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Abstract

Nickel-based alloys are widely used in the manufacture of aerospace engine components
due to their excellent high-temperature thermo-mechanical properties and good cor-
rosion resistance. However, machining these materials poses a number of challenges,
mainly because they maintain their properties at high temperatures. Additional diffi-
culties result from their high chemical reactivity with most cutting tool materials and
their low thermal conductivity, which leads to wear due to the high temperatures rea-
ched at the cutting edge. In this context, the use of cooling/lubrication systems are
very relevant in order to improve productivity in machining. Thus, this research work
focuses on cryogenic machining, which consists of projecting liquid nitrogen (LN2) or
liquid carbon dioxide (LCO2) into the cutting zone to reduce the temperature. The aim
is to reduce some wear mechanisms and increase tool life. However, the application of
this lubrication system machining Inconel 718 has to date shown limitations in terms
of tool life and surface integrity of the machined part, as opposed to Ti64 titanium
alloy. It is therefore considered of great interest to discern the mechanisms responsible
for the poor machinability of Inconel 718 in cryogenic machining in order to propose a
suitable process window. To this end, the dynamic behavior of Inconel 718 at cryogenic
temperatures is characterized to determine the metallurgical alterations that may oc-
cur in the machined part. The surface integrity condition obtained is also analyzed and
a study is made of the fatigue behavior of drilled specimens under cryogenic conditions.

Keywords : Cryogenic machining, Dynamic behavior, Fatigue resistance, Inconel
718.

5



RESUMEN

Las aleaciones base ńıquel se utilizan ampliamente en la fabricación de componentes de
motores de industria aeroespacial debido a sus excelentes propiedades termomecánicas
a altas temperaturas y buena resistencia a la corrosión. Sin embargo, el mecanizado de
estos materiales es particularmente dif́ıcil debido, principalmente, a que mantienen sus
propiedades a altas temperaturas, pero también a su elevada reactividad qúımica con
la mayoŕıa de los materiales de herramientas de corte y su baja conductividad térmica,
lo que conlleva valores de desgaste elevados debidos a las altas temperaturas alcanzadas
en el filo de corte. En este contexto, el empleo de sistemas de refrigeración/lubrificación
son muy relevantes de cara a mejorar la productividad en su mecanizado. Aśı, este tra-
bajo de investigación, se centra en el mecanizado criogénico, que consiste en proyectar
nitrógeno liquido (LN2) o dióxido de carbono liquido (LCO2) en la zona de corte para
reducir la temperatura. Se busca que algunos mecanismos de desgaste disminuyan y la
vida útil de la herramienta aumente. Sin embargo, la aplicación de este sistema de lu-
brificación mecanizando Inconel 718 ha mostrado hasta la fecha limitaciones en cuanto
a la vida útil de la herramienta y la integridad superficial de la pieza mecanizada, a
diferencia de lo que sucede con la aleación de titanio Ti64. Por ello, se considera que es
muy interesante discernir los mecanismos responsables de la mala maquinabilidad del
Inconel 718 en el mecanizado criogénico para poder proponer una ventana de procesos
adecuada. Para ello, se caracterizará el comportamiento mecánico-dinámico del Inconel
718 a temperaturas criogénicas de cara a determinar las alteraciones metalúrgicas que
puedan ocurrir en la pieza mecanizada. Asimismo, se analizará la condición de integri-
dad superficial obtenida y se hará un estudio del comportamiento de fatiga en probetas
taladradas bajo asistencia criogénica.

Palabras clave : Comportamiento dinámico, Comportamiento de fatiga, Inconel
718, Mecanizado criogénico.
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Résumé

Les alliages à base de nickel sont largement utilisés dans le secteur aéronautique vu leurs
excellentes propriétés mécaniques à haute température et leur résistance à la corrosion.
Cependant, l’usinage de ces matériaux est particulièrement difficile. Ceci est dû princi-
palement à leur grandes propriétés mécaniques, leur très haute réactivité chimique avec
la plupart des matériaux coupants et à un dégagement de chaleur important au niveau
de la zone de coupe. Dans ce cadre, s’inscrivent les procédés d’usinage avec assistance
visant à améliorer la productivité de certains matériaux qui sont difficiles à couper.
Dans notre cas, on s’intéresse à l’assistance cryogénique. Elle consiste à injecter l’azote
liquide (LN2) ou le dioxide de carbone liquide (LCO2) dans la zone de coupe permet-
tant de faire chuter la température. Par conséquent, certains mécanismes d’usure sont
décélérés et la durée de vie de l’outil est augmentée. En revanche, l’application de cette
approche lors de l’usinage de l’Inconel 718 a démontré certaines limites en termes de
durée de vie de l’outil et l’intégrité de surface de la pièce usinée contrairement à l’alliage
de titane Ti64. C’est pourquoi, il s’avère très intéressant de discerner les mécanismes de
dégradation de la productivité de l’Inconel 718 sous assistance cryogénique et d’amé-
liorer au mieux les conditions opératoires. En plus, le comportement dynamique de
l’Inconel 718 à des températures cryogéniques a été établi dans le but de caractériser
les changements métallurgiques de l’Inconel 718 qui peuvent avoir lieu. Finalement, la
prédiction de la tenue en fatigue est réalisée pour des éprouvettes percées sous condi-
tions cryogéniques.

Mots clés : Comportement dynamique, Inconel 718, Usinage cryogénique, Tenue en
fatigue.
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1 Background and motivation

Manufacturing innovation in the aviation industry is driven by the need to achieve
performance improvements in mechanical parts, and reduce mass in all aircraft compo-
nents. To meet these growing challenges, certain materials with specific properties are
the subject of continuous investigation and development. For several decades, a grow-
ing number of nickel-based superalloys have been incorporated into the engines of the
airplane (Ulutan and Ozel, 2011). These materials lend themselves well to aerospace
manufacturing, as they exhibit excellent mechanical properties at high temperatures,
high corrosion and creep resistances (Kumar et al., 2019; Hongbo and Gaochao, 2015).
In particular, nickel-based superalloys are widely exploited in turbojets which are sub-
jected to intense thermal and mechanical loads in service.

Figure I.1 – Illustration of a cross section of a jet engine (Ulutan and Ozel, 2011).

However, the extensive use of these materials has highlighted a problem related to
machining process. Valued for their capacity to retain their in-service mechanical
properties over a wide range of temperatures, their performance during the cutting
process is unfavourably limited. For this reason, cooling approaches aim to improve
the productivity of certain materials classified as “ difficult to cut”. The major problem
encountered during machining is the significant increase in temperature in the cutting
zone which leads degradation of the cutting tools. Tool life is thus greatly reduced and
the surface finish of the machined parts is then deteriorated.
New alternatives to keeping the cutting tool cold, are therefore being investigated in
the literature. One such alternative is called “cryogenic machining”, in which liquid
nitrogen is used as a lubricant for effectively reducing the cutting temperature, since
its temperature at the liquid phase is -196◦C. This novel machining approach is gain-
ing recognition as a promising process for the industry of the future. Aside from its
effectiveness in substantially reducing the temperature in the cutting zone, cryogenic
machining presents several ecological, environmental, and economic advantages. Cryo-
genic processes render the use of the conventional lubricants unnecessary. These lubri-
cants contain a significant amount of oil that has a harmful environmental impact and
can cause skin and lung diseases for the operators (Memmi et al., 2019). An additional
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advantage of eliminating conventional lubricant is that there is no need to degrease the
machined parts and hence the chips are not contaminated before recycling.
In this context, previous researches have examined the efficiency of cryogenic approach
when machining several materials (steels, titanium alloys and nickel based alloys). It
has been shown that the tool life is improved in the case of titanium alloys (Ayed et al.,
2017), unlike nickel based alloys (Iturbe et al., 2016). According to the previous results,
Inconel 718 was found to induce lower tool life and poorer surface integrity (surface
roughness, residual stresses, micro-hardness, etc..) under LN2 cryogenic condition than
with conventional lubrication. Recently, researchers are turning their attention to an-
other cryogenic coolant: the carbon dioxide LCO2. In this Phd work, many aspects are
treated to study the effect of the cryogenic approaches. First, to understand the influ-
ence of the cryogenic cooling strategies on the tool wear and the surface integrity, we
have opted for the turning operations of Inconel 718. So that, a comparative study is
conducted including both cryogenic fluids namely LN2 and LCO2 in order to determine
the efficiency of the cryogenic approach using the two cryogenic coolants compared to
conventional lubrication.

Another aspect that seems to be interesting to study is related to the mechanical
behavior of Inconel 718 at cryogenic temperature. During machining, the workpiece
material is subjected to several mechanical and thermal loads that may significantly
affect the material behavior during the cutting process. These include the high tem-
perature resulting from friction and plastic deformation mechanisms and the very low
temperature of cooling with LN2 (-196◦C). The unmachined surface is particularly af-
fected by the cryogenic fluid, since the latter is delivered before starting the machining
process to obtain the stabilized state.

Aeroengine turbine discs are mainly composed of critical components for instance the
hub zone (Witek, 2006) and the assembly holes (Fig. I.2). Such regions are subjected
to cyclic loads during their service. In particular, the drilled holes are the important
sources of stress concentration and are therefore susceptible to nucleating fatigue cracks.
As a consequence, manufactures are required to adhere to very strict specifications and
high levels of accuracy to prevent any brutal failure.

Figure I.2 – Illustration of a high-tech assembly combustor which is made by Inconel
and other superalloys (Chaheng, 2020).
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Machining process is often the last or second to last manufacturing stage. The ma-
chinists must optimize the cutting process and enhance the surface integrity of the
machined parts. For this reason, the present study takes an original approach to the
problem, focusing on adapting the cryogenic drilling process to examine its impact on
fatigue resistance. Indeed, drilled specimens reveal stress concentration at the hole
surface. Therefore, the influence of the surface is more significant. Thus, the effect of
the process is better discriminated.

2 Objectives of the PhD work

The main objective of this PhD work is to evaluate the performance of cryogenic ap-
proach. To this end, two different cryogenic fluids: liquid nitrogen (LN2) and carbon
dioxide (LCO2) are analyzed in terms of machining performance and fatigue limit tak-
ing as a reference the conventional lubrication (wet). This objective is divided in the
following specific goals :

— To study the mechanical behavior of Inconel 718 at cryogenic temperature and
to examine the microstructure alterations of the deformed samples to export
information related to the mechanisms that could occur during the cryogenic
machining process;

— To investigate the cryogenic performance of LN2 and LCO2 coolants in terms of
tool life and surface integrity in finishing turning of Inconel 718 in comparison
with the wet condition;

— To evaluate the effectiveness of the new cryogenic approaches on the fatigue
limits of drilled samples.

3 Structure of the manuscript

The outline of the present manuscript is illustrated in Fig. I.3.
In chapter I, the PhD work is briefly introduced explaining the motivation of this thesis
as well as the main objectives. The review of the literature is then set out in chapter II.
In this chapter, general information about nickel based alloys is presented focusing on
the metallurgic aspects and the machinability of this alloy. Next, cooling approaches
are described, followed by an extensive analysis of the effect of cryogenic conditions
when machining Inconel 718. Chapter III deals with the mechanical characterization
at cryogenic temperature under static and dynamic loads. In addition, microstructural
examination is conducted in order to reveal the influence of cryogenic conditions on
the deformed microstructure. In chapter IV, turning operations under cryogenic condi-
tions using liquid nitrogen (LN2) and carbon dioxide (LCO2) are reported. Tool wear
mechanisms and surface integrity are investigated under cryogenic conditions and the
conventional lubrication is considered as a reference. Chapter V focuses on the cryo-
genic effect on fatigue performance of Inconel 718. Particular attention is paid to the
fatigue performance of cryogenic drilled specimens and the surface integrity of drilled
specimens under both cryogenic cooling strategies and the wet condition is analyzed.
Finally, the main conclusions are presented, together with implications for industry
and future research lines.
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1 Introduction

In order to discern well the framework and the motivations of this work, it is important
to highlight the characteristics of the cryogenic machining approaches. This first chap-
ter therefore reveals the main results of the literature review related to the cryogenic
performance during the machining process when using two cryogenic fluids namely the
liquid nitrogen (LN2) and the carbon dioxide (LCO2). At the beginning of the chapter,
we will focus on the presentation of the Inconel 718, which is the subject of this study
in terms of the metallurgical specificities in addition to the machinability properties.
The second part of this chapter describes the several machining assistance approaches,
in particular the cryogenic assisted strategy. Then, a specific focus is attributed to the
description of both cryogenic coolants (LN2 and LCO2). The effect of the cryogenic
approach on the tool wear as well as the surface integrity of the machined parts is
also detailed. In the last part, an overview will be figured out in order to position the
objectives of the present PhD work versus the previous studies reported in literature.

2 General information about nickel based superal-

loy: Inconel 718

2.1 Inconel 718 nickel based alloy

Nickel based alloys are superalloys that exhibit excellent mechanical properties in an
extended temperature range up to 700◦C (Iturbe et al., 2017) and good resistance to
corrosion and oxidation (Hongbo and Gaochao, 2015), see Table II.1. These properties
are closely related to the chemical composition of such alloys. In this work, the nickel
based alloy Inconel 718 will be deeply studied.

Table II.1 – Mechanical properties of Inconel 718 at room temperature (Ezugwu et al.,
2005)

Tensile stength (MPa) 1310
Yield strength (MPa) 1110
Young modulus (GPa) 206
Hardness (HV100 ) 427-454
Density (g.cm−3 ) 8.19
Thermal conductivity coefficient (W/m.K) 11.2

Inconel 718 is an alloy containing several additive elements such as iron, chromium,
aluminum, titanium and niobium (Table II.2). Each element contributes to the im-
provement of the characteristics of this alloy. For instance, chromium (18.84 %) in-
hibits the diffusion of oxygen in the depth of the part by reacting with oxygen to
form chromium oxide Cr2O3 at the surface (Alexis, 2013). Molybdenum provides the
mechanical strength of the matrix even at high temperature and niobium leads to
the formation of the hardening phase of this alloy by precipitation (C. Slama and G.
Cizeron, 1997).
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Table II.2 – Chemical composition of Inconel 718 (% wt) (Zixing et al., 2012)

Ni Cr Fe Mo Nb Ti Al Si Mn P S C

53.64 18.84 17.62 3.08 5.23 0.95 0.53 0.06 0.02 0.003 0.002 0.024

The metallurgical structure of Inconel 718 consists of several phases whose matrix is a
disordered austenitic solid solution, called ”γ” (Sundararaman et al., 1988). Fig. II.1
illustrates the microstructure of Inconel 718.

Figure II.1 – Illustration of the microstructure of Inconel 718: (a) δ phase (Ni3Nb) and
the carbide NbC; (b) γ′′ phase (Ni3Nb) evenly distributed in the matrix γ (Bushlya
et al., 2011).

The correspondent crystallographic structure is face centered cubic (FCC) whose cell
parameter is ay = 3.61 Å that can vary depending on the addition elements (Alexis,
2013; Gael, 2012; Niang, 2010; Ter-Ovanessian, 2011). This matrix γ is hardened by
the precipitation of two phases namely γ′ and γ′′.

The phase γ′ is stable and coherent with the matrix whose crystallographic structure
is cubic of type L12 (Mohan et al., 1992). The chemical composition is of the type A3B
where A is essentially nickel and the element B can be either aluminum or titanium.

Unlike the majority of nickel based alloys, which are hardened by precipitation of the
γ′ phase, the γ′′ is the main hardening phase of Inconel 718 whose chemical formula is
Ni3Nb (C. Slama and G. Cizeron, 1997). It is a metastable and semi-coherent phase
which crystallizes according to the quadratic centered structure of type DO22 (Sun-
dararaman et al., 1988) (Fig. II.2).
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Figure II.2 – Illustration of the crystallographic cells of the matrix γ, the phases γ′ and
γ′′ (Farhat, 2007).

Another phase that is formed by precipitation is the phase δ (also called β) that has
an orthorhombic structure of type DOa. Its chemical composition is the same as the
phase γ′′ (Ni3 Nb) of which it is the stable form. The δ phase does not harden the
Inconel 718 alloy but it contributes to increasing the creep resistance by decelerating
the slippage of grain boundaries at high temperature.
There are also carbides, mainly MC type, whose crystallographic structure is face cen-
tered cubic having a heterogeneous distribution in the alloy located either at the grain
boundaries or inside the grain of the austenitic matrix. The carbides are essentially
formed by the presence of titanium (TiC) and niobium (NbC) since these two elements
are very carburigen. The role of carbides consists of reinforcing the creep resistance by
delaying the migration of grain boundaries at high temperatures. Nevertheless, their
presence in large quantities may weaken the material.

2.2 Machinability of Inconel 718

The machinability of nickel alloys is poor in comparison with stainless steels and steels.
Indeed, these alloys cause machining problems in terms of tool wear, cutting forces and
surface integrity (residual stresses, surface roughness, affected layer) of the machined
parts (Dudzinski and Molinari, 1997; Imran et al., 2014; Thellaputta et al., 2017).
Fig. II.3 summarizes the relationship between the Inconel 718 material properties and
the machining problems.
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Figure II.3 – Illustration of the relationship between the material properties and the
machining problems of Inconel 718 (Yin et al., 2020).

The main factors responsible for the poor machinability (tool wear and cutting forces)
of Inconel 718 alloys are detailed below:

— Excellent mechanical properties at high temperature. Consequently, high cut-
ting forces are generating which may lead to vibrations of the whole system
(workpiece, tool and machine) affecting the quality of the machined surface;

— Low thermal conductivity preventing heat evacuation that remains mostly stored
in the material of the machined part;

— High chemical affinity with several tool materials leading to tool wear by diffu-
sion;

— Adhesion of microparticles from the machined material on the tool cutting edge
during machining process. Thereby, high tool wear by adhesion is generated;

— Inconel 718 exhibit a very high hardening tendency when machining, inducing
higher cutting forces (Iturbe et al., 2016);

— The carbides present in the Inconel 718 microstructure reveal abrasive behavior
leading to abrasive wear of the tool.

In order to improve the poor productivity of these alloys, the following aspects should
be selected carefully:

— The cutting tool with respect to important parameters (the tool material, the
coating and the geometry);
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— Cutting conditions (the cutting speed, the feed rate and the depth of cut);

— Cooling conditions (dry, MQL and conventional lubrication);

— Non-conventional cooling strategies (laser machining, High pressure machining,
vibration machining and cryogenic machining).

3 Cooling and machining approaches

3.1 Machining process

Machining is a method of manufacturing parts by removing material. This process is
in continuous development aiming to improve the machinability of the work materials
of the machined parts. This is conditioned by the optimization of the cutting parame-
ters, the understanding of the mechanisms of chip formation, the physical phenomena
involved during the cutting, the tool wear mechanisms as well as the improvement of
the machinability of certain alloys including materials that are difficult to cut (Fig.
II.4).

Figure II.4 – Illustration of the influence factors of the unmachined material (initial
microstructure, mechanical and thermal properties) on the machinability of Inconel
718 and thereby the generated surface integrity (Yin et al., 2020).

In this context, the concept of machining assistance is revealed. Indeed, machining
performance depends strongly on the choice of the cooling conditions that affect the
friction between the tool-workpiece contact zone, the cutting temperatures, the cutting
forces, etc. Thus, the tool life, the workpiece accuracy and the surface integrity of the
components are significantly affected.
In the next paragraphs, we will present briefly the general information related to the
cutting process namely the chip formation, the tool wear mechanisms and the different
assisted machining strategies.
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3.1.1 Chip formation

The study of the chip formation is carried out according to several scales from the
macroscopic scale to the microscopic scale passing by the mesoscopic scale. The macro-
scopic scale corresponds to the machine-tool scale targeting to better control the prob-
lems of vibration and the dynamic rigidity of the cutting machine. The mesoscopic
scale is the scale of chip formation, surface integrity and wear up to the microscopic
scale aiming to identify the localization of the deformation phenomena and the mi-
crostructural changes.
Indeed, to be able to understand the physical mechanisms generated during the cutting
operation, one is generally interested in the mesoscopic and microscopic scale. There-
fore, it is possible to identify the shear zones related to the chip formation as displayed
in Fig. II.5.

Figure II.5 – Illustration of the shear zones involved during the cutting operation.

As it can be seen, the shear zones consist mainly of :

— Primary shear zone(ZI): It is a zone of intense shear between the tip of the tool
and the rough surface of the workpiece during the passage of the tool ensuring
the formation of the chip. This zone makes an angle of inclination with respect
to the cutting direction. This zone is characterized by localized deformation and
a significant rise in temperature;

— Secondary shear zone(ZII): It is the contact zone between tool-chip inducing a
high heat generation due to friction and sliding;

— Tertiary shear zone(ZIII): This zone corresponds to the friction between tool
flank face and the machined part generating high heat energy that may cause
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microstructural alterations of the workpiece material.

3.1.2 Tool wear mechanisms

In machining, the local pressures, temperatures and sliding velocity of the material
against the cutting tool promote the wear of the cutting tools. It has been clearly
shown in the literature that the tool flank wear affects the surface integrity of the
machined components in addition to the frequency of changing the cutting tools for a
given production.
In this section, we will present shortly the assessment of the cutting tool wear. Besides,
we will highlight the tool wear mechanisms.

3.1.2.a Tool wear assessment

To guarantee the industrial requirements (tool life, geometric tolerances and the surface
integrity of the machined component), it is compulsory to choose a tool wear criterion
from then on the cutting tool must be replaced by a new one. At this line, one could
cite the most used tool wear criteria that are considered as an indicator to define the
maximum tool wear allowed. For instance, two geometric criteria that are used on the
tool rake face and the tool flank face. The first is KB, KM and KT revealing the
crater wear criteria. The second consists of V BN and V B disclosing respectively the
notch tool wear and the tool flank wear. It should be noted that the tool flank wear is
not always uniform. For this reason, other criteria could be employed namely the V BB

and V BBmax. According to the ANSI/ASME B94.55M-1985 standard, tool flank wear
criteria are commonly used to define the tool lives. Fig. II.6 shows the types of wear
on turning tools.

Figure II.6 – Illustration of types of wear on turning tools according to ANSI/ASME
B94.55M-1985 standard.

The mechanisms of tool wear can be of mechanical origin (abrasion, mechanical fatigue,
extrusion of burrs), thermo-mechanical (creep, thermal fatigue) and physico-chemical
(diffusion, oxidation) (Éric and Pierre, 2016). Fig. II.7 summarizes the tool wear mech-
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anisms depending on the cutting speed and the cutting temperature.

Figure II.7 – Illustration of the wear mechanisms in metal cutting (Li, 2012).

3.1.2.b Adhesion wear

Tool wear by adhesion is essentially related to the high temperature at the cutting
zone, the chemical affinity of the machined material and the cutting pressure. These
factors contribute to forming a layer stuck on the insert, called usually the built-up
edge (BUE) (Fig. II.7). However, due to chip sliding on the tool rake face or the tool
flank wear, the deposit formed is more and more important. From a certain size, the
deposit becomes unstable and is carried away by the chip, it comes off therefore by
tearing particles from the surface of the tool.

Figure II.8 – Illustration of adhesion mechanism on the tool rake face followed by EDS
analysis obtained during the end milling of Inconel 718 at Vc =160 m/min, fz= 0.15
mm/tooth, ap=0.30 mm, ae=0.20 mm (Musfirah et al., 2017).

