as parallel and uniform grooves
or micro grooves observed in the direction of the material flow. They are observed in all
the cutting conditions tested, as shown in Figure 4-19 to Figure 4-21. Regarding the
abrasion wear mechanism, no noticeable differences were found between tool coatings or
cutting atmospheres. For Inconel 718 machining, this wear mechanism is widely noted by

many authors [84,111,117,143,186].

Diffusion occurs at the interatomic level on the rake and clearance surfaces. The
interaction between materials (tool/chip/workpiece) strongly influences its intensity,
which involves solubility of the elements, which depends on the size of the atoms
involved, the kind of solid solution (interstitial or substitutional), etc. At the microscope,
it has a smooth appearance and is thermally activated. It often happens during Inconel

718 machining [21,119,185].

The present study observed diffusion for all the cutting conditions tested. A
concentration gradient of nickel, iron, and chromium atoms was found to be more intense
for AICrN+ and dispersed for TiNAl, as shown in EDS Figure 4-22 and Figure 4-23. The
reason is the same for adhesion, i.e., the wear is more uniform at AICrN+ condition and
tends to be concentrated at the tool tip. While for TiNAl, diffusion was more dispersed on
a more extensive worn area. Regarding the cutting atmosphere, tools used in the tests
with dry and ICT presented bigger crater wear than CFA. This was probably due to CFA's
lubricating + cooling ability that acts on the rake face, especially at the sliding zone, thus

creating a liquid film facilitating the chip removal.

Concerning the tool damages and wear types, chipping, microchipping, flank, crater
wear, and coating detachments, comparing the AICrN+ and TiNAl, it was observed that
the former tended to have much less intensity of wear and damage. For example, in
AICrN+, Figure 4-19 (right), the crater and flank wear are more uniform. Coating
detachments, microchipping, and cracks were also observed. However, in the TiNAl
coated tools, Figure 4-20 (left), the wear was much more severe, with intense crater and
flank wear, chipping, and cracks. These damages, wear types, and mechanisms can be seen

in more detail in Figure 4-20 and Figure 4-21.
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It was observed that all cooling strategies caused intense microchipping, chipping,
and micro cracks on the tools. These damages were predominant for dry machining due
to the high temperatures that weakened the tool. This is characteristic of superalloys
machining, mainly because of their mechanical resistance and hardness even at high
temperatures [187]. Comparatively, the damages were more severe on the TiNAl-coated

tools than on AICrN+, as seen in Figure 4-19.

Notch wear was also present, especially at the beginning of machining at the level of
the depth of cut, as observed by Marques (2015). This was expected because the contact
impact between the tool and workpiece occurs at a depth of cut level, with the access of
atmosphere, creating the conditions for the notch wear. Crater wear also occurred,
associated with the diffusion mechanism [108,111,188]. This was notable for the ICT
condition, Figure 4-21. Finally, the flank wear used as the end-of-tool-life criterion was

prominent and more uniform for CFA, Figure 4-20.

The coating detachment was also a type of damage observed for all cutting conditions
tested, especially on the cutting edges of the tools. Slightly more severe was observed in
the dry condition due to the lack of lubrication and cooling, in addition to the higher

temperatures that diminish the adhesion of the coatings [137], Figure 4-19.

Other works had similar results concerning the wear mechanisms and types. For
instance Marques (2015) machined Inconel 718, varying the lubri-cooling conditions
(CFs, CFs with solid lubricant, etc.) and using carbide and ceramic SIALON and whiskers
reinforced tools. The author observed the exact wear mechanisms and types identified
here, such as abrasion, adhesion, attrition, oxidation, and diffusion. In addition, it was
observed notch at the depth of cut and intense crater wear. Furthermore, the same wear
behavior when machining Inconel 718 was observed by Itakura et al. (1999)[168], Bhatt
etal. (2010)[189], Roy etal. (2018) [79].

The present study identified plastic deformation in all cutting conditions, with a
notable concentration gradient of nickel, iron, and chromium atoms. AICrN+ coatings
exhibited a more concentrated distribution of plastic deformation, primarily localized at
the tool's tip, while TiNAI coatings displayed dispersed plastic deformation over a broader
worn area. The cutting atmosphere also influenced plastic deformation, with dry and ICT

conditions resulting in more substantial crater wear, possibly due to the cooling and
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lubricating effects of CFA mitigating this form of wear. Plastic deformation is a critical
wear mechanism to consider when optimizing machining processes for Inconel 718. The
intensity of plastic deformation is strongly influenced by the interactions between
materials, including the tool, chip, and workpiece. Plastic deformation is a common

occurrence when machining Inconel 718, consistent with previous research [21,119,185]
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Figure 4-19: Perspective tool view for coating and atmosphere conditions
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Figure 4-20: Lateral view (flank face) of the worn tools used under all cutting atmospheres
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Chapter 5: Conclusions

5.1. Conclusions

The main objective of this work was to develop, apply, and validate the internally
cooled tool - ICT for the machining of Inconel 718. For this end, coated cemented carbide
tools (TiNAl and AICrN+) were adapted with the tool holder with internal channels able
to circulate a cooling fluid inside and remove heat from the tool during the machining
time. Machining tests with the ICT strategy were performed to validate the newly
proposed method. The conventional cooling method, cutting fluid in abundance - CFA and
dry machining - DM were also tested for comparisons. The machining tests were divided
into two steps. A statistical Design of Experiment was performed in the first step to test
and validate this technique. Two fractionated planning 2 x (22G~1) were used to
evaluate temperature as the response variable, using two measuring methods, a
thermocamera, and a tool-workpiece thermocouple system. The input variables were
cutting speed (vc = 47 and 94 m/min), depth of cut (ap = 0.25 or 0.50 mm), feed rate (f =
0.103 or 0.297 mm/rev), cutting atmosphere (DM, CFA, or ICT) and tool coating (TiNAl or
AICrN+). In the second step, two full factorial planning, 2 x (22) the input variables were
used for the tool coating (TiNAIl and AICrN+) and the cutting atmosphere (DM, ICT, and
CFA). The output variables included cutting forces, workpiece surface roughness, and tool

life. The mains conclusions achieved are:

+ The temperature measured by the thermocamera indicated that the minimum
values were 615 + 4 oC (TiNAIl and ICT), 621 # 16 © C (TiNAl and DM), and the
maximum were 746 * 4 °C (AICrN+ and DM), and 683 + 19 °C
(AICrN+ and ICT). Tool coating and cutting atmosphere were the most
significant variables, with TiNAl and ICT effectively contributing to decreasing
the temperature. The feed rate and the depth of cut were also statistically
significant variables, considering 95 % of the reliability index; surprisingly, the

cutting speed was not significant.
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+ The tool-workpiece thermocouple system measured the temperature, and
comparing ICT x DM, it was found that the minimum values were 886 + 14 °C
(TiNAl and ICT) and 926 + 6 °C (DM and TiNAL); the maximum was 1,249 + 8 °C
(AICrN+ and DM) and 1,196 #1 °C (TiNAl and DM). All the basic machining
parameters (v, f, and ap) increased the temperature at the chip-tool interface.
The cutting atmosphere was also statistically significant, and ICT decreased it.
Tool coating was marginally significant, with AICrN+ tending to increase the

temperature.

+ With the tool-work thermocouple system and comparing ICT x CFA, the
minimum temperatures found were 856 + 14 °C (TiNAl and CFA) and
886 + 14 °C (TiNAl and ICT); the maximum was 1,207 + 10 °C (TiNAl and CFA)
and 1,191 # 1 °C (TiNAl and ICT). The basic machining parameters (v, f, and ap)
were the most significant for this comparison. The cutting atmosphere was not
statistically significant, with 95 % of the reliability index being very near to
being so. This means that, statistically, there was no difference between CFA and
ICT. This proves the high heat removal capacity of internally cooled tools,
although it has no lubrication capacity. So, it is reasonable to infer that ICT's
cooling ability is so high that it permits it to be equal to CFA in terms of cutting

temperature, a method that has both cooling and lubricating capacity.

*+ Regarding the cutting forces, when using tools coated with TiNAl the average
values were 188 +32 [N], 266 + 6 [N], and 284 *+ 18 [N] for ICT, CFA, and DM,
respectively. With AICrN+ coated tools, the average cutting forces were
211 #3[N], 258 + 4[N], and 290 + 12 [N] for CFA, ICT, and DM. TiNAI contributed
to increasing the cutting forces, despite the lower temperatures. So, probably
there is the effect of interaction between Inconel 718 chip and the coating to be
considered. All the other variables were statistically significant, affecting the

cutting force.

+ [n comparing ICT x DM, the cutting atmosphere, tool coating, and the interaction
of the tool coating x cutting atmosphere were statistically significant,

considering 95 % of the reliability index. Dry machining contributed the highest
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to increasing the cutting forces, and TiNAI coating also raised it. Dry machining
showed to not be a suitable practice for Inconel 718.

For the ICT x CFA comparison, only the interaction between tool coting x cutting
atmosphere presented significant influence. This was a positive indication for
internally cooling tools - ICT because considering only the cutting forces, it

would be suitable for substituting the CFA cooling strategy.

Surface roughness analyses demonstrated that only the tool coating was a
statistically significant variable. Statistically, the cutting atmosphere (DM, CFA,

or ICT) presented the same surface roughness qualities.

Considering the tool’s life, tools coated with AICrN+ TiNAl presented better
performance than TiNAI, with the average tool’s life being 448 +26 cm3 (CFA),
306 15 cm?3 (ICT) and 146 #15 (DM) cm? of the volume of material removed.
When using the tools coated with TiNAl, the average tool’s life was 306 +18 cm3
(ICT), 242 #36 cm3 (CFA), and 117 +13 cm?3 (DM).

The tool coated with AICrN+ and using a CFA cooling strategy was far superior
to TiNAL reaching almost double the tool life (85 %). Thus, the coating AICrN +
showed a higher lifespan, more appropriate to Inconel 718 + machining. It is

vital to bear that it is a double-layer coating.

When using the TiNAl coated tools, surprisingly, the ICT cooling strategy
presented the best performance compared to the other cooling strategies. This
may be because of its good heat removal ability that performs better with TiNAI,
which has high thermal conductivity.

The tool life results showed that DM presented the worst performance in all the
scenarios, making it unsuitable for turning Inconel 718 with cemented carbide
tools. However, when cutting dry (DM), AICrN+ was better than TiNAI, with

25 % of increment.
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+ All four wear mechanisms widely accepted in the literature, abrasion, adhesion,
oxidation, and diffusion, were found in the worn tools, independently of tool
coating or cutting atmosphere conditions. This was expected since Inconel 718
is a difficult-to-cut material that reaches high temperatures, as proven, which
favors the thermally activated mechanisms, such as oxidation and diffusions, and
has high mechanical strength and toughness, that favors the appearance of

adhesion and abrasion wear mechanisms.

#+ The AICrN+ coated tools presented smoother and more uniform flank and crater

wear. Coating detachment, microchipping, and microcracks were also observed.

+ [t was evident in the SEM analysis that TiNAI coated tools presented much more
severe wear than AICrN+. There was an intense crater and flank wear, chipping,
cracks, and coating detachment. This is an explanation for the tool's life being

worse for TiNAL

% Finally, the ICT system is a promising eco-friendly technique that has a very high
cooling capacity. This technique has prominent potential social and
environmental improvements. Even technically it was even better than cutting
fluids when used with TiNAl coated tools. Important to mention that it needs
further studies and development as a new technique. A problem of the ICT system
is the lack of lubrication, considered a dry cut, which hybrid techniques, such as

solid lubricants, textured tools, MQL, etc, could surpass.
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5.2. Further works proposals

It was observed that the ICT system presented a promising performance for
machining Inconel 718 with cemented carbide tools. In order to improve this technique,

the following proposals can be developed:

v' To design improvement and thermal optimization analysis to find the best
internal channel geometry and solve leakage problems.

v To perform thermal and fluid dynamics simulations.

v" To combine the use of ICT system with other techniques (hybrid systems), such
as Minimum Quantity Lubrication, to give it some lubricating capacity that was
observed to be lacking.