3.1.2.c Abrasion wear

During the machining of certain alloys, an intruder interpenetrates between the insert
and the chip. It consists of particles that stick to the insert from either the machined
material or the cutting tool under the effect of contact pressure and the slip speed of
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the chip. In the case of Inconel 718, carbides, having an abrasive character, can lead
to this type of wear (Fig. II.9).

Figure II.9 – Illustration of abrasion mechanism on the tool flank face in orthogonal
cutting of Inconel 718 using PCBN inserts at Vc =300 m/min, f= 0.05 mm/rev (Khan
et al., 2012).

3.1.2.d Diffusion wear

The diffusion phenomenon is thermally activated inducing the displacements of the
atoms of the tool material to the workpiece material. This phenomenon is more pro-
nounced when the temperature reaches very high values that can affect about twenty
micrometers from the machined surface or even the insert (Nouari and Makich, 2013).
Fig. II.10 shows diffusion profiles performed on the adhesion zone and inside the worn
tool revealing the diffusion of chemical elements from the machined material (Ti, Al,
and V) to the cutting tool (W, Co, and C). This case study is obtained when machining
Ti–6Al–4V at Vc = 20 m/min using coated (TiAlN) carbide inserts made of tungsten
carbide (WC–Co).

Figure II.10 – Illustration of diffusion profiles conducted on the cutting tool when
machining Ti–6Al–4V at Vc = 20 m/min (Nouari and Makich, 2013).
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3.1.2.e Oxidation wear

Oxidation wear comes from the formation of an oxide layer due to a chemical reaction
between the machined material and the material of the tool. It is usually justified by
conducting an Energy Dispersive Spectroscopy (EDS) analysis indicating the presence
of oxygen at the surface. Fig. II.11 shows the EDS analysis illustrated oxidation ob-
tained at the flank wear when the coating exposed. The work material is a nickel based
alloy Hastelloy C-22HS (Vc= 180 m/min, feed rate = 0.15 mm/tooth and the axial
depth =1 mm) .

Figure II.11 – Illustration of an EDS analysis illustrated oxidation obtained at the flank
wear when the coating exposed (Vc= 180 m/min, feed rate = 0.15 mm/tooth and axial
depth=1 mm) (Kadirgama et al., 2011).

In this context, Zhu et al. (2013) have summarized the main causes, mechanisms, types
and consequences of the cutting tool wear when machining nickel based superalloys in
different cutting operations (turning, milling, drilling) given in the following Fig. II.12.
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Figure II.12 – An overview of the causes, mechanisms, types and consequences of the
tool wear in cutting of nickel based superalloys (Zhu et al., 2013).
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3.2 Machining cooling/lubrication approaches

Machining cooling approaches essentially contributes to improving the machinability
of materials with poor cutting ability and increasing cutting tool life. This applies
to provide an external action at the cutting area. The external action may occur in
mechanical and/or thermal form (heating or cooling). In what follows, we will list
the main assisted machining strategies that were extensively reported in the literature
review.

3.2.1 Laser machining approach

The laser machining approach consists in locally preheating the workpiece in order to
reduce the flow stress of the material for ease of machining via a laser beam positioned
upstream of the tool. The laser source and the cutting tool are driven by the same
speed V.
Fig. II.13 displays the principle of laser assisted machining.

Figure II.13 – Illustration of Laser turning principle (Ayed et al., 2014).

Although the laser machining approach is not frequently employed in the industrial
field, this technique has been widely studied in many research issues for different work
materials (Germain et al., 2011; Braham-Bouchnak et al., 2013).

3.2.2 High pressure machining approach

The High Pressure machining approach involves delivering a jet of coolant at high pres-
sure between the rake face of the tool and the chip. The pressure of the jet may exceed
several hundred bars. The relevance of this process is closely dependent on the good
choice of jet parameters such as the pressure, the diameter and the inclination of the
nozzle. Fig. II.14 depicts an example of a cutting tool employing for water jet cooling
condition.
Owing to its advantages and ease of implementation, this technique has been industri-
alized.
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Water Jet

Tool

Figure II.14 – Illustration of the High Pressure machining approach (Braham Bouchnak,
2010)

.

3.2.3 Vibration machining approach

Ultrasonic machining approach, also known as vibratory machining process, consists
of exciting the cutting tool with low amplitude vibrations (7.5 to 30 µm) and high fre-
quencies (10 to 30 KHz) (Ahmed et al., 2007). Researchers applied this approach when
using different materials such as steels and ceramics. Fig. II.15 presents an example of
an ultrasonically turning system.

Figure II.15 – Illustration of the ultrasonically turning system (Ahmed et al., 2007)
.

Recently, Khajehzadeh et al. (2020) reported that the Ultrasonic Assisted Turning
(UAT) in the case of AISI 4140 decreases the generated tensile residual stress ampli-
tude. Authors declared that the residual stresses distribution is governed by the choice
of the workpiece speed as well as the amplitude vibrations.
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3.2.4 Cryogenic machining approach

The cryogenic machining approach is based on delivering a jet of cryogenic fluid (liq-
uid nitrogen LN2 or carbon dioxide LCO2) at the cutting zone in order to reduce the
cutting temperature and therefore minimize the adverse effects of high temperature
regard the tool wear and the residual stresses as well (Ayed et al., 2017). Fig. II.16
presents an example of LN2 Cryogenic system.
Furthermore, the supply of cryogenic fluids provides the benefits of dry machining
since that LN2 or LCO2 promotes ecological protection. In addition, the chips are not
contaminated by the cutting fluid and thereby chip recycling is much easier (Pusavec
et al., 2014).
It is worth mentioning that generally speaking, the LCO2 is not defined as a cryogenic
fluid with temperature of -78 ◦C at ambient pressure. However, it is assimilated to a
cryogenic fluid because it has similar use as the liquid nitrogen for a machining appli-
cation.
More details will be provided in the next paragraphs concerning both cryogenic fluids
characteristics in addition to their effect on the machinability and surface integrity.

Figure II.16 – Illustration of LN2 Cryogenic system: (a) Experimental setup; (b) High-
speed camera acquisition (Ayed et al., 2017).

3.3 Cryogenic fluids characteristics: LCO2 and LN2

Both cryogenic fluids have their specific characteristics in terms of the mechanisms for
providing the low temperatures that are very important factor influencing their use as
coolants. The main properties for supplying the LN2 and LCO2 can be deduced from
the phase diagrams displayed in Fig. II.17.
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Figure II.17 – Illustration of schematic phase diagrams for: (a) Carbon dioxide; (b)
Nitrogen (Stoll et al., 2014).

3.3.1 Liquid carbon dioxide: LCO2

Fig. II.17.a presents the phase diagram for CO2. As it can be seen below -56.6 ◦C and
at pressure from 0 to 5.2 bar, CO2 is either solid or gas. To obtain the liquid state, the
pressure of CO2 must be maintained higher than 5.2 bar. In cutting process, CO2 is
frequently stored at room temperature and at a pressure of 57 bar as observed in Fig.
II.17.a. CO2 is delivered from the tank through pipes into the cutting region. At the
exiting from the delivering network, the LCO2 expands and the pressure decreases to
reach the atmospheric pressure to 1.013 bar. In this condition, the temperature of the
fluid reaches -78.5 ◦C according to the Joule-Thomson effect. Phase transformation
took place to form solid carbon dioxide (snow) and gaseous phase. After serving as a
coolant, the solid particles sublimate to the air and no residue remains.
It is worth noting that CO2 can also be in the supercritical form (P> 74 bar and T>
31 ◦C). At theses critical conditions, the CO2 becomes a solvent, essentially used in
commercial issues, particularly in the chemical extraction process owing to its low tox-
icity and low environmental effect. This state of CO2 can also be used in machining
assistance, in particular when it is mixed with MQL (An et al., 2020). In the current
work, supercritical state of CO2 will not be studied.

3.3.2 Liquid nitrogen: LN2

Fig. II.17.b revealed the phase diagram for N2. The triple point is the state where all
the phases are present at 0.13 bar of pressure and at -210 ◦C of temperature. The liquid
phase of nitrogen LN2 occurred at very low temperature holding -196 ◦C. In general,
to maintain the liquid state of nitrogen, the latter is stored in isolated tanks at high
pressure around 15 bars. In machining process, when delivering the LN2 at the cutting
zone, the pressure drops to 1.013 bar and the nitrogen boils at -196 ◦C. So that, the
heat dissipated is absorbed and the nitrogen gas state becomes a part of the ambient
air. The nitrogen is toxic-free and safe as it evaporates and does not contaminate the
working environment and non-combustible as well Nalbant and Yildiz (2011). Never-
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theless, it should be noted that in certain cases the nitrogen forms a cushion depending
on the delivering parameters that control the liquid state of nitrogen and therefore the
cooling effect is reduced (Hong et al., 2001).

Table II.3 summarizes the characteristics of LN2 and LCO2 employed during the ma-
chining process reported by (Blau et al., 2015).

Table II.3 – Characteristics of LN2 and LCO2 employed during the machining process
(Blau et al., 2015).

LCO2 LN2

Feasible temperature -78◦C -196◦C

Range of cooling effect Formation of low Cooling effect including
temperatures during the storage tank, feeding
expansion at tool exit tubes and the cutting tool

Handling/integration Without any problems Vacuum insulation of
into machine tool total feeding system

(tubes) necessary

Tools Standard tool with only Special tool design with
few modifications insulated supply

4 The effect of cryogenic machining

4.1 Effect on tool wear

In machining, the interactions between the machining material and the machined ma-
terial generate very complex physical phenomena. Indeed, this manufacturing process
is a thermomechanical process highly coupled in which heat, friction phenomena and
plastic deformations play a crucial role in terms of wear (List, 2004).
Dhananchezian and Kumar (2011), reported the effect of LN2 cryogenic cooling on tool
wear, especially tool flank wear. According to the tests carried out during the machin-
ing of the Ti64, they revealed that the evolution of the tool flank wear, after 5 min
of machining, is less important under LN2 cryogenic conditions. Fig. II.18 shows the
comparison between the wet machining and cryogenic machining in terms of tool flank
wear when varying the cutting speed.
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Figure II.18 – Comparison of tool flank wear when machining Ti64 under wet and LN2
cryogenic conditions after 5 min of cutting (Dhananchezian and Kumar, 2011).

For instance, for a cutting speed Vc= 63 m/min and a feed rate f = 0.159 mm/rev, the
flank wear was equal to 536 µm and 370 µm in the case of wet and cryogenic coolants
respectively. In fact, a decrease in flank wear was noted with a gain of 31% in the
cryogenic case compared to conventional lubrication. This is due to the fact that the
liquid nitrogen jet contributes to lowering the cutting temperature and subsequently
to control the wear mechanisms that are thermally activated.
Similar results have been reported by (Bordin et al., 2015) in the case of turning Ti64
in dry and cryogenic conditions varying the cutting speeds (50 m/min and 80 m/min)
and the feed rates (0.1 mm/rev and 0.2 mm/rev). Authors highlighted that the LN2
coolant promotes a significant reduction in tool wear damage as displayed in Fig. II.19.
Hence, longer tool life was obtained under LN2 cryogenic condition.
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Figure II.19 – Illustration of tool wear damage when turning Ti64 after 8 min of machin-
ing under dry and cryogenic conditions (Vc= 80m/min and f =0.2 mm/rev) (Bordin
et al., 2015).

Hong et al. (2001) found an identical effect with regard to LN2 cryogenic fluid influ-
ence on tool life during machining Ti64. Results obtained have proved a noticeable
improvement in tool life in the case of cryogenic machining of the titanium alloy Ti64.
Authors also determined the order of the effectiveness of the cooling method (from low-
est to best) as follows: dry, cryogenic cooling of the flank face of the tool, conventional
cooling, cryogenic cooling of the rake face of the tool and cryogenically cooling both
sides of the tool simultaneously (Fig II.20).
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Figure II.20 – Comparison of tool life obtained during machining Ti64 under miscella-
neous cooling approaches (Hong et al., 2001).

Kaynak (2014) extensively focused on the machinability of nickel based alloy Inconel
718 under LN2 cryogenic condition in comparison with dry and MQL methods during
turning operation. Regard the LN2 delivery, a couple of nozzles were used to supply
the LN2 simultaneously at the rake and flank faces of the cutting tool. The obtained
results showed a good agreement with the previous studies concerning the tool flank
wear decrease compared to dry and MQL approaches until reaching 4 min of cutting.

Figure II.21 – Tool flank wear evolution during machining Inconel 718 under : dry,
MQL and LN2 cryogenic conditions (Kaynak, 2014).
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Although the flank wear is a fundamental parameter to determine the life of the cut-
ting tool, the crucial factor generating the failure of the cutting tool in the case of
LN2 cryogenic cooling strategy was the notch wear (Kaynak, 2014; Musfirah et al.,
2017). Under cryogenic conditions, there is an inverse effect after 100 s in machining
(Fig II.22). Indeed, during a very short machining time (less than 100 s), the notch
wear curve has the lowest slope compared to those of dry and MQL conditions. How-
ever, this parameter shows a very rapid increase after 100 s inducing the end of tool life.

Figure II.22 – Notch wear evolution during machining Inconel 718 under: dry, MQL
and LN2 cryogenic conditions (Kaynak, 2014).

According to (Musfirah et al., 2017), the evolution of the notch wear is essentially
owing to the mechanisms of abrasion and adhesion that were more important in the
case of LN2 strategy. Hence, the resistance of the cutting tool was strongly deteriorated.
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Figure II.23 – Illustration of a comparison of tool wear under two conditions: dry and
cryogenic coolant (Musfirah et al., 2017).

Behera et al. (2017) have pointed out a comparative study of several cooling envi-
ronments during machining Inconel 718 namely cryogenic condition, High pressure jet
(HPJ), Minimum quantity lubrication (MQL) and Minimum quantity lubrication us-
ing nanofluid (nMQL) considering as a reference dry condition. The Nano minimum
quantity lubrication nMQL consists of applying an amount of nanofluids (NF) to the
cutting zone. NF is prepared by mixing (nano particles) NPs with the base fluid to
improve the thermal as well as the tribological properties of the base fluid. In this
work, authors have established a parametric study varying different cutting parame-
ters: the cutting speed ”Vc”, the feed rate ”f” and the effective rake angle ”γ”. They
have recorded several responses such as the cutting forces, surface roughness and in
particular the tool flank wear. Actually, with respect to the tool flank wear, experi-
ments showed that the most dominant mechanism under all cooling strategies is the
coating peeling-off as obviously illustrated in Fig II.24.
In addition, the measurements of tool flank wear have revealed that the lowest values
were recorded in LN2 cryogenic and nMQL (using the nanofluid) machining environ-
ments whereas the highest tool flank wear value of 275.6 µm at -10 ◦ of rake angle was
obtained in dry condition. Under nMQL condition, the tool flank wear decreased until
129.6 µm while in LN2 cryogenic condition, the tool flank wear was reduced to 99.5 µm.
Overall, the authors have classified the different cooling environments with regard to
the tool flank wear reduction when varying the cutting parameters that were previously
mentioned (from the best to the worst): nMQL, LN2 cryogenic, HPJ and MQL. They
have reported that nMQL cutting fluid exhibits a boosting effect in terms of enhance-
ment of the thermal and tribological properties of the coolant and thus increasing tool
life and improving the surface finish of the machined part.
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Figure II.24 – Illustration of tool flank wear when machining Inconel 718 under:
HPJ, cryogenic, MQL, nMQL and dry machining environments (Vc=80 m/min,
f= 0.2 mm/rev, γ =1 ◦) (Behera et al., 2017).

Few researches have investigated the effect of cryogenic machining using carbon dioxide
CO2 as a cutting fluid performed on several workpiece materials for instance hardened
steel, Ti64 and Inconel 718. Bagherzadeh and Budak (2018) have carried out ex-
periments using different coolant environments. They operated several configurations
namely a combination of minimum quantity carbon dioxide and oil (CMQL) delivered
from the rake face, CO2 and MQL delivered from rake and flank faces respectively as
well as only CO2 delivered from rake face using two different nozzles (thin nozzle and
modified nozzle) when machining Ti64 and Inconel 718 in turning operations. Each
trial has been repeated three times for better repeatability. Results showed that in the
case of Ti64 machined part, tool life improvement percentage was quantified compared
to the case of using CO2 condition with a thin nozzle: 177 %, 345 % and 392 % in
CO2+MQL, CMQL and CO2 (modified nozzle) respectively (Fig II.25).
Nevertheless, in the case of Inconel 718 machined part, results showed that no improve-
ment detected in terms of tool life in the case of CO2+MQL condition compared to the
case of using CO2 condition with a thin nozzle while improvement percentage in tool
life was recorded: 30 % and 14 % in CMQL and CO2 (modified nozzle) respectively,
compared to the case of using CO2 condition (Fig. II.26).
Consequently, one could conclude that depending on the cutting parameters, this al-
ternative of cryogenic coolant using either CO2 or CMQL exhibit a great enhancement
with respect to tool life.

49



Figure II.25 – Tool flank wear progress as a function of cutting length when machining
Ti64 under: CO2, CO2+MQL, CMQL and CO2 (modified nozzle): (a) Maximum flank
wear; (b) Average flank wear (Vc=150 m/min, f=0.2 mm/rev, ap=1 mm, uncoated
carbide inserts TPGN160308) (Bagherzadeh and Budak, 2018).

Figure II.26 – Tool flank wear progress as a function of cutting length when machining
Inconel 718 under: CO2, CO2+MQL, CMQL and CO2 (modified nozzle): (a) Maxi-
mum flank wear; (b) Average flank wear (Vc=100 m/min, f=0.2 mm/rev, ap=1mm,
Uncoated carbide inserts TPGN160308) (Bagherzadeh and Budak, 2018).
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4.2 Effect on cutting forces

Concerning the cutting forces, cryogenic machining (LN2 or LCO2 ) showed a significant
effect on the evolution of these variables. Some studies have revealed that cryogenic
machining have induced higher axial forces while others have found different results.
For instance, Ucak and Cicek (2018) have shown that the LN2 cryogenic cooling fluid
in drilling operation of Inconel 718 induces the elevation of the cutting forces. Authors
have explained this by the fact that the use of LN2 (-196 ◦C) leads to considerably
reduce the cutting temperatures. This makes the material of the workpiece harder at
the surface generating higher cutting forces. As it can be seen in Fig. II.27, axial forces
showed the highest values in the case of LN2 cryogenic machining compared to dry and
wet machining either when using uncoated or coated drills.
This finding is in complete agreement with (Hong et al., 2001,a) in the case of turning
Ti64.

Figure II.27 – Thrust forces evolution when drilling Inconel 718 in dry, wet and LN2
conditions (Ucak and Cicek, 2018).

Regarding the effect of LCO2 cryogenic fluid, Ross and Manimaran (2020) have under-
lined that all cutting forces components have decreased in milling operations of a nickel
based alloy (Nimonic-80A) under various speed–feed combinations fixing the nozzle ori-
entation at 45 ◦. Fig. II.28 illustrates the correspondent results. For instance, the feed
forces disclosed in LCO2 condition 7–10 % and 3–6 % higher values compared to wet
and MQL conditions respectively. Experimental outcomes highlighted that LCO2 re-
duced the friction coefficient on the tool–chip interface to decrease the cutting forces
components.
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Figure II.28 – Cutting forces evolution under various machining environment: (a) feed
force Fx; (b) normal force Fy and (c) axial force Fz (Ross and Manimaran, 2020).

Jerold and Kumar (2012) investigated the difference between the two cryogenic fluids
effectiveness namely LN2 and CO2 when machining AISI 1045 steel in turning oper-
ations. Regard the cutting forces, both cryogenic coolants (LN2 and CO2) decrease
significantly the cutting forces providing better cooling and lubrication aspects by re-
ducing the friction between tool-chip interface. In particular, the carbon dioxide showed
better performance compared to liquid nitrogen. The authors explained this fact by
the high pressure jet of the former coolant allowed to penetrate the chip-tool interface
decreasing drastically friction. Moreover, the application of LN2 at very low tempera-
ture induced higher surface hardness of the workpiece that may explain the slight rise
the cutting force values in comparison with CO2. It was reported that the main cutting
force is decreasing respectively by about 17-38 % and 2-12 % in CO2 condition than
conventional and LN2 machining conditions. Furthermore, LN2 coolant as a cutting
fluids was advantageous by about 14-34 % in comparison with wet condition.
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Figure II.29 – Main cutting forces evolution when varying feed rate at different cutting
speed in different machining conditions (Jerold and Kumar, 2012).

Overall, it could be noted that according to literature review results, they are some
contradictions about the effect of cryogenic machining on the cutting forces. Some
studies found that cryogenic coolants reduced the cutting forces values due to the
reduction of the friction. However, others showed that the rise of the cutting forces is
caused by the increase of the hardness of the work material. Therefore, the explanation
of such behaviors could not easily be revealed since several parameters (work material,
cryogenic coolants and cryogenic set-up) are very different to be able to justify these
contradictions.

4.3 Effect on the cutting temperature

As a whole, the acquisition of the cutting temperature during the machining process
arise some difficulties owing to the small size region involved. Besides, the material
deformation region in machining is sub-millimeter size. So that, the assessment of the
cutting temperature using the thermocouples imply inaccurate measurements, it helps
to have an order of magnitude. Another technique that has shown better estimation
of cutting temperature consists of the infrared cameras. However, regard the cryogenic
machining, this technique discloses certain limits. Indeed, during the cryogenic cutting,
the cooling rate is high and the time of the cooling period is in milliseconds. Available
infrared cameras on the market own a limited frame rate and a fairly long integration
time. At this line, Lu et al. (2013) reported that infrared cameras are not sufficiently
fast to detect the rapid temperature evolution occurring under cryogenic condition.

Aramcharoen and Chuan (2014) have examined the efficiency of LN2 cryogenic fluid
during milling operation of Inconel 718. In particular, authors have figured out the
measurement of cutting temperatures obtained in different machining configurations.
To do this, they had resorted to using infrared cameras. Thus, a significant reduction
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has been evaluated in the case of cryogenic conditions in comparison with dry machin-
ing. Indeed, the maximum temperature obtained under cryogenic conditions is of the
order of 200◦C (473 K). However, this parameter reaches a higher value which is 570◦C
(843 K) in the case of dry machining. This result highlights the effectiveness of the
LN2 cryogenic fluid as a cooling method (Fig II.30). Nevertheless, the fact of employ-
ing infrared camera during the machining process when cooling with LN2 raises many
questions. When machining using LN2 as a coolant, its evaporation when exposing to
the air leads to high amount of gas phase that may dramatically disrupt the infrared
camera and thus wrong measurements.

(a) (b)

Figure II.30 – Illustration of cutting temperature measured by means of an infrared
camera during milling operation of Inconel 718: (a) dry; (b) cryogenic given in Kelvin
(Aramcharoen and Chuan, 2014).

Lower cutting temperature have been obtained under LN2 cooling condition when
drilling Inconel 718 in comparison with dry and wet machining conditions (Ucak and
Cicek, 2018). K-type thermocouples that were employed are suitable to measure tem-
perature in the range from -200◦C to 1200◦C. Five thermocouples were positioned along
the thickness of the drilled holes in all machining conditions. Fig. II.31 displayed the
positions and the dimensions of the thermocouples located on the workpiece.

Figure II.31 – SEM images of the cross section of the workpiece showing positions and
dimensions of thermocouple holes (Ucak and Cicek, 2018)

.
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Fig. II.32 discloses the maximum cutting temperature measured with each thermo-
couple under all drilling conditions. As it can be seen, the LN2 reduced significantly
the cutting temperature assessed for each position of the thermocouples. For instance,
the maximum temperatures measured at T5 position, cryogenic cooling decreases the
cutting temperatures by 12.5 % and 66.3 % when using uncoated and by 54.3 % and
81 % when using TiAlN coated drills compared to wet and dry conditions, respectively.