v" To test this ICT system with other workpieces and tool materials and try it on

rotating tools.
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Appendix A - Composition of various nickel and nickel-based alloys [112]

Commercially pure and low-alloy nickels

Composition (wt.%)®

Alloy Ni Cr Fe Co Mo W Nb Ti Al C Mn Si B Cu S Others
Nickel 200 99.0 min. Hokx 0.40 HHE Hokx HoHE Hokx HoHE roxx 0.15 0.35 0.35 HoHE 0.25 0.01 Hoxx
Nickel 201 99.0 min. Hokx 0.40 HHE Hokx HoHE hokx HoHE roxx 0.02 0.35 0.35 HoHE 0.25 0.01 roxx
Nickel 205 99.0 min. ® Hoxx 0.20 HHE Hoxx HoHE rokx HoHE roxx 0.15 0.35 0.15 HoxE 0.15 0.01 0.01 ~0.08 Mg. 0.01 ~0.05 Ti
Nickel 211 93.7 min. ® Hoxx 0.75 HHE Hoxx HoHE rokx HoxE Hoxx 0.20 43~525 0.15 HoxE 0.25 0.02 Hoxx
Nickel 212 97.0 min. Hoxx 0.25 HHE roxx ok ok ok kK 0.10 1.5~2.50 0.20 ok 0.20 HHK 0.20 Mg
Nickel 222 99.0 min. ® Hxx 0.10 ok ok ok Hkk kK Hkk o 0.30 0.10 kK 0.10 0.01 0.01 ~0.10 Mg. 0.005 Ti
Nickel 270 99.9 min. ok 0.05 ok ok ok Hkk kK Hokk 0.02 kK 0.01 kK 0.01 0.00 0.005 Mg. 0.005 Ti
DuraNickel 301 93.0 min. rorx 0.60 HoHE rorx HoHE horx HoHE rorx 0.30 0.50 1.00 o 0.25 0.01 4.00 ~4.75 Al. 0.25 ~ 1.00 Ti
Nickel-copper alloys
Alloy 400 63.0 min ® Hoxx 2.50 HoHE Hoxx HoHE rokx HoHE roxx 0.30 0.20 0.50 ¥*% 1 28~34.0 0.024 woxx
Alloy R~405 63.0 min ® ok 2.50 ok kK ok ok ok ok 0.30 2.00 0.50 ok 28 ~34 0.025~0.06 ok
Alloy 450 29~33 ok 04~1.0[ *k* ok ok ok ok ok ok 1.00 ok ok ok 0.020 1.0 Zn. 0.05 Pb. 0.02 P
Alloy K~500 63.0 min® Hkk 2.00 ok Hkk ok ok ok Hkk 0.25 1.50 0.50 kK 27~33 0.010 2.30 ~3.15 AL. 0.35~0.85 Ti
Nickel-chromium and nickel-chromium-iron alloys
Alloy 230 bal 22.0 3.0 5.0 2.0 14.0 M +44 03 0.10 0.50 040 | 0.005 |  **x N 0.02 La
Alloy 600 720 min® | 14~17.0 [6.0 ~10.| *** e +4+ M +44 e 0.15 1.00 050 | *xx 0.5 N s
Alloy 601 58 ~63 21~25.0 bal HHE Hokx HoHE rokx woxE 1.0 ~1.7 0.10 1.00 0.50 HoxE 1 HHE Hoxx
Alloy 617 44.5 min. | 20~24.0 3.0 ok ok ok ok 0.6 0.8~1.5 |0.05~0.15 1.00 1.00 0.006 0.5 HHK kK
Alloy 625 580min | 20~23.0 5.0 1.0 0.0~10.0 | *** [32~420 0.4 0.4 0.10 0.50 0.50 ok ok HHK kK
Alloy 690 580min | 27~31.0 | 7~11 ok ok ok Hokk kK Hokk 0.05 0.05 0.50 kK 0.5 HHE kK
Alloy 718 50~55 ® | 17~21 bal 1.0 2.8~33 ok 4.8~5.5© | 0.65~1.15 | 0.20~0.80 0.08 0.35 0.35 0.006 03 HHK kK
Alloy X750 70.0 min® | 14~17 |50~9.0| 1.0 ok wEE L 107~120(23~275| 04~1.0 0.08 1.00 0.50 ok 0.5 HHK kK
Alloy 751 70.0 min® | 14~17 [5.0~9.0| *** Hokk 107 ~1.201 2.0~2.6 ok 0.10 1.00 0.50 kK 0.5 HHK ok
Alloy MA 754 @ 78.0 20.0 1.0 Hkx Hkk kK Hkk 0.5 0.3 0.05 Hokk o Hkk Hkk HHE 0.6 Y203
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Alloy C~22 51.6 215 55 25 13.5 4.0 Hohk ok ok 0.01 1.00 0.10 ok Hhk ok 030V
Alloy C~276 bal 14.5~16.5 [4.0~70 25 | 15~17 [3.0~45| *** ok Hork 0.01 1.00 0.08 ok Hork ok 035V
Alloy G3 bal 21~24 | 18~21| 50 |60~80| 15 0.5© ok Hork 0.02 1.00 1.00 *k | 15~25 ok Hok
Alloy HX bal 20.5~23 | 17~20 |0.5~2.5/8.0~10.0 [02~1.0[ *** ok #%10,05~0.15| 100 1.00 ok Hork ok Hork
Alloy S bal 145~17 | 3.0 20 | 14~165| 1.0 Hohk #k 1 01~05| 002 |03~1.002~075| 0015 | 035 ok 0.01~0.10 La
Alloy W 63.0 5.0 6.0 25 24.0 ok ok ok Hork 0.12 1.00 1.00 ok Hohk ok ok
Alloy X bal 20.5~23 | 17~20 [0.5~2.5/8.0~10.0 {02 ~1.0[ *** 0.15 0.5 [0.05~0.15| 1.00 1.00 | 0.008 0.5 ok Hohk
Iron-nickel-chromium alloys
Alloy 556 20.0 22.0 bal 18.0 3.0 25 ok ok 0.20 0.1 1.0 0.4 ok Hork ok 0.6 Ta. 0.02 La. 0.02 Zr
Alloy 800 30~350 | 19~23.0 39.5min| *** ok ok #%10.15~0.60.15~06| 0.1 1.5 1.0 ok ok ok ok
Alloy 800HT 30~350 | 19~23.0 (39.5min| *** ok ok ##%10.15~0.60.15~0.6 | 0.06~0.1| 1.5 1.0 4 Hox ok 0.85~1.20 Al +Ti
Alloy 825 38~46.0 |19.5~23.5(22.0 min| *** | 25~35 | x #x1060~12] 02 0.1 1.0 0.5 ok ok ok Hork
Alloy 925 44.0 21.0 280 | e 3.0 ok ok 2.10 0.3 0.0 Hork ok ok ok ok Hork
Alloy 20Cb3 32~380 | 19~21.0 | bal Bk | 20 ~30 | wex 1.0 ok Hork 0.1 2.0 1.0 w0 | 30~4.0 ok Hork
20Mo~4 35~40.0 | 225~25| bal wRk | 3550 | wx | 0.2~04 ok Hohk 0.0 1.0 0.5 #k | 05~15 ok Hohk
20Mo~6 33~37.20 | 22~26.0 | bal wHE | 50~67 | wex Hork ok Hork ok 1.0 0.5 w20 ~4.0 ok ok
Alloys of controlled expansion (Fe-Ni-Cr. Fe-Ni-Co)
Alloy 902 41~435®49~575| bal ok Hork ok #%122-275/03~08 | 0.06 0.8 1.00 HoHx Hork ok ok
Alloy 907 38.0 Hork 42 13 Hohk ok 4.7 1.50 0.03 ok ok 0.15 ok ok ok ok
Alloy 909 38.0 Hork 42 13 Hork ok 4.7 1.50 0.03 0.01 ok 0.40 ok Hork ok ok
Alloy 902 41~435 49~575| bal ok ok ok #%122-275/03~08 | 0.06 0.8 1.00 ok otk ok ok
Alloys of Nickel-Iron
Alloy 36 35~38.0 0.50 bal 1.0 0.5 ok ok ok Hork 0.10 0.6 0.35 ok ok ok ok
Alloy 42 42,0 © 0.50 bal 1.0 0.5 ok ok ok 0.15 0.05 0.8 0.30 ok ok ok ok
Alloy 48 480 © 0.25 bal 1.0 ok ok ok ok 0.10 0.05 0.8 0.30 ok ok ok ok