Figure II.32 – Cutting temperature values under different machining conditions (Ucak
and Cicek, 2018).

4.4 Effect on friction coefficient

Tribological aspect constitutes an important issue in cutting process owing to its drastic
influence on the cutting forces and the cutting temperatures as well. Therefore, one
is interested in lowering as possible the friction coefficient in order to improve the
machinability of the work materials. In this context, researches examined the effect of
the cryogenic coolant regard the friction coefficient.
Courbon et al. (2013) investigated the lubrication efficiency of LN2 cryogenic fluid
when machining Inconel 718 and Ti64. Authors studied the tribological behavior of a
carbide insert in contact with the two previous materials. They used an open tribometer
equipped with a TiN coated carbide tool rubbing in one side on an Inconel 718 bar
and in the other side on a Ti64 bar. Results have revealed that in the case of Ti64, the
friction coefficient hardly changes. However, a good improvement has been detected
in the case of Inconel 718 where the friction coefficient has decreased as displayed in
Fig. II.33 and Fig. II.34. This could be explained by the fact that the tribo-chemical
behavior of both materials is different: titanium has a higher tribo-chemical affinity
with nitrogen than Inconel 718 (Courbon et al., 2013).
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Figure II.33 – Friction coefficient evolution at the interface between tool-chip versus
the sliding velocity (Ti64) (Courbon et al., 2013).

Figure II.34 – Friction coefficient evolution at the interface between tool-chip versus
the sliding velocity (Inconel 718) (Courbon et al., 2013).

Recently, Courbon et al. (2020) have studied the effect of LCO2 on the friction coef-
ficient when cutting Ti64 and AISI1045 with carbide tools. Results have shown that
applying only LCO2 did not change the friction coefficient compared to dry machining
while combining LCO2+MQL decreased significantly the friction coefficient from 0.5 to
0.1 compared to the other machining conditions in the case of AISI1045. In contrast,
in the case of Ti64, neither LCO2 nor the combination LCO2+MQL have reduced the
friction coefficient.
It could be deduced that the effect of the cryogenic coolants on the friction coefficient
depends on the work material.
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4.5 Effect on surface integrity

Surface integrity is a very important parameter that must be well controlled by ma-
chining as it affects the service life of parts during their use. In the aeronautical
sector, many components of the aircraft are severely subjected to very high temper-
atures, heavy mechanical loads and hostile environment. Several fracture analyses of
the dynamic parts showed that the latter break by fatigue because of the cracking that
initiates and propagates from the surface. Therefore, one must pay a lot of attention to
the surface integrity of the machined parts. In what follows, we will discuss the effect
of cryogenic machining on the surface integrity (surface roughness, micro-hardness and
residual stresses) of manufactured components.

4.5.1 Surface roughness

The surface roughness is a major parameter to characterize the surface quality of
the machined part. At this line, many studies have examined the effect of cryogenic
cooling on surface roughness induced. Most of these studies have shown the positive
effect of this cooling approach on surface quality of the machined parts (Bordin et al.,
2017; Rotella et al., 2014; Dhar and Kamruzzaman, 2007). For instance, Dhar and
Kamruzzaman (2007) have focused on the LN2 performance in turning operations of
AISI-4037 steel under different machining configurations (cutting parameters: f and
Vc and cooling conditions: dry, wet and LN2 cryogenic conditions). LN2 provided the
best surface finish in comparison with dry and wet machining for all tested cutting
speeds and feed rates values. Fig . II.35 presents an example of the outputs obtained
for a fixed cutting speed (Vc = 264 m/min ) and a feed rate (f= 0.13 mm/rev) under
the three machining environment. These results are consistent with those found by
(Bordin et al., 2017; Rotella et al., 2014) who conducted experimental investigations
to evaluate the performance of cryogenic machining versus dry and MQL machining
conditions of titanium alloy Ti64.

Figure II.35 – Illustration of the surface roughness evolution during machining time
under dry, wet and LN2 cryogenic conditions at Vc=264 m/min and f= 0.13 mm/rev
(Dhar and Kamruzzaman, 2007).
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Nevertheless, Iturbe et al. (2016) have figured out an opposite effect of LN2 cryogenic
condition when machining Inconel 718. The surface roughness parameters (Ra and
Rt) showed much higher values when comparing with the conventional lubrication
(Fig. II.36). Authors have explained this result by the fact that the high values of tool
wear picked up under the cryogenic condition affects significantly the surface condition
of the machined parts.

Figure II.36 – Illustration of surface roughness evolution versus tool flank wear during
the machining of Inconel 718 in turning operations under conventional and Cryo+MQL
cooling strategies (Iturbe et al., 2016).

Lately, Jamil et al. (2021) have carried a comparative study between several machining
cooling strategies namely MQL, LN2 and CO2 considering as a reference dry conditions.
As compared to dry milling, the improvement in surface quality was about 53.8 %, 39.7
%, and 32.8 % in CO2-snow, LN2 and MQL sustainable cooling strategies, respectively.
Fig. II.37 summarizes the obtained results under all cooling strategies.
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Figure II.37 – Illustration of surface roughness obtained under dry, MQL, LN2 and CO2
cooling conditions showing the effect of milling parameters and cooling modes (Jamil
et al., 2021).

4.5.2 Residual stresses

Several studies have reported the effect of machining processes on the surface integrity
of machined parts, in particular residual stresses. The common results that have been
reported in the literature review in the case of steels (Leadebal Jr et al., 2018), titanium
alloys (Ayed et al., 2017) and nickel based alloys (Pusavec et al., 2010) revealed that
LN2 cryogenic condition either reduced the tensile residual stresses at the surface (and
at the subsurface) or generated compressive residual stresses depending on the work
materials.
Leadebal Jr et al. (2018) have investigated the cryogenic effect on surface integrity of
AISI D6 steel compared to dry machining. Authors have tested different LN2 cryogenic
delivery positions namely delivering LN2 on the tool flank face, on the rake face and
on both faces simultaneously.
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Figure II.38 – Illustration of the residual stresses profiles measured along : (a) Axial
direction; (b) Cutting direction (Leadebal Jr et al., 2018).

Results figure out that, when comparing to dry condition, all cryogenic configurations
led to higher compressive residual stresses on the surface along the cutting and the feed
directions using fresh tools. Axial residual stresses exhibit higher compressive values
compared to hoop stresses in all cutting conditions relatively important when LN2 is
applied on the tool rake face. Nevertheless, hoop residual stress reveals the highest
compressive value when LN2 is applied on both tool faces.

Ayed et al. (2017) has disclosed the influence of cryogenic machining conditions on
turning operations of Ti64. They revealed that the residual stresses are extremely in-
fluenced by machining cooling methods. The most efficient result is obtained in the
case of cooling with the cryogenic fluid. This may be justified by the fact that cooling
at cryogenic temperatures induces a significant decrease in temperatures in the cutting
zone. Subsequently, decrease the tendency to generate thermal loads generating tensile
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residual stresses (Fig. II.39).

Figure II.39 – Illustration of the effect of several cooling strategies on residual stresses
when machining Ti64 in turning operations (Ayed et al., 2017).

Pusavec et al. (2011) have extensively investigated LN2 cryogenic performance when
machining Inconel 718, in particular its influence on the residual stresses. The cutting
parameters : Vc = 60 m/min, f=0.05 mm/rev and ap =0.63 mm were chosen in such
a way that cutting forces, cutting temperature and tool lives induced optimum values.
With respect to residual stresses, the profiles were measured at the surface and at the
sub-surface of the machined part when machining using new tools. Results have shown
that LN2 induced the lowest tensile residual stresses near the surface and the highest
compressive residual stresses at the depth of the machined surfaces as illustrated in
Fig. II.40. The compressive zone below the surface is thicker for the case of cryogenic
conditions, extending the compressive zone from 40 µm to 70 µm (for 185 %) compared
to dry condition. The same explanation previously stated was announced to justify
these results (Ayed et al., 2017).
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Figure II.40 – Illustration of residual stresses on the surface and along the depth of the
machined surface in turning operations of Inconel 718 under different cooling strategies
(Vc = 60 m/min, f=0.05 mm/tr and ap =0.63 mm) (Pusavec et al., 2011).

Similar tendency has been pointed out by (He et al., 2016) reporting that LN2 cryogenic
condition produced lower tensile residual stresses on the surface and the subsurface of
the machined workpiece in comparison with those obtained in dry machining.
Concerning the LCO2, few studies have examined its effect on residual stress distribu-
tion. Ross and Manimaran (2020) underlined the LCO2 influence on surface residual
stress in comparison with wet and MQL cooling strategies conditions of a nickel based
alloy Nimonic-80A. The main result consists of LCO2 cooling strategy decreased signifi-
cantly the thermal effect and fastened the mechanical work, causing higher compressive
residual stresses (Fig. II.41).
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Figure II.41 – Illustration of residual stress on the machined surface under different en-
vironmental conditions at Vc = 75 m/min and fz = 0.08 mm/rev (Ross and Manimaran,
2020).

4.6 Summary of the literature review
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5 Conclusion

In this chapter, one has discussed the general aspects of the cryogenic cooling approach
highlighting the characteristics of the two cryogenic fluids (LN2 and LCO2) commonly
employed in anterior studies. Subsequently, the impact of the cryogenic assisted strat-
egy on machining performance (tool life, cutting forces and surface integrity) have
been revealed. At this line, a very interesting result has been identified that consists
of showing significant gain in the cryogenically assisted machining of certain difficult-
to-cut materials such titanium alloys and steels. In contrast, Inconel 718 has exhibited
multiple problems during cutting process in terms of tool life and surface integrity of
the machined component. Besides, it is worth mentioning that the previous studies
when dealing with machining of Inconel 718, authors compared the cryogenic machin-
ing performance with dry and MQL cooling strategies. However, a comparison with
conventional lubrication was rarely revealed although that this cooling condition is the
most used in industrial applications owing to its advantages regard tool life. Moreover,
in many cases the information about the machining time is not mentioned. Thus, the
tool wear state is not clear and the judgment of the cooling strategy efficiency is not
well discerned.
For these reasons, we attribute a great attention to investigate the cryogenic perfor-
mance when machining Inconel 718. A comparative study between the two cryogenic
fluids namely LN2 and LCO2 considering as a reference the conventional lubrication
(wet) is carried out.

In order to extract additional information concerning the poor machiniability of Inconel
718 under cryogenic conditions, the mechanical characterization of the work material
at cryogenic temperature is studied. This could be a key factor to discriminate certain
mechanisms and/or phenomena causing the mediocre performance of cryogenic cooling
conditions when machining Inconel 718. In fact, the very low temperature of cooling
with LN2 (-196 ◦C) could affect significantly the work material behavior during machin-
ing. In particular, the uncut surface is subjected to low temperature of the cryogenic
fluid prior to the cut operation allowing to obtain the stabilized state of the cryogenic
fluid.

The main objective of this PhD study is to evaluate to the influence of cryogenic
machining on fatigue resistance of Inconel 718. Knowing that most of the airplane
components which are produced from nickel based alloys, are subjected to cyclic loads
during service. Therefore, controlling the manufacturing process will promote better
efficiency regard the fatigue behavior of the machined parts. In other words, providing
better surface integrity could improve the fatigue performance as reported in literature.
At this line, cryogenic machining may be a good alternative to fulfill these requirements.
In this context, an original approach is developed in this PhD work. We focus on
adapting the cryogenic drilling process to study its effect on fatigue resistance.
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URL: http://www.theses.fr/2010ENAM0051. thèse de doctorat dirigée par Furet,
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Sciences de l’ingénieur. Mécanique Paris, ENSAM 2004.

Lu, T., Dillon, O.W., Jawahir, I.S., 2013. A thermal analysis framework for cryo-
genic machining and its contribution to product and process sustainability , 262–
267Available Open Access publishedVersion at urn:nbn:de:kobv:83-opus4-73249.

70



Magalhaes, D., Kliauga, A., Ferrante, M., Sordi, V., 2017. Plastic deformation of fcc
alloys at cryogenic temperature: the effect of stacking-fault energy on microstructure
and tensile behaviour. Journal of Materials Science 52, 1–13. doi:10.1007/s10853-
017-0979-8.

Mohan, R.P.V., Satyanarayana, M.K., V., S.S., Nagender, N.S.V., 1992. Effect of
ternary additions on the room temperature lattice parameter of ni3al. physica status
solidi (a) 133, 231–235. URL: http:https://doi.org/10.1002/pssa.2211330203,
doi:10.1002/pssa.2211330203.

Musfirah, A., Ghani, J., Haron, C.C., 2017. Tool wear and surface integrity of inconel
718 in dry and cryogenic coolant at high cutting speed. Wear 376-377, 125 – 133.
URL: doi:https://doi.org/10.1016/j.wear.2017.01.031. 21st International Conference
on Wear of Materials.

Nalbant, M., Yildiz, Y., 2011. Effect of cryogenic cooling in milling process of aisi
304 stainless steel. Transactions of Nonferrous Metals Society of China 21, 72–79.
doi:10.1016/S1003-6326(11)60680-8.

Niang, A., 2010. Contribution à l’étude de la précipitation des phases intermétalliques
dans l’alliage 718. Ph.D. thesis. Institut National Polytechnique de Toulouse (INP
Toulouse). URL: http://oatao.univ-toulouse.fr/7259/.

Nouari, M., Makich, H., 2013. Experimental investigation on the effect of the material
microstructure on tool wear when machining hard titanium alloys: Ti–6al–4v and
ti-555. International Journal of Refractory Metals and Hard Materials 41, 259–269.
URL: doi:https://doi.org/10.1016/j.ijrmhm.2013.04.011.

Ogata, T., 2014. Evaluation of mechanical properties of structural materials at cryo-
genic temperatures and international standardization for those methods. AIP Con-
ference Proceedings 1574, 320–326. doi:10.1063/1.4860643.

Pusavec, F., Deshpande, A., Yang, S., Saoubi, R.M., Kopac, J., Dillon, O.W., Jawahir,
I.S., 2014. Sustainable machining of high temperature nickel alloy inconel 718: part
1 predictive performance models. Journal of Cleaner Production 81, 255 – 269.
doi:https://doi.org/10.1016/j.jclepro.2014.06.040.

Pusavec, F., Hamdi, H., Kopac, J., Jawahir, I., 2011. Surface integrity in cryogenic
machining of nickel based alloy—inconel 718. Journal of Materials Processing Tech-
nology 211, 773 – 783. URL: doi:https://doi.org/10.1016/j.jmatprotec.2010.12.013.

Pusavec, F., Krajnik, P., Kopac, J., 2010. Transitioning to sustainable production –
part i: application on machining technologies. Journal of Cleaner Production 18,
174 – 184. URL: doi:https://doi.org/10.1016/j.jclepro.2009.08.010.

Reed, R., 1998. Low temperature tensile properties of fe ni alloys , 25–32.

Ross, K.N., Manimaran, G., 2020. Machining investigation of nimonic-80a super-
alloy under cryogenic co2 as coolant using pvd-tialn/tin coated tool at 45 noz-
zle angle. ARABIAN JOURNAL FOR SCIENCE AND ENGINEERING 45.
doi:10.1007/s13369-020-04728-8.

71



Rotella, G., Dillon, W., Umbrello, D., Settineri, L., Jawahir, S., 2014. The ef-
fects of cooling conditions on surface integrity in machining of ti6al4v alloy. The
International Journal of Advanced Manufacturing Technology 71, 47–55. URL:
https://doi.org/10.1007/s00170-013-5477-9, doi:10.1007/s00170-013-5477-9.

Srinivasan, A., Hanemann, T., Weiss, K.P., Freudenberger, J., Heilmaier, M.,
Kauffmann, A., 2020. Dislocation-based serrated plastic flow of high en-
tropy alloys at cryogenic temperatures. Acta Materialia 200, 980–991.
doi:10.1016/j.actamat.2020.09.052.

Srinivasan, A., Sas, J., Weiss, K.P., Chen, H., Szabó, D.V., Schlabach, S., Haas, S.,
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1 Introduction

Nickel based alloys are mostly used as disc material in gas turbine and in jet engines
under high thermal loads up to 650 ◦C (Si et al., 2015). For this reason, previous
studies have widely investigated the mechanical behavior of Inconel 718 at high tem-
perature performed using uniaxial quasi-static compression tests. In particular, most
of researchers have investigated the thermo-mechanical behavior of Inconel 718 at very
high temperature covering the range of 920 ◦C to 1040 ◦C and at low strain rate values
from 0.001 s−1 to 1 s−1 (Lin et al., 2015). The choice of these parameters intervals
is essentially based on the hot forming process of Inconel 718 for instance the forging
process. Nevertheless, another aspect that was extensively examined in the literature
review dealing with the high temperature behavior of Inconel 718 consist in the ma-
chining process, particularly the chip formation mechanism for modeling requirements
(Iturbe et al., 2017). In this context, Iturbe et al. (2017) have deeply investigated the
flow stress behavior of Inconel 718 in order to develop a reliable model under high
strain rates (up to 100 s−1) and over wide range of temperatures ( up to 1050◦C). The
working temperature examined in this study does not cover the cryogenic temperature
range encountered in the cutting process using cryogenic fluid.
It is well known that during the machining process, the temperature in the secondary
shear zone could achieve very high values holding even 900◦C depending on the cutting
speed, the cutting tool material as well as the cooling strategy (Czán et al., 2017). At
the beginning of the cryogenic machining, the workpiece material is subjected to very
low temperature up to -196 ◦C. One is interested in examining this temperature level
when characterizing the mechanical behavior of Inconel 718.
Few projects have focused on the effect of cryogenic temperature on the mechanical
properties of the work material . For instance, Camilo et al. (2017) have performed
tensile tests at low temperature on three materials namely AA1050, commercially pure
Cu and Cu–15Zn alloy. The findings have led to conclude that the three materials
showed an elevation of both strength and ductility at the cryogenic temperature. Fig.
III.1 displayed the correspondent results.
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Figure III.1 – Engineering stress vs the plastic strain curves for the three materials
(Camilo et al., 2017).

Jiang et al. (2016) have tested three kinds of nickel based alloys with different chemical
composition where the rates of the composed elements (Ni Cu Cr Mo Ti Al Nb) have
been diversified. Compression tests have been conducted at strain level of 60 %, at
strain rate of 0.001 s−1 and at a temperature of -150 ◦C. They concluded that the
yield strength and the compression ultimate strength of the three alloys were enhanced
under cryogenic environment. Recently, Sharath Chandra et al. (2020) reported that
Inconel 718 yield strength and UTS are least affected by low temperatures (up to -70
◦C). They have claimed that both material yield strength and the UTS decreased by
decreasing the tested temperature as illustrated in the Fig. III.2.

Figure III.2 – Stress-strain curves at sub zero temperatures (Sharath Chandra et al.,
2020).

It is important to point out that the strain rate occurred during metal cutting achieved
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high levels up to 106 s−1 (Zhang et al., 2021). In this context, Lee et al. (2011) in-
vestigated the dynamic impact behavior of Inconel 718 alloy at temperatures ranging
from -150 ◦C to 550 ◦C and strain rates covering 1000 s−1 to 5000 s−1. Such dynamic
experiments are usually performed employing a compressive Split Hopkinson Pressure
Bar (SHPB). Results showed that the flow stress is proportional with the strain rate
and inversely proportional with the temperature where the highest work hardening rate
was observed at the lowest temperature (-150 ◦C) and the highest strain rate (5000 s−1).

Based on literature review, it appears that no paper has figured out the cryogenic
set-up employed during their investigations regardless of the work material. The few
cryogenic systems that have been presented are neither financially affordable (Ogata,
2014) nor suitable for Gleeble machine (Fabre, 2013). Indeed, Fabre (2013) showed the
liquid nitrogen delivery employed during compression tests under low temperatures.
However, such system presents, in our case, a great risque to damage the cell effort of
the Gleeble machine since that the liquid nitrogen is not locally supplied to cool down
the specimen. Even the tested temperature were not stable in this work.
The current study will present a new cryogenic experimental set-up providing the aimed
cryogenic temperature. Besides, we will investigate the cryogenic temperature effect on
the flow stress behavior in addition to the microstructure alterations of the deformed
samples at cryogenic conditions. For these reasons, the mechanical characterization at
low and high temperature under static and dynamic loads will be figured out.
The first part of this chapter will be devoted to the description of the work material.
Subsequently, the mechanical characterization methodology will be detailed followed
by the experimental results and discussions.

2 Description of the work material

2.1 Heat treatment and chemical composition

The material used in this study is the NiCr19FeNb nickel-based alloy (Inconel 718).
During its development, this alloy underwent a structural hardening heat treatment
according to the following cycle:

— heating at a temperature from 940 ◦C to 1010 ◦C followed by water quenching;
— heating until 720 ◦C for eight hours;
— cooling until 620 ◦C with a speed equal to 50 ◦C/h and maintain for eight hours

at this temperature followed by air cooling;

The structural hardening heat treatment aims to precipitate two phases γ′ (Ni3(Al,Ti))
and γ′′ (Ni3Nb).
Nickel based alloys are superalloys that exhibit excellent mechanical properties in an
extended temperature range up to 700 ◦C. Compression test has been conducted to
identify the ultimate strength and the yield strength at room temperature and at a
strain rate of 0.01 s−1 (Table III.1). The micro-hardness value was determined using
the Vickers method with a 200 gf load .
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Table III.1 – Mechanical properties of Inconel 718 at room temperature

Ultimate Compression Strength (MPa) 1630
Yield strength (MPa) 1150
Young modulus (GPa) 206
Hardness (HV0.2 ) 486
Density (g.cm−3 ) 8.19
Thermal conductivity coefficient (W/m.K) 11.2
Average grain size (µm) 27.4

In order to pick out the chemical composition of the work material Inconel 718, Energy
Dispersive Spectroscopy (EDS) analyses have been carried out. Fig III.3 and Fig III.4
displayed the correspondent results in addition to the chemical composition of the car-
bides involved.

Figure III.3 – EDS analysis carried out at a grain of the austenitic matrix γ in order
to identify its chemical composition.

Figure III.4 – EDS analysis carried out at a NbC carbide in order to identify its chemical
composition.

Table III.2 summarizes the rate of each element present in the alloy.

Table III.2 – Chemical composition of Inconel 718 (% wt)

Ni Cr Fe Mo Nb Ti Al
53.17 18.41 18.45 2.91 5.51 0.99 0.56
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2.2 Microstructure observations

2.2.1 Optical Microscope(OM)

The microstructure of Inconel 718 was visualized using the optical microscope for the
purpose of recognizing the structuring of the work material. Metallurgical observations
under the optical microscope of Inconel 718 reveals:

— The austenitic matrix γ;
— The δ-phase that exhibits an arbitrary distribution either at the grain boundaries

or within the grains. This phase contributes to increasing the creep resistance
of Inconel 718;

— The twins are present in a relatively important way. The twinning phenomenon
could occur either under thermal loading and/or mechanical loading.

Twinning mechanism is another mode of plastic deformation in addition to the slipping
mode; conventionally observed in nickel based alloys metals (Shi et al., 2015). A twin
corresponds to a volume of the crystal which has been sheared in homogeneous way
(Mackain, 2017). This sheared volume defines an interface with the parent crystal that
commonly called ”Twin Boundary” as displayed in Fig.III.5.