a)  Unique values are maximum values. Unless otherwise indicated.
b) Nickel plus cobalt content.

¢) Niobium plus tantalum content.
d) Alloy mechanically enhanced by dispersion. Alloy made by powdered metallurgy.
e) Nominal value; adjusted to meet expansion requirements.

Source: adapted from (ASM International. 1990)
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Appendix B - Mechanical properties (at room temperature) characteristics and applications
of nickel-based alloys[112]
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Commercially pure and low-alloy nickels
Nickel 200 462 148 47 204 g}; Commercially pure wrought nickel with good mechanical properties and excellent resistance to many corrosives. Nickel 201 has low carbon (0.02% max) for
129 applications over 315 °C (600 °F). Used for food processing equipment, chemical shipping drums, caustic handling equipment, and piping, electronic parts,
Nickel 201 403 103 50 207 HB |acrospace and missile components, rocket motor cases, and magneto strictive devices
. Wrought nickel like Nickel 200 but with compositional adjustments to enhance performance in electrical and electronic applications. Used for the anodes and
Nickel 205 345 90 45 ok il . . .. R . .
grids of electronic valves, magneto strictive transducers, lead wires, transistor housings, and battery cases
. Nickel-manganese alloy is slightly harder than Nickel 200. The manganese addition provides resistance to sulfur compounds at elevated
Nickel 211 530 240 40 Hekk ek Lo Ly . . . . .
temperatures. Used as fuses in light bulbs, as grids in vacuum tubes, and in assemblies where sulfur is present in heating flames
Nickel 212 453 | wwe | owew | owan | owew Wrought nicl.<el strengthened with an addition of manganese. Used for electrical and electronic applications such as lead wires, supporting
components in lamps and cathode-ray tubes, and electrodes in glow discharge lamps
. Wrought nickel with an addition of magnesium for electronic applications. The magnesium provides activation for cathodes of thermionic devices. Used for
Nickel 222 380 .1 .
sleeves of indirectly heated oxide-ALNOVA cathodes
Nickel 270 345 110 50 s 30 |A high-purity grade of nickel made by powder metallurgy. It has low base hardness and high ductility. Its extreme purity is useful for components of hydrogen.
ICKe!
HRC |Thyratrons. Also used for electrical resistance thermometers
Duranickel 301 . i L. . L. . . . . . . .
(precipitation 1170 | 862 25 207 | 30~40 Nickel-aluminum-titanium alloy is used for applications that require the corrosion resistance of commercially pure nickel but with greater strength or spring
hardened) HRC properties. These applications include diaphragms, springs, clips, press components for extrusion of plastics, and molds for the production of glass articles
Nickel-copper alloys
110 |A nickel-copper alloy with high strength and excellent corrosion resistance in various media, including seawater, hydrofluoric acid, sulfuric acid, and
Alloy 400 550 | 240 40 180 | ~150 |alkalies. Used for marine engineering, chemical and hydrocarbon processing equipment, valves, pumps, shafts, fittings, fasteners, and heat
HB |exchangers
Alloy 401 440 134 51 sk *** | A copper-nickel alloy designed for specialized electrical and electronic applications. It has a very low-temperature coefficient of resistance and medium-range
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electrical resistivity. Used for wire-wound precision resistors and bimetal contacts

110 | The free-machining version of Alloy 400. A controlled amount of sulfur is added to the alloy to provide sulfide inclusions that act as chip breakers during
Alloy R~405 550 240 40 180 ?;:30 machining. Used for meter and valve parts, fasteners, and screw machine products
A copper-nickel alloy of the 70-30 types having superior weldability. It is resistant to corrosion and biofouling in seawater, has good fatigue strength,
Alloy 450 385 165 46 o **% land has relatively high thermal conductivity. Used for seawater condensers, condenser plates, distiller tubes, evaporator and heat exchanger tubes,
and saltwater piping
Alloy K~500 300 A precipitation-hardenable nickel-copper alloy that combines the corrosion resistance of Alloy 400 with greater strength and hardness. It also has low
(precipitation 1100 | 790 20 180 HB permeability and is nonmagnetic to under -100 °C (-150 °F). Used for pump shafts, oil-well tools and instruments, doctor blades and scrapers, springs, valve
hardened) trim, fasteners, and marine propeller shafts
Nickel-chromium and nickel-chromium-iron alloys
@ 92,5 |Nickel-chromium-tungsten alloy combines excellent high-temperature strength with resistance to oxidizing environments up to 1150 °C (2100 °F) and
Alloy 230 860 390 47,7 211 . oo . . . . . . .
HRB |resistance to nitriding environments. Used for acrospace gas turbine components, chemical processing equipment, and heat-treating equipment
Allov 600 65 | 310 0 207 75 | A nickel-chromium alloy with good oxidation resistance at high temperatures and resistance to chloride-ion stress-corrosion cracking, corrosion by high-purity
y HRB |water, and caustic corrosion. Used for furnace components, in chemical and food processing, in nuclear engineering, and for sparking electrodes
A nickel-chromium alloy with aluminum for outstanding resistance to oxidation and other forms of high-temperature corrosion. Its also high
Alloy 601 620 | 275 45 207 6;;;:;) mechanical properties at elevated temperatures. Used for industrial furnaces; heat-treating equipment such as baskets, muffles, and retorts; petrochemical and
other process equipment; and gas turbine components
A nickel-chromium-cobalt-molybdenum alloy with an exceptional combination of metallurgical stability, strength, and oxidation resistance at high
Alloy 617 755 | 350 58 11 | 173 |temperatures. An aluminum addition enhances oxidation resistance. The alloy also resists a wide range of corrosive aqueous environments. Used in
v HB |gas turbines for combustion cans, ducting, and transition liners; for petrochemical processing; for heat-treating equipment; and in nitric acid
production
190 A nickel-chromium-molybdenum alloy with an addition of niobium acts with the molybdenum to stiffen the alloy's matrix and provide high strength without
Alloy 625 930 517 | 42,5 | 207 HB strengthening heat treatment. The alloy resists a wide range of severely corrosive environments and is especially resistant to pitting and crevice corrosion. Used
in chemical processing, aerospace and marine engineering, pollution-control equipment, and nuclear reactors.
88 |A high-chromium-nickel alloy with excellent resistance to many aqueous media and high-temperature atmospheres. Used for various applications
Alloy 690 725 | 348 | 41 | 211 . e o o ; ; o .
HRB |involving nitric or nitric/hydrofluoric acid solutions. Also useful for high-temperature service in gases containing sulfur
Alloy 718 A precipitation-hardenable nickel-chromium alloy containing significant amounts of iron, niobium, and molybdenum, along with lesser amounts of aluminum
(precipitation 1240 | 1036 | 12 211 H3;{6C and titanium. It combines corrosion resistance and high strength with outstanding weldability, including resistance to post-weld cracking. The alloy has excellent
hardened) creep-rupture strength at temperatures up to 700 °C (1300 °F). Used in gas turbines, rocket motors, spacecraft, nuclear reactors, pumps, and tooling
130 A nickel-chromium alloy similar to Alloy 600 but made precipitation hardenable by additions of aluminum and titanium. The alloy has good resistance to
Alloy X750 1137 | 690 20 207 HB corrosion and oxidation and high tensile and creep-rupture properties at temperatures up to about 700 °C (1300 °F). Its excellent relaxation resistance is useful
for high-temperature springs and bolts. Used in gas turbines, rocket engines, nuclear reactors, pressure vessels, tooling, and aircraft structures
15 A nickel-chromium alloy similar to Alloy X750 but with increased aluminum content for greater precipitation hardening. Designed for use as exhaust valves
Alloy 751 1310 | 976 | 22,5 | 214 HB in internal combustion engines. In that application, the alloy offers high strength at operating temperatures, high hot hardness. For wear resistance and
corrosion resistance in hot exhaust gases containing lead oxide, sulfur, bromine, and chlorine
Alloy MA 754 065 585 2 ok +sx A mechanically alloyed nickel-chromium alloy with oxide dispersion strengthening. The strength, corrosion resistance, and microstructural stability of the alloy

make it useful for gas turbine vanes and other extreme-service applications.
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209 |A nickel-chromium-molybdenum alloy with outstanding resistance to pitting, crevice corrosion, and stress-corrosion cracking. It also exhibits high resistance

All ~22 785 372 62 ek . .. . . . .. o C e . . .
oy € HB |to oxidizing media, including wet chlorine and mixtures containing nitric and oxidizing acids. Used for pollution control and pulp and paper equipment
A nickel-molybdenum-chromium alloy with an addition of tungsten having excellent corrosion resistance in a wide range of severe environments. The high
Alloy C~276 790 355 61 205 90 |molybdenum content makes the alloy especially resistant to pitting and crevice corrosion. The low carbon content minimizes carbide precipitation during
HRB welding to maintain corrosion resistance in as-welded structures. Used in pollution control, chemical processing, pulp, and paper production, and waste
treatment
A nickel-chromium-iron alloy with additions of molybdenum and copper. It has good weldability and resistance to intergranular corrosion in the welded
Alloy G3 690 | 320 50 199 H713B condition. The low carbon content helps prevent sensitization and consequent intergranular corrosion of weld heat-affected zones. Used for flue gas scrubbers
and for handling phosphoric and sulfuric acids
Alloy HX %0 A nickel-chromium-iron-molybdenum alloy with outstanding strength and oxidation resistance at temperatures up to 1200 °C (2200 °F). Matrix stiffening
(solution 793 358 | 455 | 205 | op provided by the molybdenum content results in high strength in a solid-solution alloy having good fabrication characteristics. Used in gas turbines, industrial
annealed) furnaces, heat-treating equipment, and nuclear engineering
5 High-temperature alloy with excelente thermal stability, low thermal expansion,and oxidation resistance to 1095 °C (2000°F). Retains strength and ductility

Alloy S 835 | 445 49 212 after aging at temperatures of 425 to 870 °C (800 to 1600 °F). Developed for applications involving severely cyclical heating conditions. Used extensively
as seal rings in gas turbine engines

A solid-solution-strengthened alloy that was developed primarily for the welding of dissimilar alloys. It is available as straight cut-length wire for gas tungsten
Alloy W 850 | 370 55 R *** |arc welding, layer-wound wire for gas metal arc welding, and ALNOVA electrodes for shielded metal arc welding. It has also been produced in sheet and plate
for structural applications up to 760 °C (1400°F).