Figure III.5 – Illustration of the microstructure of the raw material at the as-received
state.
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2.2.2 Scanning Electron microscopy (SEM)

The Scanning Electron microscopy (SEM) is a technique of electron microscope that
allows to produce images in high resolution whose principle is to send a beam of elec-
trons on the surface of a sample. The interaction between electron-material gives rise to
several types of emitted beams (secondary electrons SE, backscattered electrons BSE
and Auger electrons) which will be picked up by detectors allowing finally to build the
images. Complementary analyses could be conducted using the SEM equipment. For
instance, the EDS mainly employed for chemical composition analysis and the EBSD
to characterize the material texture.

The observation of the microstructure using the SEM equipment underlines the same
composition mentioned in Section 2.1 namely the γ austenitic matrix, the δ phase, the
twins in addition to the MC type carbides. The carbides (intragranular or intergran-
ular) having different shapes. They participate in the slowdown of grains movement
at high temperature and actively contribute to the reinforcement of creep resistance.
The advantage of this observation is that one could visualize more finely the different
morphologies of all phases as displayed in Fig. III.6.

Figure III.6 – Illustration of Inconel 718 microstructure in the as-received state observed
by SEM technique using the SE beam.
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2.2.3 Electron Back Scatter Diffraction (EBSD)

The Electron Back Scatter Diffraction method (EBSD) allows to characterize the orien-
tation of polycrystalline materials and to analyze the texture of some materials having
a preferential orientation due to the forming process. The sample is inclined at an
angle of 70 ◦, with respect to the incident electron beam. The electron-material in-
teraction induces the emission of back scattered electrons which can be diffracted by
the diffracting planes that respect the Bragg law. The diffracted cones intersect the
phosphorescent screen to form the kikuchi lines that will be indexed thereafter to form
”EBSD mapping” (Fig. III.7).

Figure III.7 – Experimental device of scanning electron microscope in EBSD mode
(Barbier, 2010).
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The EBSD map of the work material in the as-received state before deformation is
presented in Fig. III.8. The Fig. III.8 pointed out the random misorientation between
grains. It can also be found that the initial microstructure is mainly composed of
equiaxed grains and lamella-like straight annealing twins revealing an average grain
size of 27.4 µm. A typical microstructure of heat-treated Inconel 718 as reported in
literature review (Lin et al., 2015).

Figure III.8 – Illustration of Inverse Pole Figure (IPF) obtained from EBSD analysis
of in the as-received state (Projection axis [001]).

2.3 Samples preparation

Sample preparation is a very important step in order to conduct meticulous metallo-
graphic observations. After cutting the samples, one start with the mechanical pol-
ishing by means of the Struers machine using SiC silicon carbide abrasive papers with
increasing grain sizes (80, 180, 320, 600, 800, 1000, 1200 µm). This step is done under
water. Then, diamond polishing (9 µm and 3 µm) and the silica suspension (OP-S)
are made using the special felted discs. Subsequently, the samples are cleaned in an
ultrasonic bath with ethanol. In fact, in this study, we are interested in observing on
a very fine scale. Therefore, we aim to obtain a very clean surface and a perfect finish
(mirror polishing). In the case of observations under the light microscope, it is neces-
sary to use an etching solution in order to reveal the microstructure, in particular the
grain boundaries. The solution used is the ”Eau régale”, which consists of a mixture of
hydrochloric acid (HCl) and nitric acid (HNO3), concentrated in a proportion of 75 %
and 25 % respectively.
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3 Mechanical characterization of Inconel 718 at low

temperature

3.1 Experimental procedure

3.1.1 Experimental equipment

In order to study the mechanical behavior of Inconel 718 as well as the microstruc-
ture alterations, uniaxial compression trials have been conducted over a wide range of
temperature from -188 ◦C to 900 ◦C, varying the rate from 10−2 s−1 until 10 s−1. The
experimental system employed during the tests is the simulator Gleeble 3500 thermo-
mechanical testing machine. The loading capacity of this machine holds 100 kN. The
heating process is induced following the Joule effect by resistance heating achieving
a heating rate up to 10 000 ◦C/s. The heating system is capable of maintaining the
temperature up to 1500 ◦C. Through the heating method, the simulator allows to per-
form thermal cycles much quicker (5 - 10 times) than the conventional machine using
traditional ovens. Therefore, the high heating rates helps to achieve approximately the
thermal heating occurred during the cutting process.

In the meanwhile of compression tests, the specimens were placed between two tung-
sten carbide anvils to ensure the electrical current transfer as well as to preserve a uni-
form temperature in the specimen when carrying out the compression test (Fig. III.9).
Graphite foils were positioned between the anvils and the specimen to prevent friction
at the corresponding interfaces (anvil-specimen-anvil) in order to avoid at best the
barreling effect.
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During the compression tests, two configurations were exploited when varying the strain
rate. Fig. III.10 illustrates both configurations that were employed : at high strain rate
(ε̇ >1 s−1) the trials were carried out with uncoupled strategy (configuration A); at
low and medium strain rates (ε̇ ≤ 1 s−1), tests are performed with the coupled strat-
egy (configuration B). Regarding this configuration (B), the two parts of the hydraulic
cylinder are coupled and the pneumatic cylinder is desactivated. In contrast, when em-
ploying the configuration A, the two parts of the hydraulic cylinder are uncoupled and
the pneumatic cylinder is activated in order to maintain the specimen. In this case, in
order to control the desired strain, adjustable shims are added between the fixed and the
mobile jaws. Also, the shims serve to absorb the energy transmitted during the impact.

Figure III.10 – Illustration of the two configurations used for the compression tests on
Glebble 3500 machine: A-Configuration used for tests performed at high strain rates
(ε̇ > 1 s−1); B-Configuration used for tests performed at low and medium strain rates
(ε̇ ≤ 1 s−1) (Hor et al., 2013).

At high temperature, in order to avoid the oxidation, the experiments have been per-
formed on a primary vacuum chamber. In addition, for metallographic observations
purpose, the microstructure was quenched after test thanks to a cooling system (by a
jet of compressed air) allowing achieving cooling rates greater than 230 ◦C/s.
K-type thermocouples were employed to measure the temperature during the tests.
The thermocouples were welded in a centered position on the surface of the specimen
(Fig.III.9). The applied thermal load consists of heating the specimen at a constant
heating rate of 10 ◦C/s up to the test temperature (TCT ). Subsequently, the tempera-
ture is maintained constant for 20 s to homogenize the temperature along the specimen
without desoldering thermocouples. The specimen is immediately deformed at a con-
stant strain rate. Once the test is accomplished, heating is ceased and the specimen is
instantly quenched in a vacuum in order to avoid microstructure change (Fig.III.11). It
is worth mentioning that to avoid microstructural transformation during the thermal
loading, one is interested to refer to the TTT-diagram and to identify the maintaining
time when heating the specimens (Fig.III.12).
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Figure III.11 – Illustration of the thermal cycle applied at high temperature.

Figure III.12 – Illustration of TTT-diagram of Inconel 718 (Xie et al., 2005).

As for the cryogenic thermal condition, it was relevant to maintain cooling down the
specimens along 10 min in order to ensure a stable and homogeneous temperature along
the specimens (Yoon et al., 2010). The temperature acquisition has been conducted at
the beginning of the trials in order to guarantee that the temperature is maintained at
-188 ◦C as displayed in Fig.III.13.
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Figure III.13 – Illustration of the thermal cycle applied at cryogenic temperature.

In this study, a cryogenic system has been developed in the laboratory LAMPA in order
to carry out compression tests at cryogenic temperature. The most challenging task
during the design of the cryogenic system was maintaining the cryogenic temperature
before and during the compression tests. Indeed, this system satisfied the expected
requirement as mentioned in Fig.III.13.
The cryogenic set-up is essentially composed of funnel from where the cryogenic fluid
(LN2) is supplied to be conveyed through a hosepipe in order to quench the specimen.
The latter is fixed in the container between the two anvils during the quenching process
as well as the compression test (Fig.III.14). It is interesting to highlight that the
container has been manufactured using a 3d-printer. For each cryogenic trial, one
container has been produced.
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In this context, it seems interesting to show the temperature evolution before and
after deforming the work material in cryogenic configuration. Fig.III.15 depicts the
temperature evolution during the compression test at T = −188 ◦C and ε̇ = 0.01
s−1. In this condition, the temperature was maintained at -188 ◦C before starting the
compression test (t<16 s). When applying the mechanical load, the temperature did
not evolve until t=22 s to reach almost -50 ◦C by the end of the test. The temperature
increase is essentially due to the self-heating (the conversion of plastic work into heat)
and probably the heat exchange with the environment (losses by conduction, convection
and radiation from the specimen to its surroundings).
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Figure III.15 – Illustration of temperature evolution during the compression test at
T = −188 ◦C and ε̇ = 0.01 s−1.
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3.1.2 Experimental methodology

In order to characterize the mechanical behavior of Inconel 718 at low and high temper-
ature, an initial experimental plan of the compression tests was fixed. At first, a prior
experimental plan has been established revealing the extreme range either concerning
the working temperature or the strain rate. It is well known that depending on the
cooling strategies (dry, conventional lubrication or cryogenic cooling), the interaction
between the cutting tool and the work material during the machining process is thereby
altered (Czán et al., 2017). Obviously, the deformation mechanisms and cutting tem-
perature are therefore modified. As previously mentioned that at the beginning of the
cryogenic machining, the workpiece material undergoes very low temperature around
-196 ◦C. Hence, one is interested to study low temperature effect on the mechanical
behavior of Inconel 718.
According to the results, intermediate temperature was modified as well as the strain
rate interval since that the main objective of this campaign is to investigate the influ-
ence of both loading (thermal and mechanical) on Inconel 718 behavior, in particular
the microstructure alterations induced after cryogenic conditions. The final experimen-
tal plan is given below in Fig. III.16. Three repetitions have been preformed for each
condition.
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Figure III.16 – Illustration of the experimental plan presenting the working tempera-
ture T (◦C) and the strain rate ε̇ (s−1) used during the compression tests.

The compression test specimens had a cylindrical shape with an initial diameter equal
to 6 mm and an initial length of 9 mm. The specimens were machined using the
electro-discharge wire machining (EDM) technique. Afterwards, polishing process was
necessary to improve the surface finish of the contact surfaces aiming a better paral-
lelism between anvils and the specimen.

A quartz longitudinal extensometer, positioned on the jaws, was used to measure the
displacement. Therefore, it is worth mentioning that the displacement measurement is
overestimated. Many parts and contact surfaces are involved in the measuring chain
(jaws, anvils and specimen) as displayed in Fig.III.9. The displacement integrates then
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the elastic deformation of the jaws and the anvils as well as the deformation of the
specimen. Consequently, the stress-strain curves must be corrected considering only
the deformation of the testing specimen. Referring to (Hor et al., 2013), the stiffness of
the machine (jaws and anvils) was removed in order to estimate the exact deformation
of the specimens, knowing the young modulus values for each test temperature. Fig.
III.17 shows the curve evolution of the Young modulus versus temperature that has
been exploited to correct all the obtained stress-strain curves. However, it appears
very hard to find the value of this parameter at cryogenic temperature. Thereby, an
extrapolation has been assumed.
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Figure III.17 – Illustration of the evolution of the Young Modulus versus temperature
(Fabre, 2013).

Furthermore, it is interesting to declare that when calculating the deformation during
the compression test, the strain field is supposed to be homogeneous. Nevertheless,
few deformed specimens exhibited barrel shape even if precautions were considered to
reduce as possible the friction between the specimen and the interfaces of anvils, so
that, the temperature and the strain within the samples were uniform. Consequently,
the friction effect was neglected when correction the stress-strain curves.
As previously reported that one is assuming that the deformation occurred in a ho-
mogeneous way. Therefore, the expression of the instantaneous strain and stress are
assessed using the following formula:

ε = ln(1 + ∆l
l0

) (III.1)

σ = F

S
= F

S0
(1 + ∆l

l0
) == 4F

πd0
2 (1 + ∆l

l0
) (III.2)

where l0 and d0 are respectively the initial length and diameter of the cylindrical spec-
imens. It should be noted that the compression tests have been carried out at a fixed
strain level equal to 0.25 in order to be coherent when comparing the deformed mi-
crostructure.
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3.2 Results and discussions

3.2.1 Stress-strain curves

The stress-strain curves of the superalloy Inconel 718 obtained over a wide range of
temperature from -188 ◦C to 900 ◦C and strain rates ranging from 0.01 s−1 to 10 s−1

are shown in the figures below (Fig.III.18, Fig.III.19 and Fig.III.20).
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Figure III.18 – Illustration of stress-strain curves obtained at a fixed strain rate ε̇=0.01
s−1 over different temperature range.
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Figure III.19 – Illustration of stress-strain curves obtained at a fixed strain rate ε̇ =1
s−1 over different temperature range.
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Figure III.20 – Illustration of stress-strain curves obtained at a fixed strain rate ε̇ =10
s−1 over different temperature range.

Based on the results, Inconel 718 exhibited thermoplastic behavior regardless of the
strain rate range: as the temperature increases, the stress decreases relatively. Obvi-
ously, this fact figured out a typical tendency of the temperature effects dominance as
long as the temperature increases (Aaron, 2015). This effect is classically justified by
the impact of the dislocation mobility rise proportionally to the temperature increase
inducing a stress decrease (Yuan and Liu, 2005).
For instance, at low strain rate ε̇ = 0.01 s−1, the flow stress decreases significantly when
testing temperature increases from -188 ◦C to 500 ◦C and dropped significantly at 900
◦C. Paturi et al. (2020) reported similar observations confirming that the thermal soft-
ening of Inconel 718 became dominating from a temperature of 700 ◦C. Beneath this
level of temperature, the work material maintained its mechanical properties high as
illustrated in Fig. III.18, Fig. III.19 and Fig. III.20. Additionally, when examining
the stress-strain curves, it is remarkable that the slopes of the majority of the curves
are positive indicating that the work hardening phenomena is rather dominant as a
function of temperature. The work hardening phenomena is closely related to the in-
crease of the dislocation density (Yuan and Liu, 2005). At a low temperature interval
(from -188 ◦C to 500 ◦C), the slope of the flow stress curves are positive. However, at
high temperature level (900 ◦C), Inconel 718 revealed a steady state behavior showing
an equilibrium between the work hardening and the thermal softening (Fig. III.18).
This phenomenon could be promoted by the dynamic recovery (DRV) as reported in
(Iturbe et al., 2017). Indeed, the competition between the annihilation of dislocations
(DRV) and the dynamic recrystallization (DRX) in addition to the multiplication of
dislocations governs the thermo-mechanical behavior of Inconel 718 at this range of
temperature (Lv et al., 2020).
At a strain rate equal to 1 s−1, the stress-strain curves exhibited almost similar behavior
as the ones obtained at 0.01 s−1 except at 900 ◦C where the flow stress behavior showed
a non negligible increase. Most of curves obtained at -188 ◦C, room temperature (RT)
and 500 ◦C revealed a positive slope indicating a dominant work hardening occurred
during the compression deformation. At 900 ◦C, the behavior of the work material
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could be divided into two domains depending on the strain level. At the beginning of
the deformation test, a rapid rise of the stress could be observed indicating a strain
hardening until reaching a strain value of 0.23. Above this level, the flow stress de-
creased as long as the strain increases due to the dominance of the thermal softening
phenomena. Lin et al. (2015) reported similar observations proving that the thermal
softening of Inconel 718 take place usually at high temperature range (above 700 ◦C).
Under dynamic conditions where ε̇ =10 s−1, the cryogenic temperature induced signif-
icant rise of the flow stress behavior in comparison with the room temperature. In the
same context, Wang et al. (2008) proved the flow stress of Inconel 718 exhibited the
highest curve when increasing the strain rate up to 5000 s−1 at low temperature (-150
◦C) in comparison with room temperature. Additionally, it can be seen that at 900
◦C, the strength of the work material increased drastically when increasing the strain
rate up 10 s−1. This finding is in agreement with the usually observed deformation
characteristics of nickel based superalloys (Iturbe et al., 2017; Yuan and Liu, 2005).
It should be mentioned that none of the tested specimens have failed under the con-
sidered test configurations at the fixed strain level of 0.3.

To extract additional information regarding the loading conditions impact on Inconel
718 mechanical behavior, one has evaluated the two coefficients m and n indicating
respectively the sensitivity coefficient to strain rate and the strain hardening coefficient.
These parameters have been exploited according to Arrhenius law (Deng et al., 2013).
At a fixed temperature and a given strain level, the sensitivity coefficient to strain rate
m is given following the equation below:

m = dln(σ)
dln(ε̇)|T,ε

(III.3)

The sensitivity coefficient to strain rate m has been assessed for a strain level of 0.1.
At a fixed temperature and a given strain rate, the strain hardening coefficient n is
deduced from the equation below:

n = dln(σ)
dln(ε)|T,ε̇

(III.4)

The results are given respectively in Fig.III.21 and Fig.III.22.
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Figure III.21 – Illustration of the sensitivity coefficient to strain rate ”m” calculating
at a strain level equal to 0.1.
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Concerning the sensitivity coefficient to strain rate, m presented very low value at the
temperature range from -188 ◦C up to 500 ◦C. However, at high temperature of 900 ◦C,
this parameter increased remarkably to confirm that Inconel 718 behaved in a viscous
manner at very high temperature. Indeed, the strain rate sensitivity is almost negligi-
ble at low temperature domain up to 500 ◦C. Nevertheless, as long as the temperature
became higher, the influence of the strain rate on the material strength increased as
well (Fig. III.21). Similar observations have been reported by (Iturbe et al., 2017)
confirming that Inconel 718 became much more sensitive to the strain rate above 700
◦C. In fact, the strain rate sensitivity is associated to the dislocation movement (Cheng
et al., 2013). As the temperature increases, the dislocation mobility increased as well.
This statements confirms the high value of m at 900 ◦C.

As for the strain hardening coefficient, n was evaluated at a strain level of 0.1 from the
stress-strain curves. Results showed that all the values of this parameter, at all strain
rate intervals and for all temperature domains, revealed positive values confirming the
work hardening dominance during the compression tests as previously mentioned. Ad-
ditionally, as described in Fig.III.22, the strain hardening coefficient n exhibited higher
values at 900 ◦C as long as the strain rate rises (at 1 and 10 s−1). This observation is
in agreement with the findings mentioned in the previous section.
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Figure III.22 – Illustration of the strain hardening coefficient ”n” over a wide range of
strain rate (from 0.01 s−1to 10 s−1).

3.2.2 Mirco-hardness measurements

In order to confirm the previous results concerning the strain hardening coefficient n,
micro-hardness measurements have been carried out using the Vickers method with a
200 gf load. In this study, the main objective is to examine the effect of cryogenic tem-
perature on the mechanical behavior of Inconel as well as the microstructure evolution
further to the compression tests. Therefore, longitudinal and transversal measurements
have been conducted at the center of the specimens after deforming the work mate-
rial at room temperature as well as at cryogenic temperature under both static and
dynamic loading (ε̇ = 0.01 s−1 and 10 s−1).
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Measurements along both directions (longitudinal and transversal) presented almost
the same values. For this reason, for each configuration, an average of the measure-
ments was considered. Results are shown in Fig. III.23.
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Figure III.23 – Illustration of the micro-hardness profiles obtained after compression
tests at low and room temperatures.

In line with the results obtained in the stress-strain curves and the strain hardening
coefficient n, two points could be discussed. First, when comparing the micro-hardness
of the raw material (486 HV0.2) and the deformed specimens, an increase of the micro-
hardness after compression tests could be observed (≤ 555 HV0.2). Therefore, it could
be concluded that work hardening phenomena governed the flow stress behavior of In-
conel 718. This finding proved an accordance with the stress-strain curves as well as
the strain hardening coefficient n.
Subsequently, it seems to be interesting to compare the micro-hardness values of the
deformed specimens at cryogenic and room temperatures. Indeed, at 0.01 s−1 and 10
s−1, the micro-hardness measurements showed slightly higher values at cryogenic tem-
perature than those obtained at room temperature. For instance, at a fixed strain rate
of 10 s−1, cryogenic temperature induced 586 HV0.2 versus 559 HV0.2. At cryogenic
temperature, a slight rise of the micro-hardness was observed when the strain rate in-
creased from 0.01 to 10 s−1 holding respectively 575 HV0.2 and 586 HV0.2.
According to these observations, one could conclude that cryogenic temperature in-
duced slightly harder material after deformation compared to room temperature, re-
gardless of the strain rate value.

95



As previously reported, in this research, it could be interesting to evaluate the cryogenic
temperature effect on the mechanical behavior of Inconel 718. Therefore, a comparison
between the mechanical properties namely, the yield stress as well as the peak stress
have been evaluated at cryogenic and room temperatures. Results are given in the
figure below (Fig. III.24).
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Figure III.24 – Illustration of the mechanical properties evolution of Inconel 718 along
temperature at two strain rates : a) Yield stress ”Re”; b) Peak stress ”Rm”.

Both cryogenic configurations (at low and high strain rates) induces the highest re-
sistance behavior compared to room temperature. Indeed, a decrease in temperature
is associated with an increase in the flow stress, because a decrease in temperature
reduces dislocations mobility to overcome obstacles (Ben Boubaker et al., 2020). At ε̇
= 10 s−1, the yield stress increased as the temperature decreased to -188 ◦C indicating
an improvement around 19 % compared to room temperature. Furthermore, the peak
stress Rm of Inconel 718 showed the same tendency as the yield stress. For instance,
the Rm showed a rise of 351 MPa under cryogenic condition at ε̇ = 10 s−1 in comparison
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with room temperature. This observation could be an explanation for the high values
of the cutting forces generated during the cutting process under cryogenic conditions
when machining Inconel 718.
The same finding was established by (Jiang et al., 2016; Lee et al., 2011) where authors
proved that the highest mechanical properties were generated under cryogenic environ-
ments irrespective of the strain rate range.
It could be pointed out that a good correlation might be established between the micro-
hardness measurements and the peak stress Rm obtained under cryogenic conditions
and the room temperature configurations. Effectively, the Rm exhibited almost the
same values at room temperature when varying the strain rate at the same time that
the micro-hardness values followed similar tendencies. Furthermore, an increase of the
Rm at cryogenic temperature as the strain rate rose has been obtained while the micro-
hardness showed an increase as well even if it is not proportional.

3.2.3 Metallographic analysis

3.2.3.a Microstructure observations

In order to export additional information with respect to the microstructural alter-
ations, metallographic observations of the deformed specimens have been performed
using the optical microscopy. The deformed microstructures generated under cryo-
genic conditions and room temperature configurations are given in Fig. III.25 and
Fig.III.26.
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(a)

(b)

Figure III.25 – Illustration of metallographic observations of the deformed microstruc-
ture at strain rate equal to 0.01 s−1 : (a) at room temperature (RT); (b) cryogenic
temperature (T=-188◦C).
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(a)

(b)

Figure III.26 – Illustration of metallographic observations of the deformed microstruc-
ture at strain rate equal to 10 s−1 : (a) at room temperature (RT); (b) cryogenic
temperature (T=-188 ◦C).

The deformed specimens underwent the same level of deformation (ε= 0.25) in order
to be coherent to extract the temperature influence at a fixed strain rate.
Fig. III.25 highlights the deformed microstructures obtained at strain rate equal to
0.01 s−1 at room temperature and low temperature (T=-188 ◦C). Both conditions gen-
erated heavily deformed grains in the center of the specimens. At high magnification,
remarkable slip lines could be observed confirming the high level of plastic deformation
occurred during the compression tests. Classically, it is well known that the slip lines
are mainly resulted from the heavily plastic deformation caused by slip of the crystallo-
graphic planes caused by dislocation movement (Kawamura et al., 2021). In the same
context, Najafi and Asgari (2005) pointed out another explanation of the main origin
of the slip lines. In their study, they focused on the strain hardening mechanisms in
an aged nickel based superalloy (AEREX350) during room temperature compression
tests. They have figured out that the slip lines observed on the surface of the deformed
samples are the signature of the twin deformation clusters.
Compared to the initial microstructure (before deformation), the plastic deformation
seems to be not only governed by a slip of the crystallographic planes but also the
twinning mechanism. Indeed, both deformed microstructure presented an increase of
the twinned grains in comparison with the raw microstructure. Regardless the origin
of the slip lines, the latters are good indicators of the high strain hardening previously
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highlighted from the stress-strain curves as well as the micro-hardness measurements.
Similar findings are observed at higher strain rate (10 s−1) under cryogenic condition
and room temperature configuration as illustrated in Fig.III.26. The metallographic
observations revealed high plastic deformation occurred after compression tests. In-
deed, the twinning rate seemed to be higher compared to raw material in addition to
the presence of the slip lines.
Overall, the main conclusion that could be extracted from the optical observations
consists of that cryogenic temperature did not show any alteration regarding the mi-
crostructure, in comparison with that one obtained at room temperature. Even, SEM
observations have been conducted and they highlighted the same findings.
Additionally, when examining the deformed samples, no shear bands have been ob-
served under all testing conditions. No specimen has failed as well.

3.2.3.b EBSD analysis

In this section, the EBSD technique was employed in order to characterize the local
plastic deformation of the specimens that have been subjected to compression loading.
The EBSD analyses have been performed in the center of the deformed zones of the
tested samples.
The Inverse Pole Figures deduced from the EBSD analyses of the deformed specimens:
at room and cryogenic temperatures and at low and high strain rates are presented in
Fig. III.27 and Fig. III.28.
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Figure III.27 – Inverse Pole Figure (IPF) obtained from EBSD analyses of the deformed
specimens (Projection axis [001]) established at 0.01 s−1 in room temperature (a) and
cryogenic temperature (b); Misorientation gradients measured inside deformed grains
in the case of: (c) Room temperature; (d) Cryogenic temperature; (e) Undeformed
grains of a raw specimen.
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Conventionally, researchers coordinated the plastic deformation level with the point-to-
point misorientations and/or the point-to-origin misorientations within deformed grains
(Lv et al., 2020; Lin et al., 2015). In this line, the point-to-origin misorientations within
deformed grains are exploited to evaluate the effects of cryogenic temperature as well
as the strain rate on the misorientation gradient and thereby plastic deformation in-
tensity. It can be observed that the cumulative misorientations presented large values
as defined respectively in the marked lines A2, A3, B1 and B3 at room temperature
and at low temperature reaching around 30◦.
To identify well the effect of the plastic deformation on the misorientation gradients
inside the deformed grains, it was relevant to indicate the misorientation gradients
evaluated inside undeformed grains of a raw specimen. Indeed, the corresponding re-
sults highlighted that the considered parameter presented extremely low values (did
not exceed 0.4◦). Nevertheless, there is a sharp rising of the misorientation gradients
for the whole deformed specimens having relatively more than 20◦.
Moreover, the IPF illustrated the large amount of plastic deformation of the work
material in both compression configurations, where grains are severely sheared. Con-
sequently, it could be observed that the misorientations distribution of the polycrystal
are impacted. This statement is in a good agreement if comparing the IPF of the raw
specimen (Fig.III.8 developed in section.2.2.3) and the deformed specimens (illustrated
in the current section).
It is visible that for certain IPF maps, some areas showed dark regions indicating a
non-indexation essentially caused by the high intensity of plastic deformation as dis-
played in Fig. III.27.
In addition, a noticeable increase of the twinned grains could be identified through
the Fig.III.27 indicating that the plastic deformation not only governed by dislocation
slip but also the twinning mechanism. At this level of analysis, it seems very difficult
to distinguish which mechanisms dominate the plastic deformation for two main rea-
sons. Indeed, the scale of the metallographic observations conducted in the present
work does not allow these kinds of characterization as well as both plastic deformation
mechanisms competed in a very complex way that could be hard to explain. To do
this, advanced approaches may be employed such as the Transmission Electron Mi-
croscopy (TEM) technique. In this context, Jiang et al. (2016) suggested that under
cryogenic environment, the twinning deformation in addition to dislocation slip of three
kinds of nickel based alloys when there were subjected to compression loads, occurred
alternatively depending on the applied shear stress.
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The Fig. III.28 pointed out similar findings concerning the high intensity of plastic
deformation occurring under dynamic conditions for a strain rate equal to 10 s−1. In
this context, previous studies proved the strain rate impact when calculating the cu-
mulative misorientations (the point-to-origin misorientations) at very high temperature
domain up to 1050 ◦C (Azarbarmas et al., 2016). Consistently, under these conditions
(low temperature), no significant influence could be observed concerning the cumula-
tive misorientations assessed along the lines marked in the Fig. III.27 and Fig. III.28.

(a) (b)

0 10 20 30 40 50

Distance (µm)

0

10

20

30

40

M
is
or
ie
n
ta
ti
on

(◦
)

C1

C2

C3

(c)

0 10 20 30 40 50

Distance (µm)

0

10

20

30

40

M
is
or
ie
n
ta
ti
on

(◦
)

D1
D2

D3

(d)

Figure III.28 – Inverse Pole Figure (IPF) obtained from EBSD analyses of the deformed
specimens (Projection axis [001]) established at 10 s−1 in room temperature (a) and
cryogenic temperature (b); Misorientation gradients measured inside deformed grains
in the case of: (c) Room temperature; (d) Cryogenic temperature.
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4 Conclusion

In this study, an investigation of the thermo-mechanical behavior of Inconel 718 has
been conducted covering a wide range of temperature from -188 ◦C to 900 ◦C under
static and dynamic compression loads. In addition, a new experimental cryogenic set-
up has been presented that helped to provide the aimed cryogenic temperature.
The following conclusions are extracted based on the experimental results :

— Inconel 718 exhibits high strain rate sensitivity at high temperature. At cryo-
genic and room temperature, the sensitivity of the work material to strain rate
tends to vanish;

— Regardless of the strain rate, results highlighted that Inconel 718 showed ther-
moplastic behavior: as the temperature increases, the stress decreases relatively;

— Cryogenic configuration induces the highest resistance behavior at all strain rate
range. The mechanical properties namely the yield stress and the peak stress
showed higher values in comparison with room temperature configuration;

— The micro-hardness measurements figured out that the strain hardening was the
dominant deformation mechanism while the compression tests when comparing
the micro-hardness values before and after testings;

— The metallurgical analyses that have been conducted in this work did not prob-
ably show any microstructure change under cryogenic conditions compared to
room temperature testing conditions;

— As perspective, it seems to be interesting to exploit more sophisticated equip-
ment, particularly the Transmission Electron Microscopy (TEM) method allow-
ing micrographs at the dislocations scale for deeper investigations.
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P., 2017. Cutting zone temperature identification during machining of nickel alloy
inconel 718. Technological Engineering 14.

Deng, J., Lin, Y., Li, S.S., Chen, J., Ding, Y., 2013. Hot tensile deformation and
fracture behaviors of az31 magnesium alloy. Materials and Design 49, 209 – 219.
URL: doi:https://doi.org/10.1016/j.matdes.2013.01.023.

Fabre, D., 2013. Characterization of cutting tool wear in cryogenically assisted machin-
ing of Inconel 718. Master. Ecole Nationale d’Ingénieurs de Saint-Etienne (ENISE).

Hor, A., Morel, F., Lebrun, J.L., Germain, G., 2013. An experimental investigation of
the behaviour of steels over large temperature and strain rate ranges. International
Journal of Mechanical Sciences 67, 108 – 122.

Iturbe, A., Giraud, E., Hormaetxe, E., Garay, A., Germain, G., Ostolaza, K., Arrazola,
P., 2017. Mechanical characterization and modelling of inconel 718 material behavior
for machining process assessment. Materials Science and Engineering: A 682, 441 –
453.

105



Jiang, S., Sun, D., Zhang, Y., Zhu, X., Wang, M., Zhao, C., 2016. Plas-
tic deformation mechanisms of nicucrmotialnb ni-based alloys at cryogenic tem-
perature. Materials Science and Engineering: A 664, 135 – 145. URL:
doi:https://doi.org/10.1016/j.msea.2016.03.133.

Kawamura, M., Asakura, M., Okamoto, N.L., Kishida, K., Inui, H., George, E.P., 2021.
Plastic deformation of single crystals of the equiatomic cr mn fe co ni high-entropy
alloy in tension and compression from 10 k to 1273 k. Acta Materialia 203, 116454.
URL: doi:https://doi.org/10.1016/j.actamat.2020.10.073.

Lee, W.S., Lin, C.F., Chen, T.H., Chen, H.W., 2011. Dynamic impact response of
inconel 718 alloy under low and high temperatures. MATERIALS TRANSACTIONS
52, 1734–1740.

Lin, Y., Wu, X.Y., Chen, X.M., Chen, J., Wen, D.X., Zhang, J.L., Li, L.T., 2015. Ebsd
study of a hot deformed nickel-based superalloy. Journal of Alloys and Compounds
640, 101 – 113. URL: doi:https://doi.org/10.1016/j.ijheatmasstransfer.2020.120716.

Lv, S., Jia, C., He, X., Wan, Z., Li, Y., Qu, X., 2020. Hot deformation character-
istics and dynamic recrystallization mechanism of a novel nickel based superalloy.
Advanced Engineering Materials 22. doi:10.1002/adem.202000622.

Mackain, O., 2017. Modélisation du maclage à l’échelle atomique dans les métaux
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1 Introduction

During the machining of Inconel 718 several problems arise as reported in the literature
review chapter. In particular, high cutting temperature are generated causing rapid
tool wear and thus, poor surface integrity (Ravi and Kumar, 2011). In this context,
cryogenic machining is considered as a promising alternative to reduce the tool tem-
perature and wear and to improve the surface integrity (Ayed et al., 2017).
Hong et al. (2001) are among the prior researchers that have reported the effect of
LN2 cryogenic cooling on tool flank wear. Authors carried out experimental turning
trials in order to examine the impact of the cryogenic fluid on tool life when cutting a
titanium alloy, namely Ti64. They revealed that LN2 cryogenic condition contributed
to lowering the tool flank wear achieving around 15.8 min of tool life when cooling both
tool faces (flank and rake faces) at 90 m/min whereas emulsion flooding provided less
than 5 min of cutting time. Indeed, they have explained this observation by the fact
that the LN2 jet provides the reduction of the tool temperature and therefore avoiding
some tool wear mechanisms, in particular the diffusion.
Subsequently, Iturbe et al. (2016) have deeply studied the possibility to employ the LN2
cryogenic coolant instead of the conventional lubricant. For this reason, authors chose
to use the same cutting parameters as well as the tool geometry established by Kaynak
(2014). The experiments were conducted under several cooling conditions. The results
indicated that conventional condition induces a tool life superior to 20 min. In con-
trast, shorter tool life was obtained (less than 10 min) under cryogenic condition. They
explained these observations by the fact that the work material Inconel 718 presents an
excessive hardening tendency due to the cryogenic temperature effect. Hence, causing
the degradation of the tool and thereby shorter tool life.
Recently, Yildirim et al. (2020) extensively focused on the machinability of nickel based
alloy 625 under LN2 cryogenic condition in comparison with MQL and a combination
of MQL+Cryo cooling methods during turning operation. Regarding the LN2 delivery,
a nozzle with a 3 mm outlet diameter was used to throw the LN2 at the rake face of the
cutting tool at a distance of 15 mm with a spray angle of 30 ◦. The obtained results
showed that a good agreement with the previous studies concerning the rapid tool wear
under LN2 cryogenic condition. Indeed, tool flank wear measurements exhibited the
highest values when supplying only LN2 whereas the combination between MQL+Cryo
induced the lowest tool flank wear at all cutting speed tested.
Results are given in Fig. IV.1.
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Figure IV.1 – Illustration of tool wear results obtained under MQL, LN2 and MQL+LN2
cooling conditions when machining Inconel 718 (Yildirim et al., 2020).

So far, few researches have investigated the influence of cryogenic performance using
LCO2 as a cutting fluid carried out on Inconel 718. In particular, Bagherzadeh and
Budak (2018) have conducted experiments using LCO2 when turning Inconel 718. Their
findings revealed an improvement percentage of 14 % of tool life in the case of LCO2
condition delivered from the rake face and flank face simultaneously using a modified
nozzle compared to LCO2 delivery using thinner nozzle. This result was in agreement
with the findings of (Halim et al., 2019) who reported that LCO2 condition led to
almost 71 % longer tool life compared to dry condition during high speed milling of
Inconel 718.
Nevertheless, this finding stands in contradiction to (Pereira et al., 2020), who proved
longer tool life (19 min) was observed in conventional lubrication in comparison with
LCO2 cooling approaches (both supplying manners:internal and external) inducing the
shortest tool life (less than 8 min).
Some authors have also studied the effect of cryogenic cooling on the final surface
integrity (surface roughness, residual stresses, microstructural alterations and micro-
hardness) of the machined part. As for the surface finish, the average roughness Ra

is a major parameter to characterize the surface condition of the machined part. In
this context, Jamil et al. (2021) studied the effect of different cooling strategies during
the turning operation of TA6V. They found that the Ra values are the lowest under
CO2 and LN2 cryogenic conditions in comparison with dry cutting. These results are
consistent with those found by Bordin et al. (2017). It seems that the lower surface
roughness values reported when using cryogenic cooling are due to the lower tool wear
found at those cutting conditions. Nevertheless, Iturbe et al. (2016) figured out an
opposite result when machining Inconel 718 in cryogenic conditions. This consequence
is closely related to the tool wear picked up during the cutting operation which con-
siderably affects the surface quality of the machined part. Lately, Mehta et al. (2018)
carried out cutting experiments in order to evaluate the machining characteristics of
Inconel 718 under several conditions (dry, MQL and LN2). The authors pointed out
that the surface quality is improved under cryogenic conditions.
During the material removal process, the machined material is subjected to both me-
chanical and thermal loads. As a result, several alterations in the machined surface and
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the sub-surface can take place namely microstructural changes (such as recrystalliza-
tion (Zhou et al., 2011)), distorted grains, severe plastic deformation (Herbert et al.,
2012) and work hardening (Devillez et al., 2011). These alterations are closely related
to the cutting parameters, the cooling conditions and the material to be machined.
In the case of Inconel 718, under cryogenic conditions, the machined surface is highly
hardened, resulting in a noticeable gradient in hardness compared to the original ma-
terial (Pusavec et al., 2011). So far, it appears that the effect of cryogenic cutting on
the alterations occurring on the machined surface and subsurface microstructure is not
developed.
With respect to residual stresses, cryogenic machining produced higher compressive
residual stresses in the case of several metallic materials such as AA 7075-T651, In-
conel 718, Ni-Ti and AZ31B Mg alloys (Jawahir et al., 2012). In particular, Pusavec
et al. (2011) have extensively studied the influence of several cooling strategies (dry,
MQL and LN2-Cryo) on the machining performance of Inconel 718. They found that
cryogenic condition exhibited the best residual stresses distribution not only with re-
spect to the highest compressive peak value and the largest compressive depth but also
the best cooling effect that leads to lower tensile value. Afterward, Pereira and Deli-
jaicov (2019) examined the effect of cutting parameters on residual stresses of Inconel
718 machined part under dry and LN2 cryogenic conditions. In order to carry out the
residual stress profiles on and beneath the machined surface, X-ray (on the surface)
and the hole drilling method (beneath the machined surface) were employed. Results
indicated that LN2 induced higher tensile surface residual stresses compared to dry
condition. Surprisingly, authors related this result to higher cutting forces obtained
in LN2 condition while the mechanical loading tends to generate compressive residual
stresses. However, below the machined surface, compressive stresses were higher when
employing LN2 as a coolant. In the same context, He et al. (2016) figured out an
inverse result claiming that LN2 coolant generates lower tensile residual stresses on the
surface.
Overall, according to the literature review, studies on cryogenic machining of Inconel
718 raise some disagreement regard the tool life improvement. However, even the
enhancement did not provide the desired tool life (15 min). With respect to surface
integrity (residual stresses, surface roughness), some gaps have been identified. In
addition, so far, there is no work that has studied the comparison between cryogenic
performance using both cryogenic cutting fluids (LN2 and LCO2) when turning Inconel
718 regard the tool life as well as the surface integrity of the machined part.
In this chapter, the evaluation of the efficiency of LN2 and LCO2 performance in finish
turning operations of Inconel 718 is conducted. First, the experimental process will
be presented in detail. Subsequently, the main results will be figured out with respect
to Inconel 718 machinability (tool life, tool wear mechanisms, cutting forces) as well
as the surface integrity generated (surface roughness, the affected layer and residual
stresses profiles).
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2 Experimental work

2.1 Workpiece Material

In this study, the same microstructure of Inconel 718 employed during the mechanical
characterization (section 2.2) is used during the turning operations. Fig. IV.2 displayed
the raw microstructure of the workpiece material. The carbide particles reveal abrasive
character while machining (Dosbaeva et al., 2010).

Figure IV.2 – Illustration of Inconel 718 microstructure in the as-received state observed
by SEM technique.

2.2 Experimental equipment

Machining experiments have been conducted using the conventional lubrication as well
as two cryogenic cutting fluids namely liquid nitrogen LN2 and carbon dioxide LCO2.
The experiments were carried out using the same test configuration on a horizontal
turning CNC lathe Danumeric 2. The conventional lubricant used during these experi-
ments was the HOCUT 3380 supplied at a pressure of 20 bars, cooling the cutting zone.
As for the LCO2 system, it is composed of a bottle of LCO2 maintained at high pressure
equal to 57 bar at room temperature (liquid state) as displayed in Fig. IV.3.c. Con-
cerning the LN2 cryogenic trials, the cryogenic system consists of a phase separator, the
cryogenic control and the liquid nitrogen bottle mounted on the CNC lathe (Fig. IV.3).
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(a)

(b)

(c)

Figure IV.3 – Experimental set-up for the cryogenic tests: (a) LN2 set-up; (b) Illustra-
tion of the different parts constituting the LN2 set-up; (c) LCO2 set-up.
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LN2 spray was activated before starting the cutting process in order to reach stable
outlet condition. The parameters of the LN2 and CO2 flows are depicted in Table IV.1.

Table IV.1 – LN2 and LCO2 flow parameters

LN2 LCO2
The diameter of the nozzle (mm) 1.5 0.4
The pressure (bar) 10 57
Projection angle (◦) 15 45
Delivery position Rake face Rake face

The choice of LN2 parameters has been established according to some previous works,
in particular (Lequien, 2017). Lequien (2017) has proved that the convective heat
transfer coefficient is maximum when the pressure and the nozzle diameter of LN2
delivery are high whereas the distance projection and the inclination angle should be
reduced. In this work, it was relevant to use bigger nozzle diameter, as lower as possible
the distance projection and the inclination angle in order to optimize at best the liquid
flow of the nitrogen.

2.3 Experimental Methodology

Longitudinal turning experiments were conducted in finishing operations on Inconel
718 bar using the same cutting parameters and the same cutting tool as (Iturbe et al.,
2016). In this study, these parameters were fixed whereas the LN2 set-up has been
changed.
Besides the cryogenic coolants (LN2 and LCO2), conventional coolant has been em-
ployed as a reference in order to evaluate the cryogenic performance when machining
Inconel 718. CVD coated carbide inserts from Mitsubishi supplier (DNMG 150612-MS
US905) were exploited in the trials (Mitsubishi, 2006) (Fig.IV.4).

(a) (b)

Figure IV.4 – (a) Tool geometry; (b) Tool coating (Mitsubishi, 2006).
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Table IV.2 sets out the machining conditions.

Table IV.2 – Working conditions

Workpiece Geometry Cylindrical bar
Material Inconel 718

Cutting parameters Cutting speed (m/min) 70
Feed (mm/rev) 0.2
Depth of cut (mm) 0.2

Tool Tool insert Coated carbide
Cutting edge angle (◦) 93
Rake angle (◦) 9
Relief angle (◦) 6
Nose radius (mm) 1.2

Coolants Conventional Wet
Cryogenic LN2
Cryogenic LCO2

The trials were carried out until achieving the target cutting time of 15 min or when the
maximum tool flank wear defined as VBMAX = 0.3 mm was obtained. Each experiment
has been performed using a fresh cutting tool edge and has been repeated twice.
Tool flank wear assessment was performed using a LEICA Z16 APO stereo-microscope.
Complementary observations of the cutting tools have been carried out using the Scan-
ning Electron Microscopy (SEM). In addition, profilometer measurements using the
confocal profilometer, Alicona IFG4 device have been carried out in order to quantify
the material loss volume of the tool as well as the adhered material volume. Machining
forces were measured using Kistler 9121 dynamometer.
On finishing operations, the surface integrity of the machined part must respond to
several quality requirements in terms of surface topography, surface hardness as well
as residual stresses. For these reasons, during the experiments, surface roughness was
measured in-situ after each cutting test using a Mitutoyo SJ-210 portable rugosimeter.
SEM observations of the machined part were carried out after two states of tool wear
for each cooling condition: when performing with a new tool cutting edge and a worn
tool cutting edge. Electron Backscatter Diffraction (EBSD) technique was used in
order to characterize the affected layer of the machined part. All the EBSD analyses
were performed using a software called ′′Atex′′ (Beausir and Fundenberger, 2017).
Microhardness measurements were carried out using the Vickers micro−hardness test-
ing method applying a load of 50 gf and the full load was maintained for 10 s. Two
repetitions were conducted for each cooling condition. The microhardness measure-
ments started with 30 µm from the machined surface, followed by five indentations
separated of 70 µm and the final four indentations were separated of 100 µm.
Residual stresses measurements were conducted employing the blind hole drilling method
according to the ASTM standard using the RESTAN MTS300 hole-drilling equipment.
The EA-06-031Re-120 strain gauges were employed and the drill bits with a diameter
of 0.8 mm. Regard the depth of drilling, the first five increment were of 10 µm, followed
by 5 increments of 20 µm and the final seven increments were of 50 µm.
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3 Results and discussions

3.1 Tool wear mechanisms

Tool flank wear was measured throughout the turning operations for all cooling methods
(conventional and cryogenic conditions). The trials were stopped when reaching 15
min of cutting in conventional lubrication even if the criterion of maximum flank wear
namely VBMAX = 0.3 mm was not achieved. Regard the LCO2 condition, both tests
were stopped at 15 min while the tool flank wear levels were notably different. However,
under LN2 cryogenic condition, the trials were stopped when the criterion of VBMAX

was reached. Focusing on Fig. IV.5, results indicated that the conventional condition
revealed the longest tool life. In fact, the tool flank wear did not surpass 0.12 mm over
15 min of cutting in conventional lubrication. Both repetitions induced the same trend
during the cutting process showing a good repeatability.
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Figure IV.5 – Tool flank wear evolution under Wet, LN2 and LCO2 cooling conditions
during the tests.