A nickel-chromium-iron-molybdenum alloy that possesses an exceptional combination of oxidation resistance, fabricability, and high-temperature
Alloy X 785 | 360 43 196 89 strength. It has also been found to be exceptionally resistant to stress corrosion cracking in petrochemical applications. Exhibits good ductility after

HRB
prolonged exposure at temperatures of 650, 760, and 870 °C (1200, 1400, and 1600 °F) for 16,000 h

Iron-nickel-chromium alloys

An iron-nickel-chromium-cobalt alloy combines effective resistance to sulfurizing, carburizing, and chlorine-bearing environments at high temperatures with
Alloy 556 815 410 | 47,7 | 205 |91 HB |good oxidation resistance, good fabricability, and excellent high-temperature strength. It has also been found to resist corrosion by molten salts and is resistant
to corrosion from molten zinc. Used for the waste incinerator, chemical process, and pulp and paper mill equipment

138 An iron-nickel-chromium alloy with good strength and excellent resistance to oxidation and carburization in high-temperature atmospheres. It also resists

Alloy 800 600 | 295 44 193 | pp |corrosion by many aqueous environments. The alloy maintains a stable, austenitic structure during prolonged exposure to high temperatures. Used for process
piping, heat exchangers, carburizing equipment, heat in element sheathing, and nuclear steam-generator tubing
138 An iron-nickel-chromium alloy having the same basic composition as Alloy 800 but with significantly higher creep-rupture strength. The higher

Alloy 800 HT 600 | 295 44 193 strength results from close control of the carbon, aluminum, and titanium contents in conjunction with a high-temperature anneal. Used in chemical
and petroleum processing, in power plants for superheater and reheater tubing, in industrial furnaces, and for heat-treating equipment.

An iron-nickel-chromium alloy with additions of molybdenum and copper. It has excellent resistance to reducing and oxidizing acids, stress-corrosion
Alloy 825 690 | 310 45 206 | *** |cracking, and localized attacks such as pitting and crevice corrosion. The alloy is especially resistant to sulfuric and phosphoric acids. Used for Chemical
processing, pollution-control equipment, oil and gas well piping, nuclear fuel reprocessing, acid production, and pickling equipment

3655 A precipitation-hardenable iron-nickel chromium alloy with additions of molybdenum and copper. The alloy has outstanding resistance to general
Alloy 925 ® 1210 | 815 24 % | qre |corrosion, pitting, crevice corrosion, and stress corrosion cracking in many aqueous environments, including those containing sulfides and chlorides.
Used for surface and down-hole hardware in sour gas wells and oil production equipment
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90 |A high-nickel austenitic stainless steel with excellent resistance to chemicals containing chlorides and sulfuric, phosphoric, and nitric acids. Resists

20Cb3 550 240 30 ok s . . . .. . .
HRB |pitting, crevice corrosion, and intergranular attack used for tanks, piping, heat exchangers, pumps, valves, and other chemical process equipment

80 Alloy is designed for applications requiring improved resistance to pitting and crevice corrosion. It should be considered for acid environments where
20Mo-4 615 | 262 41 186 | pp |pitting and crevi.ce corros.ion .problems are encountered. Applications include heat exchangers, chemical process piping and equipment, mixing tanks,
and metal-cleaning and pickling tanks

Austenitic stainless steel is resistant to corrosion in hot chloride environments with low pH. It has good resistance to pitting, crevice corrosion, and
20Mo-6 607 | 275 50 186 | *** |stress corrosion cracking in chloride environments. It is also resistant to oxidizing media. Applications include commercial fume scrubbers, offshore
platforms, and equipment for pulp and paper mills.

Controlled-expansion alloys

Alloy 902 A nickel-iron-chromium alloy made precipitation hardenable by additions of aluminum and titanium. The titanium content also helps provide a
(precipitation 1210 | 760 25 wwk | wkxJcontrollable thermoelastic coefficient, which is the outstanding characteristic of the alloy. The alloy can be processed to have a constant modulus of]
hardened) elasticity at temperatures from -45 to 65 °C (-50 to 150 °F). Used for precision springs, mechanical resonators, and other precision elastic components
Alloy 903 A nickel-iron-cobalt alloy with additions of niobium, titanium, and aluminum for precipitation hardening. The alloy combines high strength with a low and
(precipitation 1310 | 1100 | 14 ok ***% |constant coefficient of thermal expansion at temperatures up to about 430 °C (800 °F). It also has a constant modulus of elasticity and is highly resistant to
hardened thermal fatigue and thermal shock. Used in gas turbines for rings and casings

A nickel-iron-cobalt alloy with additions of niobium and titanium for precipitation hardening. It has the low coefficient of expansion and high strength of Alloy
Alloy 907 1310 | 1100 14 ek ek . . . . . .