As for the LCO2 cooling strategy, a similar evolution has been perceived up to 13 min
of cutting time. Nevertheless, beyond this duration, the tool flank wear progressed
drastically to surpass the criterion at 15 min during the second repetition of LCO2 ex-
periment. With respect to LN2 cryogenic condition, tool flank wear increased rapidly
from the first 2 and 6 minutes of cutting during test 1 and test 2 respectively causing
reduced tool life. In addition, tool flank wear progress in both cryogenic conditions
is quite repeatable at the beginning of the machining process. Nevertheless, a signif-
icant variability was observed at 11 min and 13 min respectively in LN2 and LCO2
cooling strategies when the tool flank wear increased notably. In conventional cool-
ing approach, a homogeneous tool flank wear evolution was observed even after longer
machining times. In contrast, during LN2 cryogenic machining, wear peaks occurred
from the beginning of the turning process, indicating that the cutting process is not
performed homogeneously while this parameter showed a steady and slow evolution in
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LCO2 cryogenic condition except the last minutes of machining.

Additional analyses have been carried out in order to study the tool wear mechanisms
when machining Inconel 718 under conventional lubrication and cryogenic conditions
using SEM. Fig. IV.6 shows the SEM observations of the tool wear state on the rake
face as well as the flank face obtained in wet condition after 15 min of cutting.

(a) (b)

Figure IV.6 – SEM observations of the tool wear after 15 min of machining in wet
condition: (a) Rake face/EDS analysis; (b) Flank face.

The main mechanisms observed consists in adhesion and abrasion wear. Effectively,
deposits of workpiece material were stuck on the rake face near the cutting edge reveal-
ing the chip rubbing. This observation is proved by EDS analysis showing the adhered
material consisted of nickel. In fact, as long as machining time increased, adhered lay-
ers were formed progressively to establish built-up edges (BUE) that protect the rake
face (Xue and Chen, 2011). However, when achieving stagnation state, the BUE are
not stable inducing the peeling of tool coating material.
With respect to tool wear mechanisms under LCO2 condition, the two tests revealed
different mechanisms. The first test exhibits the same trend as the conventional lubri-
cation. Indeed, adhered layers are formed during machining as well as abrasion wear
that is mainly caused by the hard carbide particles present in the workpiece material.
It is worth mentioning that these two wear mechanisms are closely related (Cantero
et al., 2013). Effectively, the adherence of the workpiece material inducing the forma-
tion of the BUE leads to tool chipping, because of the instability of BUE that breaks
off alternatively tearing out a small lump of the cutting edge (Fig. IV.7).

Nevertheless, the tool wear modes and mechanisms occurred during the second test
when using LCO2 are rather different. Besides the flank wear, drastic crater wear took
place caused by the plucking out of the tool coating particles as illustrated in Fig. IV.8.
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(a) (b)

Figure IV.7 – SEM observations of the tool wear after 15 min of machining in LCO2
condition during Test 1: (a) Rake face/EDS analysis; (b) Flank face.

Figure IV.8 – SEM observations of the tool wear after 15 min of machining in LCO2
condition during Test 2.

Micro-cracks and chipping of the cutting edge have also been observed. Overall, these
mechanisms are induced by mechanical loads which developed chipping, fracture and
coating peeling as well as the chemical interactions at the tool-workpiece and tool-chip
interfaces that caused adhesion (Halim et al., 2019).
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Concerning the LN2 cooling conditions, tool wear mechanisms that have been detected
through the SEM observations and the EDS analysis are not far from those obtained
during the second test of LCO2 lubrication. Indeed, during both LN2 tests, the degra-
dation of cutting tool is primarily caused by adhesion, abrasion and micro-chipping as
depicted in Fig. IV.9 and Fig. IV.10.

(a) (b)

Figure IV.9 – SEM observations of the tool wear after 13 min of machining in LN2
condition during Test 1: (a) Rake face/EDS analysis; (b) Flank face.

(a) (b)

Figure IV.10 – SEM observations of the tool wear after 14 min of machining in LN2
condition during Test 2: (a) Rake face/EDS analysis; (b) Flank face.

In particular, welded chips on the rake face have been observed indicating the non-
efficient performance of the LN2 to evacuate properly the chips. It may also be con-
cluded that high temperature obtained during machining contributing to welding the
chips reveals that the LN2 cutting fluid did not cool significantly the tool-chip interface
(Liao et al., 2008). Furthermore, due to higher wear of the cutting tool, the friction
and the temperature increase in the cutting area leading to serious damage to the tool
(Wagner et al., 2015) and thereby rapid wear and reduced tool life (Liang and Liu,
2018).
In order to compare the cutting fluids performances when machining Inconel 718, it
is interesting quantifying the material loss of the tool as well as the adhered material
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on the tool obtained under all cooling strategies using confocal profilometer, Alicona
IFG4. In fact, using a reference surface by scanning a new tool, the adhered and the
material loss of the tool could be so far estimated. Results showed that the conven-
tional condition induced the lower value in terms of the volume of adhered material
(Vpeaks) and the volume of material loss (Vvalleys) as given in Fig. IV.11.
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Figure IV.11 – Assessment of the adhered material volume and the material loss volume
using the Alicona- Profilometer measurements: (a) Volume of adhered material; (b)
Volume of material loss.
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However, under LCO2 cooling strategy, the material loss volume of the cutting tool was
higher compared to the conventional condition but exhibited nearly the same value with
respect to the adhered material volume as the former. As for the LN2 cryogenic con-
dition, in this case, both parameters revealed the highest value either the material loss
volume or the adhered material volume. Effectively, this assessment confirms the pre-
vious results developed above. Overall, under conventional lubrication, the main wear
mechanism was almost adhesion while in both cryogenic conditions not only adhesion
was the crucial wear type but also the micro-cracks and chipping of the cutting edge
have been revealed.

Another aspect should be stated consisting in that when delivering LN2 cutting fluid
on the tool rake face, it seems complicated to avoid cooling the unmachined workpiece.
Consequently, the work material deformation behavior as well as the thermal properties
could change by the cryogenic temperature (−196◦ C). Thereby, the cutting process in
this case turns out to be non homogeneous affecting the tool wear resistance. Moreover,
when examining the chip morphology obtained under all cooling conditions, there is
no significant difference; the chips exhibit almost the same morphology as depicted in
Fig. IV.12. These results are in agreement with (Kaynak, 2014). Author deduced that
the chip breakability has not been enhanced when varying the cooling strategies.

Figure IV.12 – Chip morphology obtained in the three cooling strategies: (a) Wet; (b)
LCO2; (c) LN2.
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3.2 Cutting forces

Assessing the cutting forces is fundamental to control the power consumption during
the cutting process as well as to estimate the difficulty of a material to be cut. In
fact, the cutting forces are closely related to the cutting conditions such as the ma-
terial properties of the workpiece, the cutting tool (the geometry, the material, the
coating..), the cutting parameters in addition to lubrication approaches. In this study,
one is interested to point out the machining forces evolution when cutting Inconel 718
under several cooling strategies namely conventional lubrication and cryogenic condi-
tions using LN2 and LCO2. Three components have been evaluated during the turning
operations: the cutting forces (Fc), the feed forces (Ff ) and the passive forces (Fp).
Results showed that all cutting forces components exhibit lower values in conventional
cooling condition than in the case of cryogenic conditions (Fig. IV.13).
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Figure IV.13 – Illustration of the evolution of cutting forces components under all
cooling strategies: (a) Cutting forces; (b) Feed forces; (c) Passive forces.
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Indeed, the cryogenic cutting fluids (LN2 and LCO2) display very low temperature
throughout machining time leading to increase the flow stress of the workpiece mate-
rial. As a result, the machining forces components heighten significantly. For instance,
when examining the cutting forces values obtained in conventional and cryogenic con-
ditions, it is observed that, after 15 min of machining time, 180 N is obtained for the
cutting force in conventional cooling, and values of 300 and 250 N are obtained for
LN2 and LCO2 cooling approaches, respectively. Furthermore, the feed forces show
the same tendency where the highest values are achieved in LN2 cryogenic conditions.
However, the passive forces revealed the highest values recorded in all cooling environ-
ment compared to the cutting and feed forces reaching over 1200 N after 14 min of
machining in LN2 condition.

Cutting forces values are key factors to indicate the tool wear state. Fig. IV.13 illus-
trates the cutting forces measurements during the cutting process revealing the effect of
tool wear evolution. Obviously, over machining time, the tool wear increases relatively
to the cooling environment and therefore cutting forces rise as well. In addition, when
comparing between the three components of the cutting forces regardless of the lubri-
cation strategy, one could recognize that the passive force measurements showed the
highest values, mostly by the end of the machining process where the tool flank wear
increased notably (Grzesik et al., 2018). In addition, when comparing between the dif-
ferent cooling methods, one could notice that passive force progress is slow and steady
in conventional condition. Nevertheless, under cryogenic conditions, this parameter
evolves drastically at the end of machining. This tendency is more pronounced under
LN2 cryogenic condition than under LCO2 condition. This result may be attributed
to the rapid tool flank wear progress in LN2 cryogenic strategy mentioning that the
passive forces are the most sensitive to tool flank wear as depicted in Fig. IV.14.
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Figure IV.14 – Correlation between cutting forces components evolution and tool flank
wear under Wet, LN2 and LCO2 conditions: (a) Cutting forces; (b) Passive forces.

In this context, Arrazola et al. (2014) obtained similar trend when comparing the
progress of cutting forces components using unworn and worn tools. They highlighted
that passive forces evolution was the most sensitive to tool wear depending on tool
geometry as well as the cutting parameters employed.
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3.3 Surface Integrity

3.3.1 Surface roughness

Surface finish is a crucial parameter that provides good machining performance of
machined parts. Fig. IV.15 illustrates the evolution of surface roughness obtained in
conventional and cryogenic conditions.
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Figure IV.15 – Surface roughness evolution under Wet, LN2 and LCO2 cooling condi-
tions: (a) Average roughness; (b) Total height of the profile.
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Results showed that conventional coolant provides the lowest values in terms of the
average roughness Ra as well as the total height of the profile Rt. Concerning the LCO2
condition, it induced approximately the same tendency as the conventional strategy.
Nevertheless, in LN2 cryogenic condition, the surface quality exhibited a mediocre state
in comparison with wet and LCO2 conditions. Actually, under LN2 cryogenic condition,
surface roughness has achieved very high values reaching more than 3 µm of Ra and
20 µm of Rt. In comparison with conventional lubrication, LN2 cryogenic condition,
produces a deterioration of more than 30%.
This denotes that the cooling and lubrication choice affects drastically the expected
results with regard to the surface roughness requirements established by industrial
manufacturing.
Furthermore, as displayed in Fig. IV.15, the measurements of the surface roughness are
not recorded till the end of the cutting process in the case of LN2 cooling strategy due
to the limitations of the equipment as the surface finish was too rough. For this reason,
it has been resorted to using the profilometer in order to characterize the LN2 surface
finish measuring the average areal roughness Sa. Fig. IV.16 highlights the increase
of Sa measured at different machining times. Indeed, the scanned surfaces reveal the
presence of adhered particles on the machined workpiece surfaces that become more
important as the machining time increases. This could be the main reason for the worst
surface quality obtained in LN2 cryogenic condition.
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(a)

(b)

(c)

Figure IV.16 – Surface topography scanned using the Bruker profilometer after ma-
chining under LN2 condition: (a) t=0.5 min; (b) t=5.5 min and(c) t=11 min.
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Results showed that the average areal roughness Sa values are in the range of 1.18 µm
when the microchips are not present. In contrast, the machined surfaces exhibiting
the adhered microchips revealed higher values holding 2.13 µm and 2.67 µm. Overall,
whatever the rate of the adhered microchips, the surface finish revealed in this case
is poor. To better understand the poor surface quality when machining Inconel 718
under LN2 cryogenic condition, SEM metallographic observations of the machined sur-
face have been carried out. Fig. IV.17 describes the machined surface obtained after
11 min of cutting under LN2 cryogenic cooling condition. The major defects observed
consist essentially in the adhered material as well as the smearing.

Figure IV.17 – SEM observations of the surface topography after 11 min of machining
under LN2 condition.

Additionally, EDS analyses have been carried out on the adhered material showing that
the chemical composition of these particles exhibited the same elements composing the
Inconel 718 alloy (Fig. IV.18).

Figure IV.18 – EDS analysis carried out on the machined surface after 11 min of
machining under LN2 condition.

These observations of the machined surface could be explained by the fact that during
the chip formation process, the LN2 cutting fluid did not efficiently evacuate the chip
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from the cutting zone. Consequently, the chips were stuffed between the cutting edge
and the freshly machined surface. Furthermore, the degree of tool wear affects strongly
the machined surface quality knowing that thereby the cutting forces and the cutting
temperature increase as well when the tool wear evolves. Indeed, these features have
been observed in previous work (Zhou et al., 2012). The study pointed out that the
chip debris (the adhered chip) is attributed to the increase of the plastic deformation
localized at the cutting tool-work material interface. Another correlation could be
established with respect to the significant BUE that has been observed specifically in
the case of LN2 cooling conditions (Subsection 3.1) and the adhered microchips. Indeed,
BUE are not stable during the cutting process (Ahmed et al., 2017). In contrast, there
are regularly either detached or welded on the freshly machined surface leading to
higher surface roughness as described previously.
It is also interesting to correlate the tool flank wear evolution with the surface roughness
in all cooling methods namely the conventional and cryogenic lubrication. Under LN2
condition, as the tool flank wear increases, the surface roughness increases as well as
shown in Fig. IV.19. In contrast, in conventional lubrication and LCO2 condition,
the surface roughness decreased slowly since the cutting edge radius increased during
machining. Likely, surface roughness produced when turning Inconel 718 could be
depended on the non homogeneity of the tool flank wear. In other words, the evolution
of tool wear in LN2 cryogenic machining is not homogeneous leading to poor surface
finish.
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Figure IV.19 – Surface roughness versus tool wear evolution under Wet, LN2 and LCO2
cooling conditions: (a) Average roughness; (b) Total height of the profile.
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3.3.2 Microhardness Profiles

This section aims to examine the tool flank wear effect on the microhardess profiles
obtained under all cooling conditions. Fig. IV.20 presents the microhardness evolution
below the machined surfaces when cutting using semi−worn tools under conventional
and LCO2 cooling conditions and worn tool under LN2 condition. Knowing that the
surface material subjected to mechanical and thermal loads, surface and subsurface
properties depend on the coupling effects of both loads.
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Figure IV.20 – Illustration of the evolution of the microhardness below the machined
surfaces using semi−worn tools under conventional and LCO2 cooling conditions and
worn tool under LN2 condition.

Results indicate that LN2 cooling approach induced the hardest affected layer along
more than 800 µm below the machined surface where the maximum value holds 585
HV0.05 while the bulk material exhibits 462 HV0.05. Regarding the LCO2 cooling strat-
egy induced higher strain hardening than the conventional lubrication beneath the
machined surfaces. Indeed, the maximum value was measured very close in the near-
surface layer of the machined parts holding 500 HV0.05 in LCO2 cooling condition
against 477 HV0.05 in conventional condition. This could be explained by the fact that
the low temperature of the two cryogenic fluids generated harder work material as
reported in (Patil et al., 2014). Moreover, it is worth mentioning that higher machin-
ing forces were found when using LN2, and therefore inducing more severe mechanical
deformation. The same trend was obtained in (Pusavec et al., 2011) revealing that
cryogenic temperature during the machining process caused harder work material.
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3.3.3 Surface and subsurface damage

Metallurgical alterations take place during the machining process. Indeed, authors have
divided the machined workpiece material globally into two main regions (bulk material
and affected zone) induced mainly by the combination of three origins namely the
mechanical, thermal as well as chemical effects. The most common defects occurring
after machining Inconel 718 on the surface and subsurface consist mainly of deformed
grains along the cutting direction (Zhou et al., 2012), cracked carbide particles and
surface cavities as reported in literature (M’Saoubi et al., 2012).
Fig. IV.21, Fig. IV.22 and Fig. IV.23 disclose the machined surfaces and subsurfaces
alterations induced by machining under the conventional and cryogenic conditions when
using new and worn tools along the cutting direction.

(a) (b)

Figure IV.21 – SEM observations of the machined surfaces in wet condition using new
and semi−worn tools: (a) New tool; (b) Semi−worn tool (VBMAX=0.12mm, t=15min).

(a) (b)

Figure IV.22 – SEM observations of the machined surfaces in LCO2 condition using new
and semi−worn tools: (a) New tool; (b) Semi-worn tool (VBMAX=0.14 mm, t=15min).

First of all, when focusing on the SEM metallographic observations of the machined
surfaces obtained when cutting with new tools, all the cooling strategies have exhibited
similar effect generating very thin affected zone. Indeed, very close to the free machined
surface, a severe plastic deformation (SPD) could be observed in all cooling conditions.
M’Saoubi et al. (2014) pointed out that very close to the free machined surface severe
plastic deformation occurs when machining Inconel 718.
SEM observations obtained when machining employing semi−worn and worn tools
highlight remarkable difference between surface damage induced when using new and
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(a) (b)

Figure IV.23 – SEM observations of the machined surfaces in LN2 condition using new
and worn tools: (a) New tool; (b) Worn tool (VBMAX=0.35mm, t=14min).

several state of tool wear. As displayed in the previous figures, an appearance of deeper
affected layer is clearly observed compared to the case of the fresh tool. For instance,
very close to the machined surfaces, more deformed grains are observed indicating a
particular orientation along the cutting direction as reported in (Sharman et al., 2015).
Chen et al. (2016) extensively focused on the surface integrity after broaching pro-
cess of Inconel 718, especially the microstructural damage localized in the subsurface
layer. They claimed that at this zone the grains are highly plastically deformed causing
cracked carbides.
Similarly, when examining the SEM observations, one could define three regions that
compose the work material. The first region consists of a non modified microstructure
known as the bulk material. Secondly, a deformed zone reveals the elongation of the
grains along the cutting direction due to the intense plastic deformation occurring dur-
ing the cutting process. The third region is located at the vicinity of the free machined
surface indicating a severe plastic deformation much higher than the one obtained in
the previous zone where the grains undergo a drastic deformation.
Depending on the cooling conditions that induce miscellaneous tool wear state, the
depth of each region is relatively variable. For instance, similar trend was revealed
under conventional and LCO2 conditions. In fact, both cooling conditions have gen-
erated approximately the same tool wear level and thereby inducing almost identical
effect on the deformed subsurface. By contrast, as long as the tool wear increases, the
damage of the machined affected layer is more pronounced as illustrated by the case of
LN2 strategy where the tool flank wear has exceeded the criterion. These observations
are in agreement with (Zhou et al., 2011) that have pointed out the tool wear effect
on subsurface deformation of nickel based alloy mentioning that tool wear as well as
high cutting forces are the major factors considered for plastic deformation occurred
beneath the machined surface.
However, it is important to affirm that accurately characterizing the depth of the af-
fected zone turns out to be difficult through the SEM observations. That’s why, EBSD
analysis will be discussed in the next paragraphs in order to estimate the depth of the
affected layer.
The EBSD technique is a complementary characterization to SEM technique for inves-
tigating the local plastic deformation produced following the machining process. Ma-
chining using new tools regardless the cooling strategy induces similar effect. That’s
why, in this study, one is content with identifying the effect of tool wear in the case of
LCO2 cooling strategy and subsequently comparing between the three cooling methods
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when the tool wear evolved.
Fig. IV.24 gives information about the misorientation gradients measured inside the
deformed grains chosen in the region close to the machined surface in the case of LCO2
cooling strategy when using new and semi−worn tools.
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Figure IV.24 – Inverse Pole Figure (IPF) obtained from EBSD analyses of the machined
surfaces (Projection axis [001]) established in LCO2 condition using new tool (a) and
semi−worn tool (b); Misorientation gradients measured inside deformed grains (in the
direction as indicated by lines) in the case of: (c) New tool; (d) Semi-worn tool.
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Accordingly, the regions subjected to large deformation are those that have undergone
large grain elongation. Indeed, as long as the depth beneath the surface increases, the
misorientation gradients inside the grains decrease. Obviously, when the grains are
located very close to the machined surface, the plastic deformation at this position
exhibits the highest values revealing a severe misorientation gradients (either using the
cumulative or point-to-point method) (Azarbarmas et al., 2016; Mandal et al., 2010).
For instance, the cumulative misorientations developed along the L1 and F1 lines ex-
hibit higher misorientation gradient within the deformed grains. It is apparent from
Fig. IV.24 that the cumulative misorientation continuously increases to almost 60◦ (at
a distance of 25 µm).
In contrast, as for the grains located far away from the machined surface, the misori-
entation gradient inside the grains was reduced significantly because of the decrease of
the plastic deformation, for instance along the lines I1 and J1. However, when focusing
on these two lines, slight difference could be noticed concerning the misorientation gra-
dients values. Although these two lines are located almost at the same depth from the
machined surface, each grain was initially oriented differently and thereby the rate of
plastic deformation may not be the same. In addition, an important aspect should be
identified concerning the non indexed zone that proves the severe plastic deformation
occurring very close to the free machined surface.
Moreover, when focusing on the tool wear effect and thereby comparing between the
profiles obtained using new and semi−worn tools, one could notice that the highest
misorientation gradients inside the deformed grains is attributed to the case that re-
veals higher tool wear. As the tool wear increases, the cutting forces tend to increase
notably and therefore plastic deformation increases as well (Pradhan et al., 2017). In
particular, it could be observed that the orientation gradient measured along A1 and
F1 inside two deformed grains localized at the vicinity of the two cutting free surfaces
(Fig. IV.24) generated using respectively new and semi−worn tools exhibit pronounced
difference with respect to the cumulative misorientation plots where larger values are
detected in the case of employing semi−worn tool.
In addition, when examining the resulting profiles as displayed in Fig. IV.24 and Fig.
IV.25, the latters show clearly the higher values of the cumulative misorientation inside
the deformed grains localized at the vicinity of the machined free surfaces when using
semi−worn tools as well as worn tool respectively revealed under wet, LCO2 and LN2
cooling approaches.
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Figure IV.25 – Inverse Pole Figure (IPF) obtained from EBSD analyses of the machined
surfaces (Projection axis [001]) established in wet condition using a semi−worn tool
(a) and in LN2 condition using worn tool (b); Misorientation gradients measured inside
deformed grains in the case of: (c) Wet, Semi-worn tool; (d) LN2, Worn tool.

Indeed, this confirms the intense grain rotation and plastic activity in this region in-
duced by the cutting process. Zhou et al. (2011) have pointed out the tool wear effect
on the surface integrity, in particular the depth of the plastically deformed layer. They
related the deformation depth with the different tool conditions (new, semi−worn tool
and worn tool) and the resultant cutting forces. The results figured out that the dam-
age of the subsurface layer during the machining process is mainly governed by the
tool wear levels during chip formation. In other words, the tool wear levels have major
impact on the subsurface deformation depth as well as microstructure change. In fact,
this could be attributed to the parallel progress of the thermal and mechanical loads
acting on the machined surface resulting from the tool wear evolution. Effectively, in
the case of LN2 cryogenic condition that exhibited the highest tool wear value (VBMAX=
0.35 mm), other aspect could be easily identified consisting in a thin layer observed in
the immediate subsurface of the workpiece that was partially indexed. This is closely
related to the heavy plastic deformation occurred at this region inducing distortion of
the grains and thereby difficulties to accurately index.
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3.3.4 Residual stresses

Residual stresses induced by machining affect strongly the products functional perfor-
mances for instance the fatigue life (Javidi et al., 2008) as well as the resistance to stress
corrosion cracking (Soyama and Takakuwa, 2015). In this study, one is interested to
point out the influence of conventional and cryogenic conditions on the residual stress
profiles beneath the machined surface when cutting using fresh tools. In addition, this
work aims to figure out the effect of tool wear state on residual stress profiles obtained
under all cooling conditions.
As depicted in Fig. IV.26, regardless the cooling conditions, tensile residual stresses
are dominant near the surface indicating that the thermal effect prevails against the
mechanical effect along the cutting direction.
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Figure IV.26 – Residual stress profiles near and beneath the machined surface using
a new tool under Wet, LCO2 and LN2 cooling conditions measured along: (a) Hoop
direction (cutting direction); (b) Axial direction (feed direction).
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Actually, one may assert that near the surface, the tensile residual stresses are mainly
associated to the thermal load effect. However, the compressive residual stresses be-
neath the machined surface are induced by the increase of the mechanical load and the
plastic deformation flow (Pawade et al., 2008).
Nevertheless, when examining all the cooling strategies, the magnitudes of the tensile
residual stress in the hoop direction (cutting direction) were significantly lower under
cryogenic conditions compared to conventional lubrication. Obviously, tensile hoop
stresses dropped from 483 MPa in wet condition to 180 MPa and 102 MPa respectively
under LCO2 and LN2 cooling conditions indicating the efficiency of the cryogenic cut-
ting fluids. On the other hand, since the thermal conductivity of the workpiece material
is poor and the cooling capacity of the conventional lubrication is limited compared to
cryogenic temperature, all these factors result in the domination of the thermal effect
especially very close to the machined surface in conventional condition.
Additionally, conventional condition generated the largest tensile hoop stress layer
reaching 100 µm below the machined surface and induced a compressive peak holding
around -200 MPa. In contrast, LCO2 cooling condition revealed the largest compressive
depth initiating from 35 µm to more than 400 µm and provided the highest compressive
peak reaching almost -300 MPa. Concerning the LN2 condition, beneath the machined
surface within 30 µm, hoop stress shifted to compressive values showing larger compres-
sive depth compared to conventional condition. Overall, under cryogenic conditions, as
the depth beneath the workpiece surface rose, the tensile hoop stresses rapidly dropped
and quickly reached compressive levels before slowly returning to bulk values in the
case of machining using new tools.
As for the axial stress profiles (along the feed direction), results indicated very low ten-
sile values near the surface that shifted gradually to compressive trend under wet and
LN2 cryogenic conditions. However, under LCO2 cryogenic condition, residual stress
in the feed direction induced more compressive values from the depth of 50 µm.
When examining the cutting forces values obtained under all cooling conditions using
a new tool, both cryogenic approaches revealed the highest values for all cutting forces
components (especially the passive forces) showing the dominance of mechanical load-
ing compared to conventional lubrication. This could likely justify the lower tensile
residual stresses recorded near the surface and the higher compressive depth obtained
under both cryogenic conditions.
Focusing on Fig. IV.27, as the tool wear increased in all cooling conditions, the residual
stresses near the machined surface shifted to higher tensile stress range along the cut-
ting direction and the compressive stress state beneath the machined surface increased
drastically in both directions (axial and hoop) compared to the results obtained when
machining with new tools. For instance, when examining the residual stress profiles
generated in conventional lubrication, near the machined surface, the tensile residual
stress evolved to achieve around 668 MPa and 214 MPa respectively in the hoop and
axial directions while these components revealed lower values in the case of machining
using new tools.
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Figure IV.27 – Residual stresses profiles near and beneath the machined surface using
semi−worn tools under conventional and LCO2 cooling conditions and worn tool under
LN2 condition measured along: (a) Hoop direction; (b) Axial direction.
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Besides, residual stresses generated along the hoop direction dropped rapidly to com-
pressive values within 40 µm indicating a compressive peak holding around −408 MPa
and then levelling out from 375 µm below the workpiece surface. By contrast, the axial
residual stress shifted to compressive value at 34 µm below the surface inducing higher
compressive peak holding around −427 MPa.
With regard to the LCO2 cooling condition, as expected, near the surface, hoop residual
stresses rose significantly reaching 405 MPa and then decreased gradually to compres-
sive values at the depth of 50 µm showing higher compressive peak around −468 MPa
in comparison with the values obtained in the case of using new tool. Alternatively,
along the axial direction, residual stresses tended to be much more compressive from
the first increment (10 µm) and penetrated to a deeper depth inducing greater com-
pressive peak holding −746 MPa compared to the result obtained when cutting with a
new tool. Another aspect that should be noticed is that when comparing conventional
and LCO2 cooling conditions that exhibited the same tool wear state, results showed
better residual stress distribution revealed in the case of LCO2 strategy indicating the
advantage of cryogenic approaches with respect to fatigue resistance.
Concerning the LN2 cooling method, when examining the residual stress distribution
near the surface, in the cutting direction, it is obvious that residual stresses were ten-
sile. Nevertheless, they are surprisingly maintained almost at the same range when
using a new tool holding 189 MPa versus 102 MPa respectively. Consequently, one is
interested to mention that when machining with severe tool wear, it is well known that
temperatures rise drastically near the surface due to the increase of friction contact area
between tool flank face and the workpiece. However, LN2 cryogenic condition that re-
veals the highest tool wear level induces lower tensile residual stresses along the cutting
direction compared to conventional and LCO2 cooling conditions. In the other hand,
along the feed direction, very close to the surface, stresses are much more compressive
shifting from 113 MPa to −855 MPa when the tool wear has evolved dramatically.

3.4 Discussions: correlation between the outcome of the study

A knowledge of the machined surface properties is a major issue in order to predict
how the structural part will perform in-service. Thus, it is necessary to identify the
final characteristics of the machined parts to prevent any undesirable behavior of the
components. In this section, a correlation between residual stresses, tool wear, cutting
forces as well as the micro-hardness measurements will be established.
The investigation carried out to obtain higher integrity in the machined surface and sub-
surfaces on Inconel 718 shows that probably two different mechanisms might be involved
in the surface generation: thermally influenced plastic deformation and mechanically
induced plastic deformation, which govern the type of residual stresses as well as the
micro-hardness induced in the machined surfaces (Fig. IV.28).
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Figure IV.28 – Schematic of the plastic deformation mechanisms considering tool flank
wear effect and the impact on the surface integrity (residual stresses, microstructure
damage and microhardness).

First and foremost, the measured stress trends are different in axial and hoop directions,
confirming that both mechanical and thermal effects contribute to the final residual
stress state in a complex way that cannot be easily explained. Probably, the anisotropy
obtained when comparing both components with respect to hoop and axial stresses
could be explained by the fact that cutting direction undergoes a significant impact of
the cutting speed and depth of cut as affirmed by Zhou et al. (2014). Nevertheless,
along the feed direction, lower tensile residual stresses were recorded as displayed in
Fig. IV.26. The same observation was figured out in (Pusavec et al., 2011) where
tensile residual stresses tended to be more important in the cutting direction than in
the feed direction.
In addition, the maximum compressive value indicates much higher value than the yield
stress about -1415 MPa due to severe strain-hardening as indicated in 3.3.2. In this
context, Peng-Lin et al. (2013) reported that the maximum compressive residual stress
and its depth penetration rise drastically when worn tools are used due to essentially
the significant growth of cutting forces. Indeed, as it was mentioned in 3.2, machining
forces evolved dramatically when tool wear has increased, especially the passive forces.
Thereby, the residual stresses developed in the workpiece after machining are strongly
affected by the increase in cutting forces (Sharman et al., 2006).
Moreover, when comparing residual stress profiles along the feed direction in all cool-
ing conditions, LN2 cryogenic condition leads to higher compressive value from the
machined surface in which the tool wear was the most pronounced. This result could
be explained by the notable increase of the passive forces as the cutting tools were
worn.
As it can be seen in Fig. IV.27, concerning both cryogenic profiles, it is worth mention-
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ing that the depth of the thermally stressed layer is much thinner than the depth of the
machined layer affected by mechanical loads compared to those obtained under con-
ventional lubrication. In other words, cryogenic cutting fluids not only ensure efficient
contribution to reducing the thermal effect on residual stress fields, but also provides
increasing the compressive residual stress range (higher passive forces components).
However, it should be noticed that generating compressive residual stresses in the fin-
ished product and increasing the passive forces during machining (power consumption)
constitute a dilemma and hence a compromise is required.
Furthermore, it was reported that nickel based alloys, for example Inconel 718 are
prone to strain hardening during the machining process. Indeed, Pawade et al. (2008)
showed that the stress-strain characteristics of the machining affected layer changed
significantly compared to the core material. They have proved that, depending on the
cutting conditions, the local yield stress beneath the machined surface could increase
even more than 1800 MPa whereas the yield stress of the bulk material does not exceed
1000 MPa. In the same context, other researches have investigated the machined sur-
face damage of two nickel based alloys exhibiting different fraction volume of γ′ phase
(Liao et al., 2018). Their findings reveal that the superficial layers exhibit much higher
yield stress values compared to the bulk material achieving even 1.4 times for both
alloys.
Consistently, if examining the microstructure damage revealed by the SEM observa-
tions and the EBSD analysis, one may correlate the plastic deformation induced under
all cooling conditions versus the microhardness measured beneath the machined sur-
faces. Plastic deformation causes hardening of the machined workpiece layer which is
also known as work hardening effect. Indeed, the highest values of the microhardness
were obtained in LN2 condition where the plastic deformation of the affected layer
seems to be the most pronounced as displayed in Fig. IV.25.b and Fig. IV.25.d.

4 Conclusion

In this work, a comparative study has been conducted in order to investigate the cryo-
genic performance using the liquid nitrogen LN2 and the carbon dioxide LCO2 when
machining Inconel 718 in finish turning operations. The following conclusions are iden-
tified based on the experimental results of the present research:

— With respect to tool life, traditional lubrication produced the longest tool life.
Concerning the LCO2 condition, it exhibited similar tendency compared to the
wet condition until reaching 14 min of cutting. However, LN2 cryogenic condi-
tion revealed the shortest tool life. Besides, in this condition, welded chips on
the rake face have been discerned;

— Cutting forces components (Fc, Ff and Fp) indicated higher values under both
cryogenic conditions compared to conventional lubrication revealing that the
flow stress of the work material increased due to cryogenic temperature. Addi-
tionally, it was noticed that the passive forces are the most sensitive component
to tool flank wear rise;

— As for the surface roughness, this parameter indicated analogous trend under
conventional and LCO2 cooling methods presenting lower value compared to
LN2 strategy. In addition, the latter generated the largest values of surface
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roughness due to the adhered chips that have been observed;

— In the matter of residual stress, results pointed out that when cutting using
new tools, conventional lubrication produced the highest tensile value near the
surface along the cutting direction and induced the lowest compressive peak
and the lowest compressive depth. In both cryogenic conditions, near the sur-
face, the hoop residual stresses exhibited almost similar values. By contrast,
LCO2 condition produced the highest maximum compressive value as well as
the largest compressive depth when cutting with new tools;

— Residual stress profiles obtained when machining using semi−worn tools and
worn tool respectively in conventional, LCO2 and LN2 cooling approaches, showed
that both cryogenic conditions figured out the best performances obtained com-
pared to wet condition. Furthermore, when cutting employing worn tool, much
more compressive values have been recorded, especially along the axial direction;

— Regard the affected layer of the workpiece, when using new tools, no significant
difference have been observed under all cooling strategies. By contrast, LN2
cryogenic condition induced the most important damage when machining using
worn tool;

— If comparing the tested cryogenic cooling conditions, LCO2 cooling strategy is
the most appropriate since it is able to withstand 15 min with acceptable tool
wear and to produce a better surface integrity than LN2 condition.
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Jozić, S., Bajić, D., Topic, S., 2012. Flank wear in down and up milling. 23rd DAAAM
International Symposium on Intelligent Manufacturing and Automation 2012 1, 251–
254.

146



Kaynak, Y., 2014. Evaluation of machining performance in cryogenic machining of
inconel 718 and comparison with dry and mql machining. The International Journal
of Advanced Manufacturing Technology 72, 919–933.

Kumar, S., Satapathy, B., Pradhan, D., Mahobia, G.S., 2019. Effect of surface modi-
fication on the hot corrosion resistance of inconel 718 at 700 c. Materials Research
Express 6, 086549.

Lequien, P., 2017. Etude fondamentale de l’assistance cryogénique pour application
au fraisage du Ti6Al4V. Ph.D. thesis. Thèse de doctorat dirigée par Poulachon,
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1 Introduction

Aeronautic industry encounter continuously several challenges to achieve an optimum,
reliable and long lasting components with the lowest production cost. Owing to their
good mechanical properties over a wide range of temperatures, nickel based alloys, in
particular Inconel 718, are frequently used in aircraft engines. Hence, it is very impor-
tant to enhance as possible the performance of such component as well as the critical
structure when operating in service-cycle. In this context, manufacturers search for
efficient alternatives for the machining processes to achieve excellent surface integrity
of the machined components. It is well known that the surface integrity characteris-
tics significantly affect the fatigue behavior of the work materials (Sun et al., 2018b).
Drilling process is widely employed for the airplane components since that building an
aircraft requires an assembly. At this line, the main concern is to evaluate the fatigue
behavior of Inconel 718 after drilling operations.
From literature, it is understandable that the machining process plays a major role to
enhance or to worsen the fatigue strength (Thakur and Gangopadhyay, 2016). Suárez
et al. (2019) have examined the influence of four machining process operations on the
fatigue limit of Inconel 718 in four-point bending fatigue test. They involved the Abra-
sive Water Jet (AWJ), Wire Electrical Discharge Machining (WEDM), the conventional
milling and the ultrasonic milling (UVAM) to investigate the surface integrity gener-
ated by these machining operations in order to evaluate the fatigue life correspondent
to each case. Authors found that the WEDM specimens exhibited the highest values of
surface roughness (Sa=3.5 µm), tensile surface residual stresses (around 400 MPa near
the surface) and the shortest fatigue life (40 000 cycles). In contrast, UVAM specimens
showed the highest fatigue life (80 000 cycles), the highest compressive residual stresses
(around -800 MPa near the surface) and the lowest surface roughness values (Sa=0.25
µm) (Fig. V.1).

Figure V.1 – Illustration of fatigue results compared to Sa for tested technologies
(Suárez et al., 2019).

Although the UVAM operation is considered as the best configuration to provide the
highest fatigue limit, the latter did not exceed 80 000 of fatigue cycles and the level of
the applied stress was not defined. In the same context, Chen et al. (2016) have pointed
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out the fatigue performance of Inconel 718 specimens machined with WEDM process.
They have found that the specimens machined by EDM have a noticeable decrease
in fatigue life of 30 % compared to the polished specimens holding respectively 175
000 and 225 000 cycles. They have explained this finding by the fact that WEDM
produced a damaged surface finish presenting surface craters, micro-cracks and micro-
voids. Such defects favor the fatigue crack nucleation in addition to the large surface
tensile residual stresses. These factors are proposed to be the major causes for the loss
in fatigue life of the EDM specimens.
Javadi et al. (2018) have studied the effect of the surface residual stresses on the
fatigue behavior of turned Inconel 718. Fatigue specimens were machined by turning.
Rotating bending fatigue (RBF) tests were carried out with a stress ratio R = -1 at
room temperature under a stress amplitude of 448 MPa (40 % of the yield stress)
and a frequency of 30 Hz where high cycle fatigue lives of 106 cycles were targeted to
reach. Authors have tested four fatigue batches namely polished samples considered
as a reference and the three others are turned varying the cutting parameters (cutting
speed, depth of cut and the feed rate) for each batch. Three tested specimens were
employed for each configuration. Results have shown that the highest fatigue life
(1 850 000) was obtained under a specific turning condition (Vc=67 m/min, f=0.02
rev/mm and ap=0.3 mm) inducing the best surface integrity in terms of residual stresses
distribution even if the surface roughness showed almost similar values (Fig. V.2).

Figure V.2 – Illustration of average values (four replications) of surface roughness,
residual stresses, and average fatigue lives (three RBF tests) for the selected turning
conditions and the polished specimens (Javadi et al., 2018).

It should be noted that the polished fatigue specimens induced lower fatigue life of
985000 cycles knowing that the surface roughness was fairly low in comparison with
the three batches. In the same line, Wang et al. (2017) investigated the influence of
the cutting parameters (the cutting speeds and the feed rates) in milling operations on
three-point bending fatigue life of Inconel 718. The maximum and minimum stresses
were 1000 and 100 MPa, respectively, and the load frequency was fixed at 20 Hz. Their
conclusions that have been drawn disclosed that the fatigue life of Inconel 718 could
be enhanced when optimizing the cutting parameters. They found that the cutting
speed had negligible influence while the feed rate impacted the fatigue life. Indeed, the
fatigue life decreased from around 160 000 to 10 0000 cycles when the feed rate was
fixed at 0.1 mm/tooth/rev to 0.25 mm/tooth/rev respectively. The obtained fatigue
life remains too low in comparison with the industrial requirement (Belan, 2015).
Subsequently, Gribbin et al. (2019) have examined the influence of the microstructure
elaborated from several forming process namely the direct metal laser melting (DMLM)
varying the direction of the material deposition at a 45 ◦ (diagonal) and a 90 ◦ (hori-
zontal) angle with respect to the loading direction. The two other microstructures are:
one was wrought and the second was elaborated by DMLM followed by Hot Isostatic
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Pressing (HIP) treatment. Fatigue tests were carried out at room temperature and
500◦C under rotary beam loading. The applied stresses σa varied from 200 MPa to
1200 MPa. Results have shown that the fatigue endurance limit reached around 450
MPa at 107 of fatigue cycles for the wrought microstructre. At room temperature,
the wrought specimens induced the highest fatigue resistance in comparison with the
DMLM (the diagonal and the horizontal). This finding could be explained by the mi-
crostructure defects occurred in DMLM specimen such as the porosity in addition to
the high content of δ precipitates deteriorating the fatigue behavior.
Afterwards, Zhong et al. (2019) have investigated the high cycle fatigue performance
of the nickel based alloys submitting two different heat treatment (only heat treated
ST and heat treated + aged ST+A). The fatigue tests have been tested under tension
and compression loading (R=-1) and three polished specimens were employed for each
applied stress level. Results have figured out that the fatigue limit of the ST+A showed
lower value compared to ST state holding a decrease of 6.73 % from 492 MPa to 461
MPa at 107 cycles. Authors suggested that the origin of such gab could be likely related
to the crack nucleation sources occurring in each specimen category (ST or ST+A).
Another aspect might be worth mentioning with respect to the microstructure influ-
ence on the fatigue behavior of Inconel 718. For instance, Belan (2015) have evaluated
the effect of carbide particles at high cycle fatigue (HCF) and very high cycle fatigue
(VHCF). Their findings disclosed that due to the size of the carbide particles present in
the alloy having an average size of 11.79 µm, the carbides did not act as fatigue cracks
nucleation sites. Moreover, an interesting study that could be evoked in the current
work dealing with the effect of cryogenic temperature of the fatigue performance of In-
conel 718. Ono et al. (2004) have investigated the Inconel 718 behavior under fatigue
loading at two cryogenic temperatures (4 K and 77 K) and at room temperature (293
K). Results have proved that as long as the fatigue test temperature decreased, the
fatigue limits of the tested specimens increased as depicted in Fig. V.3.

Figure V.3 – Illustration of S-N diagrams at 4 K, 77 K and 293 K for Inconel 718 alloy
(Ono et al., 2004).

Concerning the fatigue cracks sites, authors have indicated that the cracks initiated
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near the specimen surface. Depending on the level of the applied stress, fatigue cracks
regions are fairly different: at high stress level, cracks predominantly initiated from
coarse niobium carbides NbC, however at lower stress amplitude, fatigue cracks are
mainly initiated around facets structures (Fig. V.4).

Figure V.4 – Illustration of SEM secondary electron images showing the fatigue crack
initiation sites (a), (c), and niobium mapping by EDS (b), (d) respectively. These
specimens were fatigue-tested at 4 K. (Ono et al., 2004).

As a general overview of the previous studies that have been investigated the influence
of the machining process on the fatigue performance, several comments could be arisen.
First, most of the previously mentioned papers have studied the fatigue performance
of Inconel 718 at low fatigue cycles (<105) although the industrial requirements are
much higher. Secondly, concerning the influence of machining operations on fatigue
performance of Inconel 718, the drilling operation was not developed so far. Finally,
none has figured out the cryogenic machining effect (regardless of the operation) on the
fatigue behavior either of metallic metals or composites materials. For these reasons,
the present study attaches importance to the effect of cryogenic cooling conditions of
drilled specimens on fatigue limit at high cycle fatigue regime (2.106).
In the first part of this chapter, the material properties involving the microstructure and
the tensile properties are briefly presented. Subsequently, the fatigue tests in terms of
the experimental set-up including the fatigue specimen geometry, the staircase method
as well as the loading conditions are described in detail. The characterization of surface
integrity of the drilled specimens that were machined using fresh tools is figured out.
Afterwards, the stress-cycles curves (S-N) are presented. Finally, the analyses of the
fracture surfaces of the broken specimens are pointed out in order to identify the crack
nucleation regions correspondent to each studied case.
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2 Experimental work

2.1 Work material

Prior to fatigue testing, monotonic tensile tests were conducted at room temperature in
order to determine the tensile properties of the tested material in the rolling direction
(RD). Results are given in the Table V.1.

Table V.1 – Mechanical properties of the work material

Young modulus (GPa) 206
Rm (MPa) 1695
Re0.1%(MPa) 1255
Hardness (HV0.05) 499

The geometry of the tensile specimens were chosen according to the standard NF EN
2002-001 (AFNOR, 2006) and is illustrated in the Fig.V.5.

Figure V.5 – Illustration of the tensile specimen.

Table. V.2 sets the dimensions of the tensile specimens

Table V.2 – The dimensions of the tensile specimens

A (mm) B (mm) C(mm) D(mm) E(mm) R(mm)
170 40 2 30.94 15 41.13

Additionally, X-Ray Diffraction (XRD) analyses have been conducted out to charac-
terize the texture of the work material using the BRUKER Discover D8 diffractometer.
The corresponding inverse pole figures are plotted for the three principal directions
namely the rolling direction (RD), the transverse direction (TD) and the normal direc-
tion (ND) as illustrated in Fig.V.6. RD poles are preferably located along [111] (red
color) whereas the ND poles are aligned with the [011] of the standard stereographic
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triangle.

Figure V.6 – Illustration of Inverse pole figures of as-received material for (a) normal
direction; (b) rolling direction and (c) transverse direction.

2.2 Experimental equipment

The main goal of this study is to evaluate the effect of cryogenic machining on fatigue
endurance life, in particular the drilling operations. Hence, the fatigue specimens have
been drilled under conventional and cryogenic cooling conditions using fresh tools. The
two cryogenic cutting fluids that were employed are the liquid nitrogen LN2 and the
carbon dioxide LCO2. The drilling trials were carried out using the same test configu-
ration (cutting parameters, drill bit geometry, set-up) varying the cooling conditions.
The cutting configurations are summarized in the Table V.3.