903 but improved notch-rupture properties at elevated temperatures. Used for components of gas turbines, including seals, shafts, and casings
Alloy 909 A nickel-iron-cobalt alloy with a silicon addition and containing niobium and titanium for precipitation hardening. It is similar to Alloys 903 and 907 in that it
(precipitation 1275 | 1035 | 15 159 **% |has low thermal expansion and high strength. However, the silicon addition results in improved notch-rupture and tensile properties achieved with less restrictive
hardened processing and significantly shorter heat treatments. Used for gas turbine casings, shrouds, vanes, and shafts

a) Cold-rolled and solution annealed at 1230 °C (2250 °F). Sheet thickness, 1.2 to 1.6 mm (0.048 to 0.063 in.).
b) Annealed at 980 °C (1800 °F) for 30 min, air-cooled, and aged at 760 °C (1400 °F) for 8 h, furnace cooled at a rate of 55 °C (100 °F)/h, heated to 620 °C (1150 °F) for 8 h, air-cooled

Source: adapted from [112]
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Appendix C - Physical properties (at room temperature) of various nickel-based alloys
[112]

. Melting point . Average coefficient of Thermal Electrical .
Desnsity P Specific heat 8 . ductivi o Curie temperature
Alloy (g/cm?) range 0/keK) thermal expansion conductivity resistivity Q)
(°0) ' (um/m.K) (W/m.K) (nQ.m)
Commercially pure and low-alloy nickels
Nickel 200 8.89 1435 ~1445 456 13.3 70 95 360
Nickel 201 8.89 1435 ~1445 456 13.1 79.9 85 360
Nickel 205 8.89 1435~1445 456 133 75.0 95 360
Nickel 211 8.72 1427 532 13.3 44.7 169 310
Nickel 212 8.86 1435~1445 430 12.9 44.0 109 HxE
Nickel 222 8.89 1435~1445 460 13.3 75 88 Ferromagnético
Nickel 270 8.89 1455 460 13.3 86 75 Ferromagnético
DuraNickel 301 (precipitation/hardened) 8.25 1438 435 13.0 23.8 424 16 ~50
Nickel-copper alloys
Alloy 400 8.80 1300 ~1 350 427 13.9 21.8 547 20 ~50
Alloy 401 8.89 HEE HEE 13.7 19.2 489 <-196
Alloy R~405 8.80 1300 ~1350 427 13.7 21.8 510 20 ~50
Alloy 450 8.91 1170 ~1 240 Hokk 15.5 29.4 412 oAk
Alloy K~500 (precipitation/hardened) 8.44 1315~1350 419 13.7 17.5 615 -134
Nickel-chromium and nickel-chromium-iron alloys

Alloy 230 @ 8.83 1300 ~1 370 397 12.6 8.9 1250 wHE
Alloy 600 8.47 1355~1413 444 13.3 14.9 1030 -124
Alloy 601 8.11 1360~1411 448 13.75 11.2 1190 -196
Alloy 617 (solution/annealed) 8.36 1330~1380 419 11.6 ® 13.6 1220 Hokk
Alloy 625 8.44 1290 ~1 350 410 12.8 9.8 1290 HxE
Alloy 690 8.19 1343 ~1377 450 14.06 ® 13.5 1148 oAk
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Alloy 718 (precipitation/hardened) 8.19 1260 ~ 1336 435 13.0 114 1250 -112
Alloy X750 8.28 1390 ~ 1430 431 12.6 12.0 1220 -125
Alloy 751 8.222 1390 ~1 430 431 12.6 12.0 1220 -125
Alloy C~276 8.89 1325 ~1370 427 11.2® 9.8 1300 HxE
Alloy G3 8.14 1260~ 1 355 452 14.6 10.0 Rl ok
Alloy HX (solution/annealed) 8.23 1260~ 1 355 461 13.3 11.6 1160 ok
Alloy S (solution/annealed) 8.75 1335~1380 398 © 11.5 14.09 1280 ok
Alloy X (solution/annealed) 8.22 1260 ~1 355 486 13.9 9.1 1180 wHE
Iron-nickel-chromium alloys
Alloy 556 8.23 1330 ~1415 464 14.6 11.1 952 Hokk
Alloy 800 7.94 1357 ~1385 460 14.4 11.5 989 -115
Alloy 800HT 7.94 1357 ~1 385 460 14.4 11.5 989 -115
Alloy 825 8.14 1370~ 1400 440 14.0 11.1 1130 -196
Alloy 925© 8.14 1311~1366 435 13.2 HAk 1166 HHE
Alloy 20Cb3 8.08 HoEE 500 14.7 1220 1082 wHE
20Mo~4 8.106 HEE 458 149 © 1210 1056 woHE
20Mo~6 8.13 HEk 460 148 ® 1210 1082 HoHk
Controlled-expansion alloys
Alloy 902 (precipitation/hardened) 8.05 1455~1480 500 7.6 12.1 1020 190
Alloy 903 (precipitation/hardened) 8.25 1318 ~1393 435 7.65 ® 16.7 610 415 ~470
Alloy 907 (precipitation/hardened) 8.33 1335 ~1400 431 7.7® 14.8 697 400 ~ 455
Alloy 909 (precipitation/hardened) 8.30 1395 ~1430 427 7.7® 14.8 728 400 ~ 455

a) Cold-rolled and solution annealed at 1230 °C (2250 °F). Sheet thickness, 1.2-1.6 mm (0.048-0.063 in.).

b) Average value at 25-100 °C (75-200 °F).

c) Average valueat0 °C (32 °F).

d) Average value at 200 °C (390 °F).

e) Annealed at 980 °C (1800 °F) for 30 min, air-cooled, and aged at 760 °C (1400 °F) for 8 h, furnace cooled at a rate of 55 °C (100 °F)/h, heated to 620 °C (1150 °F) for 8 h, air-cooled.Valor médio a 50
°C (120 °F).

f)  Average value at 50 °C (120 °F).

g) Average value at 25 to 200 °C (75 to 390 °F).

h) Valor médio de 25 a 425 °C (75 a 800 °F).

Source: adaptaded from [112]
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Appendix D - Tool Spec Sheet SNMG120412 -NRT WS10
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SNMG 120412 | | 10.25 - 081 Sem s T ¢ L& | &
NRTWS10 | %050 | .| (HW) | g £ wS10
’ E "8 Tenacity
5 E .
2 8 ear resistance
ISO 1832 CODING
S N M G 12 04 12 N R T
1 2 3 4 5 6 7 12 13 14
1 2 3 6
Insert format Clearance Angle Tolerances Insert thickness S (mm)
Al ;sol‘ M (| A T Fl Permissible deviation (imm) 01 §=159
_ 86° X
L \ 2 =& rt A +0.025 +0.005 +0.025 ED:E Tl S =198
EL N I a B +0.025 +0.013 +0.025 oo S =238
B | f 0 ) B | . G| “ <d»> N 13
— R A E +0.025 +0.025 +0.025 T2 S =278
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F +0.013 +0.005 +0.025 03 S$=3.18
C . p @ G +0.025 +0.025 +0.130 T3 5$=397
b x H +0.013 +0.013 +0.130 T 04 S =476
Y
D R O — — ! JU | 4£005-0.15° | +0.005 +0.025 05 S =556
) . C b N | ™ K' | £005-015° | +0.013 voozs | WIS e S =635
E @ S | - L' | £0.05-0.15° | +0.025 +0.025 07 S =794
| . .
) <:> s D s P — (ﬂ} +0.05—0.15@ Jfg'gg@ +0.130 09 S =952
‘A | d->--m e | 008
+0.05 — 0.15 ® +0.025
/ E | . —-0.20
kK [ v <sk s H
i +008-025¢ | © 8%;@ +0.130
S
L W & '
I:l .’ Inserts with flat and ground cutting edges
@ Depending on the size of the insert (see [SO 1832)
5 12
Cutting edge length Chip breaking range
C
Internal D R S T v w
“ H & 9 7 | 2
d |—= | = L—d Fe— 11— = < I M Medium machining
mm in Size 1 Seize 1 Size Size 1 Size 1 Size 1 Size 1 = Roughmachining
397 5/32 06 69 H Hard machining
5 0.197 05 03 3.8
5.56 7/32 09 9
6 0.236 06
6.35 2/8 06 6.4 0.7 7.7 06 11 11 11 11 04 43
8 0.315 08 05 5.2
9.525 3/8 09 9.6 11 11.6 | 09! 09 9.5 16 16.5 16 16.5 06 6.5
10 0.394 10 N
12 0.472 12
12.7 4/8 12 12.9 15 155 12! 12 12.7 22 22 22 22.1 08 8.7
15.875 |  5/8 16 16.1 15 15.8 27 27 10 10.8
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16 0.63 16
17.46 11/16 12 11.6
19.05 6/8 19 19.3 19! 19 19.0
20 0.787 20
25 0.984 25
25.4 8/8 25 25.8 25! 25 25.4
32 1.26 32
! Inch version (00)
13 14 Carbide class code key - turning
. Chip feed / depth within the Al S 10
Material .
chip break range Walter® 1 3
P Steel .
High
Stainlees Steel 1 3
9 || |
l Main application or type of . .
K Cast Gray Iron 8 ‘| : PP . typ ISO field of application
| coating
7 } | P Steel Wear
N Non-ferrous metals 6 |I ‘|| M Staint el resistance Classes for
| : ainless stee o1 ﬁ ‘F,: 0 150 Turming
\
5 [ :' K Cast Gray Iron 05 | ,' \HI‘ 1 IS0 Turning
S Difficult-to cut materials | w0 || A
4 *l |' N Non-ferrous metals 20 | | || arning
I ‘l 21 \l , J I‘ 2 Thre.ads
. 3 | | S Difficult-to cut materials V] turning
H Hardened Materials || 23 || || 3 Cchannel
2 ‘i'f H Hardened Materials 30 | '\l
i 2| |
) 1 ‘il| A CVD-aluminum oxide coating ]
U Universal 33 | | |
PVD coating 3 | ||
LOW X | E—
W i_r ® Tenacity

Source: adapted from [155,190]
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Appendix E - Tool Holder Spec Sheet DSSNR2525X12-P

Tool holder with shank -P

a 4@ G1/8"
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Comments:

“All rod holders and precision coolers are equipped with 3 coolant connections. Before using the tools, make sure that the unused connections are sealed with the threaded pins included in the
kit. Cooling kits K601 ... for shank tool holders are certified for pressures from 10 bar to a maximum of 275 bar.

"

The length of the tool shank can be shortened by up to 20 mm, as the tread depth on all Walter Turn and Walter Cut square shanks with precision cooling is 30 mm.

Walter Cooling hose set -P

Length (mm)
150 Set K601.01.150 Set K601.02.150 Set K601.03.150
250 Set K601.01.250 Set K601.02.250 Set K601.03.250
Individual components Code 300 Set K601.01.300 Set K601.02.300 Set K601.03.300
Connecting Content per set
1 element FS2252
M10 1x T T
Connecting
2 element FS2253 2x 1x ok
double G1/8"
3 G1/8"elbow | FS2254 wdkk 1x 1x
4 G1/8 "elbow FS2255 wk* 1x 1x
Gl1/4"-G1/ g
S 8" reduction F52256 1x Ix
6 Copper sealing | FS2257 2x 3x 4 x
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7 O Threaded pin | pgpyss 1x 1x 1x

8 @ B“‘;)‘:ulgass FS2259 1x 1x 1x

9 % Brass /sg ?,Ut Gl FS2260 1x 1x 1x

10 Sealing ring FS2261 2 x 2x 2x
Tool Holder Design

Tool holder illustration

ISO classification Nt/ Yy | Ag Tipo

Refrigeragdo
de precisdo
(direcionada)

DSSNR2525X12-P 12 25 25 0 |237|1387 48 | -8° | 0° SN..1204..

Measured with the SN ..120408 master insert

For more information on the exit angle y (for indexed inserts without chip breakers) and with the
inclination angle A _s, see Technical Information - ISO Turning

For the supply of refrigerant with G1 /8 "in the connection set, see'" Mounting parts and accessories."

The maximum recommended refrigerant pressure should be 150 bar (2,175 psi)
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Mounting parts
Types SN..1204..
@) Shim AP308-SN12

N | Screw for the shim FS1461 (Torx 151P)

A ‘ Tightening torque 2,5Nm

@7 Tﬂ B Left clip PK265L

= Staple on the right PK265R
EE_:_" Clamp fixing screw FS1473 (Torx 151IP)

Tightening torque 3,9 Nm

W Pressure spring FS2188

‘_“_‘} G1 /8 "threaded plug FS2258 (SW5)
Torx key FS1465 (Torx15IP)
(= —
Accessories
Left cli
e PS265L-SET
@ (standard mounting parts
tapl the right
Staple on the rig PS265R-SET
(standard mounting parts)

Source: adapted from [156]




Page | 227

Appendix F - Technical drawing of the SNMG 120408EN-M34 CTPX710 Tool adapted with
internal cooling channels
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