Table V.3 – Working conditions

Workpiece Material Inconel 718
Cutting parameters Cutting speeds (m/min) 30

Feed (mm/rev) 0.1
Depth of the hole (mm) 2 (through-hole)

Tool Drill bit Coated carbide (TiAlN)
Point Angle (SIG) (◦) 140
Diameter of the drill bit (mm) 14
Drill reference SD103-14.00/14.99-50-16R7
Exchangeable tip reference SD100-14.00-M

Coolants Conventional Wet
Cryogenic LN2
Cryogenic LCO2

Coolants application Wet Internally
LN2 Internally
LCO2 Internally

The drill geometry and the drill bit are displayed in Fig. V.7.
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(a) (b)

Figure V.7 – (a) Illustration of the drill geometry; (b) Illustration of the drill bit (Seco,
2020).

The experimental set-up of the drilling operations of the fatigue specimens is given in
Fig.V.8.

Figure V.8 – Illustration of the experimental set-up of fatigue specimen drilling oper-
ation: LN2 configuration.

2.3 Description of the drilled batches

For each drilling step, a batch composed of 6 specimens was drilled at the same time.
The fatigue specimens exploited in this work are drilled in the center.
Before presenting the obtained results of the fatigue campaign, it is relevant to show the
chronology of the drilling operations of the fatigue specimens for each cooling strategy.
Table V.4 illustrated the mentioned information.
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Table V.4 – The chronology of the fatigue specimens drilling.

Wet LCO2 LN2
First batch (t1) Speci n◦: 1 to 6 Speci n◦: 1 to 6 Speci n◦: 1 to 6
Second batch (t2) Speci n◦: 7 to 12 Speci n◦: 7 to 12 Speci n◦: 7 to 12
Third batch (t3) Speci n◦: 13 to 15 Speci n◦: 13 to 15 Speci n◦: 13 to 18
Fourth batch (t4) Speci n◦: 16 to 18 Speci n◦: 16 to 18 -

The first batch for each condition was carried out using new drill. The second and
the third packages have been performed employing the same drills already used during
the first batch for each cooling condition. Regard the fourth batch, the wet and LCO2
conditions were drilled using new drills.

2.4 Description of the fatigue specimen

The design of the fatigue specimens were conceived following the standards AFNOR
(AFNOR, 2012). As the specimens are drilled, the stress concentration factor kt (equal
to 2.3) was considered while choosing the applied stress during the fatigue load. The
geometry of the fatigue specimens are illustrated below (Fig.V.9). It is worth men-
tioning that the choice of the fatigue specimens (drilled specimens) was not randomly
decided. Indeed, drilled specimens induce higher stresses at the hole surface comparing
to the subsurface with a factor of 2.3. Therefore, the influence of the surface is much
more significant and thereby the process effect is well discriminated.

Figure V.9 – Illustration of Fatigue specimen geometry.

Table V.5 sets out the dimensions of the fatigue specimens.

Table V.5 – The dimensions of the fatigue specimens

a (mm) b (mm) d (mm) L (mm)
2 52 14 170
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Fatigue experiments have been performed using the INSTRON 3-axes Fatigue machine
in tensile load (Fig.V.10).

Figure V.10 – Illustration of the fatigue machine INSTRON 3-axes.

2.5 Experimental Methodology

The fatigue test campaigns are greedy in parts and therefore it requires long time to
conduct these tests. So that, it was relevant to optimize the experimental test plans.
In this work, the main objective of the fatigue experiments is to determine the fatigue
endurance limit at high cycle fatigue (HCF) for three batches of specimens since that
HCF is very sensitive to process effect. Therefore, the Staircase method was opted as it
is a quantitative approach that allows to determine appropriately the fatigue endurance
limit and to estimate the correspondent data spread.

2.5.1 Staircase method

The Staircase method consists in testing a batch of specimens (n) subjected to several
stress levels at a fixed cycle number (N). The variable parameter of the test is the
rupture or non-rupture of the specimens. The specimens should be tested one after
the other, because the applied stress of the specimen (i+1) depends on the result of
the specimen (i). The first level of the applied stress should correspond to the fatigue
endurance limit estimated either through preliminary test or deduced from literature
review. In the current work, a Locati test has been conducted as preliminary test. The
Locati method consists in testing only one specimen at several applied stress succes-
sively at a fixed number of cycle (N) until failure. The stress induced the rupture of
the specimen (σLocati) is then exploited in the Staircase method.
When selecting the step of the applied stress levels (d), the first stress level of Stair-
case method (σStraicase) corresponds to the one inducing the failure of the specimen
substructing the step (d) as mentioned in the Equation V.1.

σStraicase = σLocati − d (V.1)

The next level of stress (σStraicase,i+1) is depending on the result of the previous tested
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specimen (i) (rupture or non-rupture):

• if the specimen (i) failed,
then the (σStraicase,i+1) will correspond to ((σStraicase,i)− d)

• if the specimen (i) did not fail at the fixed number of cycle (N),
then the (σStraicase,i+1) will correspond to ((σStraicase,i) + d)

This procedure is repeated until reaching the fixed number of tested specimens (n)
(Dixon and Mood, 1948). In this study, the number of the tested specimens for each
condition was fixed to 15.

2.5.2 Loading conditions

The fatigue tests of the drilled specimens were performed at ambient temperature and
pressure in laboratory air with a load ratio R=0.1 and at a frequency equal to 20 Hz.
Each specimen is exposed to cyclic loads at a predetermined magnitude of the applied
stress (σa). A maximum fatigue life of 2.106 cycles was imposed. The stopping crite-
rion was chosen to be the complete rupture of the specimen or achieving the imposed
fatigue life (2.106).
As formerly highlighted, the strategy of fatigue experiments was to employ the stair-
case methods. At this line, the three kinds of batches are detailed below :

— Staircases of 15 specimens drilled under conventional condition;
— Staircases of 15 specimens drilled under LCO2 condition;
— Staircases of 15 specimens drilled under LN2 condition.

2.5.3 Estimation of the fatigue limit

The expression of the fatigue endurance limit σd and the the standard deviation s were
elaborated according to the ASTM Special Technical Publication and the standard ISO
12107/2012 (ISO12107, 2012). They were assessed according to the following equations
respectively:

σd = σ0 + d ∗ (A
N
± 1

2) (V.2)

s = 1.62 ∗ d ∗ {(N ∗B − A2)
N2 + 0.029} (V.3)

• if the event the least frequent is the non-rupture: +1
2

• if the event the least frequent is the rupture: −1
2

σ0: corresponds to the lowest value of stress, A and B are coefficients deduced from
the standard.

It should be noted that the several analyses that will be presented in the next section
namely the hole topology, the micro-hardness measurements as well as the microstruc-
ture damage were carried out using the specimens that were machined when the drills
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were fresh in order to make sure that the tool wear effect is almost negligible. The aim
of these analyses was to compare the influence of the cooling strategies (wet, LCO2
and LN2) on the surface integrity after drilling operations.
Fig.V.11 illustrates a schema highlighting the areas where the hole topology analyses
were conducted (SEM analyses and areal roughness measurements), the cross sections
along the cutting direction to observe the surface and subsurface damage and to per-
form the micro-hardness measurements

Figure V.11 – Illustration of a schema highlighting the areas where the hole topology
analyses were conducted (SEM analyses and areal roughness measurements), the cross
sections along the cutting direction (surface and subsurface damage observations and
the micro-hardness measurements).

3 Results analysis and discussions

3.1 Stress-cycles: S-N curves

In order to estimate the endurance limit at 2.106 reference cycles of the studied ma-
terial, the Staircase method was employed. The correspondent results are present in
the Table V.6, Table V.7 and Table V.8 established respectively for three batches (wet,
LCO2 and LN2).
O: unbroken specimen, X: broken specimen

Table V.6 – Staircase results of fatigue specimens drilled in wet condition

Specimen n◦ 2 3 4 5 6 7 8 9 10 12 13 14 15 16 17
σa=160 MPa X X X
σa=150 MPa O O X X O X
σa=140 MPa O O O X
σa=130 MPa O O
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Table V.7 – Staircase results of fatigue specimens drilled in LCO2 condition

Specimen n◦ 3 4 5 6 7 8 9 10 11 12 13 14 15 1 16 17
σa=150 MPa X X
σa=140 MPa O X X X X
σa=130 MPa O X X O O
σa=120 MPa X O O
σa=110 MPa O

Table V.8 – Staircase results of fatigue specimens drilled in LN2 condition

Specimen n◦ 6 2 7 8 10 11 12 1 13 14 15 16 17 18
σa=120 MPa X X
σa=110 MPa O X O X
σa=100 MPa X O X O
σa=90 MPa O X O
σa=80 MPa O

An expected difference related to fatigue resistance could be noticed when examining
the staircase results for the three batches. In general, the wet lot exhibited higher level
of the applied stress σa. As for the LCO2, this condition induced relatively lower of σa

and more broken specimens. Nevertheless, LN2 cooling condition reduced significantly
the range of σa.
Staircase results are collected in the Stress-cycles (S-N) curves shown in Fig. V.12.
The graph displays the fatigue performances of Inconel 718 as a function of cooling
strategy of the drilled specimens.
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Figure V.12 – Illustration of Stress-cycle (S-N) curves showing the fatigue performances
of Inconel 718 as a function of cooling strategy of the drilled specimens.
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Results showed that wet condition exhibited the highest fatigue resistance compared
to both cryogenic batches. In contrast, the LN2 condition disclosed the lowest fatigue
resistance in comparison with the LCO2 drilled specimens. Furthermore, the wet lot
displayed lower scattering with respect to the fatigue resistance compared to the LCO2
condition. LN2 condition exhibited the highest scattering regard to the stress ampli-
tude applied. Conceivably, the fatigue life rises with decreasing the stress amplitude
relatively to the studied cases.

At this level, it seems to be interesting mentioning the influence of tool wear on the
fatigue results. Now, we will present only the state of tool wear after drilling the first 6
specimens (using fresh tools for each cooling strategy) in order to reveal the efficiency of
the cooling strategies from the point of view of fatigue behavior. Fig. V.13 illustrated
the tool wear state obtained under wet condition since all cooling conditions produced
almost the same tool wear state after drilling the first 6 specimens.

Figure V.13 – Illustration of tool wear state after drilling the first 6 specimens under
wet condition.

Table V.6, Table V.7 and Table V.8 depicted the order of the drilled specimens and
the correspondent applied stress previously evoked in section. 3.1. Since that the
applied stresses σa differs from one lot to another, the tool wear effect seems not to
be a great contributer to affect the fatigue strength, especially that the tool wear is
very low. Effectively, in this context, Li et al. (2014) investigated the tool wear effect
on fatigue strength of Inconel 718. Authors reported that tool wear effect is negligible
with respect to fatigue limit when tool wear did not exceed VB= 0.2 mm.
To more figure out the impact of tool wear, one has summarized the stress-cycle (S-N)
curves presenting the fatigue performances obtained for each cooling condition as a
function of the chronology of drilling the fatigue specimens. Fig. V.14 illustrated the
correspondent curves. As it can be seen, under all cooling conditions, fatigue results
revealed a random tendency with respect to the different batches (t1, t2, t3 and t4)
that dislosed the chronology of the drilling process. In other words, the tool wear states
(either new or unnew tools) have not affected the fatigue results especially that the
gab was not significant enough to affirm that the tool wear state influenced the fatigue
outputs obtained under the three cooling conditions.
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Figure V.14 – Illustration of Stress-cycle (S-N) curves showing the fatigue performances
obtained for each cooling condition as a function of the chronology of drilling the fatigue
specimens : (a) Wet; (b) LCO2 and (c) LN2.
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The fatigue endurance limit σd is therefore calculated to well evaluate the cryogenic
performance of the drilled specimens. Fig. V.15 illustrated the fatigue endurance limit
as a function of the cooling strategy of the drilled specimens.
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Figure V.15 – Illustration of the fatigue endurance limit as a function of cooling strategy
of the drilled specimens.

The fatigue endurance limits σd (at 2. 106 of fatigue cycles) held 148 MPa, 133 MPa and
102 MPa respectively in wet, LCO2 and LN2 conditions revealing standard deviation of
8.4 MPa, 15.65 MPa and 17.66 MPa respectively. So that, cryogenic drilled specimens
exhibited lower fatigue endurance limit compared to conventional lubrication revealing
more than 10% of deterioration in the case of LCO2 and around 30% in the case of LN2.
Although the postulate that the scatter when testing fatigue specimens continues to
occur and requires too many specimens to be statistically accurate at best, it could be
highlighted that the scatter of results might be strongly linked to the drilling process,
in particular the cooling conditions. Such discrepancy will be investigated in the next
sections.

The S-N curves indicate the fatigue behavior of the drilled specimens. Therefore,
it was considered interesting to place these results with the literature review findings.
However, there is no previous research that has dealt with the influence of the drilling
process at high-cycle fatigue of Inconel 718 nor the effect on the cryogenic cooling
strategies on fatigue strength. So that, to be consistent regarding the comparison issue
with smooth specimens, the stress concentration factor Kt has been involved following
the equation below since that the macroscopic behavior is considered linear (elastic
regime) (Aman et al., 2017).

σd,(smooth−specimen) = Kt ∗ σd,(drilled−specimen) (V.4)

To compare with previous studies, a summary of literature review works has been es-
tablished as displayed in Fig. V.16.
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Figure V.16 – Illustration of the machining process effect on fatigue endurance limit
reported in literature review (R=0.1).

Globally, the current results are well placed in comparison with literature review find-
ings even if the variable parameters are quite different, notably the machining operation
itself. As expected, the drilling operation may reduce notably the fatigue strength since
that the hole presents a major source of stress concentration inducing a drop of fatigue
limit.
Ayesta et al. (2016) reported the High Cycle Fatigue behavior of WEDM-manufactured
and ground specimens of Inconel 718. Authors found that the machining operation may
affect the fatigue resistance where ground specimens disclosed 10 % higher compared
to WEDM specimens. Indeed, the WEDM-manufactures specimens exhibited high
residual tensile stress, surface roughness and microcracks generated in the surface con-
tributing to decreasing the fatigue strength, especially at high-cycle fatigue regime. It
should be noted that the ground specimens were polished at the lateral faces. There-
fore, the surface roughness disclosed lower values compared to the WEDM specimens.
At the same line, Li et al. (2014) investigated the end-milling influence on the fatigue
life of Inconel 718, in particular the tool wear effect. The fatigue tests showed that
the four milled samples (tool wear up to VB= 0.2 mm) did not fail within 4.106 cycles
in four point bending fatigue testing condition. At this point, one question could be
arisen that consists in the number of the tested specimens was not sufficiently repre-
sentative to evaluate the fatigue behavior of the end milled specimens since that the
heterogeneity of the materials is a detrimental factor to affect the reliability of the
fatigue outputs.
In this present work, 45 specimens were employed in order to estimate at best the
fatigue resistance for the drilled specimens according to the staircase method. The
latter is the most efficient approach to characterize the fatigue behavior of metallic
materials when the number of the tested specimens are minimized. For each tested
batch, one must at least employ from 10 to 15 specimens in order to ensure reliable
results (Abroug et al., 2018).
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3.2 Hole topology

Hole topology could be a great contributor to the reduction in fatigue life due to surface
irregularities and defects generated from the machining process such as grooves, cracks,
and debris (Yin et al., 2020).

3.2.1 Surface topology : SEM observations

In this section, SEM observations have been carried out in order to identify the surface
topology of the drilled holes under all cooling conditions. Therefore, one could extract
additional information to explain the difference obtained with respect to fatigue be-
havior. Fig.V.17 depicted the surface topology of the drilled specimen obtained in wet
condition.

Figure V.17 – Topology of the drilled specimen under wet condition using SEM.

The machined surface of the drilled specimen obtained under wet condition revealed a
typical state in terms of feed marks except the presence of some adhered particles. To
recognize these particles, EDS analysis was conducted and have shown that the chemi-
cal composition consisted of the work material elements. These features are commonly
observed when machining Inconel 718 (Axinte et al., 2006). In the LCO2 condition,
additional features were observed as displayed in Fig. V.18.

Figure V.18 – Topology of the drilled specimen under LCO2 condition using SEM.

Apart from the adhered chips, micro-cavities were present on the machined surface of
the LCO2 drilled specimen. These defects have an adverse effect on the fatigue be-
havior as they are propitious to stress concentration. Yin et al. (2020) reported that
the micro-pores are essentially monitored by the carbide particles of the work material,
build-up edge (BUE) stuck on the tool tip as well as the adhered chips. Authors added
that the formation and the plucking of the BUE results in destabilizing the cutting
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process and thus deteriorating the surface morphology.
As for the LN2 surface morphology of the drilled specimen, much poorer surface finish
has been observed revealing huge amount of adhered material on the surface in addi-
tion to the smearing. The latter may occur due to high plastic deformation caused by
squeezing action between the auxiliary flank face of the tool and the machined surface
during the progression of tool (Thakur and Gangopadhyay, 2016).

Figure V.19 – Topology of the drilled specimen under LN2 condition using SEM.

It could be further observed that the LN2 configuration disclosed larger cavities across
the machined surface with a size around 10 µm. Indeed, the surface damage is much
more severe by the occurrence of bigger cavities on the machined surface which has in
general prominent influence on fatigue strength of the drilled specimens. This obser-
vation is closely in agreement with the current results since that the poorest machined
surface topology obtained in the LN2 configuration correspond to the lowest fatigue
resistance.
Concerning the presence of accidental machining defects on the machine surface (such
debris, smearing and cavities) in processing Inconel 718, it might be interesting to
optimize as possible the cutting conditions (cutting parameters, tool cutting, cooling
strategy) in order to reduce their effects on fatigue resistance as they present a poten-
tial danger over the life of the components.
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3.2.2 Areal parameters

Surface irregularity induced by machining process affects the fatigue resistance. Clas-
sically, the surface roughness Ra is the most commonly considered when characterizing
the fatigue behavior of machined components (Sun et al., 2016). However, this param-
eter do not reflect the state of the surface topography if the machined surfaces exhibit
heterogeneity. Effectively, according to the SEM observations that were just presented,
the machined surfaces obtained after the drilling operation under all cooling conditions
revealed debris as well as cavities randomly distributed on the surface. Therefore, one
is interested to measure the areal surface parameters namely the average areal rough-
ness Sa in addition to the total areal roughness Sq.
Using the Brucker profilometer, scan analyses of the holes drilled under wet, LCO2 and
LN2 cooling strategies have been conducted. Fig. V.20 displayed the correspondent
analyses.
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(a)

(b)

(c)

Figure V.20 – Surface topgraphy scanned using the Brucker profilometer of the drilled
specimens under all cooling strategies : (a) Wet; (b) LCO2 and (c) LN2.
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Table V.9 sets out the areal parameters assessed using the profilometer equipment.

Table V.9 – Areal parameters evaluated from the profilometer analyses

Wet LCO2 LN2

Sa (µm) 1.47 1.42 2.03
Sq (µm) 1.85 1.8 2.63
σd (MPa) 148 133 102

Results showed that the Sa and Sq revealed similar values in both configurations wet
and LCO2. Nevertheless, LN2 cooling strategy exhibited the highest values of Sa and Sq

inducing a damage of 38 % and 42 % respectively in comparison with the wet condition.
In this context, Novovic et al. (2004) have examined the effect of surface topography
generated from machining process on fatigue performance. Authors reported that for
a critical range of lower roughness leads to longer fatigue life. Similar finding has been
pointed out by (Sun et al., 2016). Sun et al. (2016) have studied the fatigue perfor-
mance of titanium drilled samples showing that the decrease in fatigue life is most
likely caused by the poor surface integrity of the workpiece. They have estimated that
this statement was essentially related to the rougher surfaces which may provide stress
concentrations causing fatigue crack initiation sites, and thereby reduction in fatigue
limit.
Overall speaking, the fatigue result obtained for the three fatigue batches seems to be
consistent with the areal roughness measurements. Indeed, the smoother is the topog-
raphy of the drilled specimens, the higher was the fatigue resistance. At this line, a
correlation between the measured areal parameters (Sa and Sq) and the fatigue limits
of the three fatigue batches was established in order to figure out the link between
these parameters and the fatigue limits.
It can be deduced that the areal surface parameters could exhibit a correlation with the
fatigue resistance. Obvious tendency might be observed when examining the results
illustrated in Table V.9: the lowest values of Sa and Sq experienced in the case of wet
and LCO2 batches correspond with the highest values of fatigue resistance achieved
in the same configurations. In contrast, LN2 configuration that revealed the lowest
fatigue resistance induced the worst surface topography in terms of Sa and Sq. This
finding is in total agreement with (Holmberg et al., 2021).
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3.3 Microhardness profiles

The micro-hardness profiles in depth of the affected layer near the sample surface have
been measured on the cross-sections and are compared with the micro-hardness of the
raw material. Results are given in Fig. V.21.
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Figure V.21 – (a) Illustration of micro-hardness profiles of drilled specimens under all
cooling machining strategies; (b) Illustration of the correspondent indentations of the
micro-hardness profiles.

Both cryogenic conditions showed higher values of microhardness close to the surface
than the conventional condition. Compared with the raw material, both cryogenic ap-
proaches revealed higher values of almost 60 HV0.05 near the surface (12 %) whereas
wet condition induced only 10 HV0.05 when comparing with the raw material micro-
hardness. This could be explained by the fact that higher machining forces are induced
when using cryogenic fluids and therefore causing more severe mechanical deformation
(Pusavec et al., 2011). Concerning the fatigue behavior of the current studied cases,
it could be assumed that the cryogenic temperature induced harder work material and
probably acquiring brittle behavior. Consequently, the fatigue resistance seems to be
adversely affected. This tendency is reflecting quite well the fatigue resistances ob-
tained in wet, LCO2 and LN2 batches. Nevertheless, one question arise concerning the
appropriateness of relying solely on this parameter. Indeed, as previously mentioned,
both cryogenic conditions induces similar results regard the micro-hardness. In con-
trast, the fatigue resistances are significantly different even if they showed lower values
compared to the wet batch. For these reasons, it is worth excavating further to explain
the origins of the fatigue behavior difference.
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3.4 Surface and subsurface damage

As well known that the drilling operation is a confined area, the work material is sub-
jected to high mechanical and thermal loads which may affect the microstructure of
the workpiece material at the surface and the subsurface. Therefore, SEM observations
of the machined surface and subsurface of the drilled specimens have been conducted
on the cross-section along the cutting direction for the three cooling conditions. The
main target of these analyses is to figure out if the several cooling strategies revealed
any difference in terms of microstructure alterations.
Fig. V.22 illustrated the microstructure damage of the cross section of the drilled fa-
tigue specimens under wet condition.

Figure V.22 – Surface and subsurface damage of cross section of the drilled fatigue
specimens under wet condition.

As it can be observed that the affected layer induced during the drilling process revealed
three typical zones (Imran et al., 2015):

— Zone A: a non modified microstructure known as the bulk material;
— Zone B: a deformed zone reveals the elongation of the grains along the cutting

direction;
— Zone C: a severe plastic deformation SPD much higher than the one obtained

in the previous zone where the grains undergo a drastic deformation.

As for the LCO2 condition, the affected layer exhibited thicker SPD layer in compar-
ison with the previous condition in addition to cracked carbides present close to the
machined surface as displayed in Fig. V.23.

Figure V.23 – Surface and subsurface damage of cross section of the drilled fatigue
specimens under LCO2 condition.

Anterior study have reported that the white layer experienced in the machined surface
could be very harmful with respect to fatigue resistance (Guo and Schwach, 2005).
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Authors pointed out that the samples that did not exhibit a white layer are much more
able to hold out against fatigue crack initiation and propagation. Hence, longer lifetime
were obtained in comparison with the ones that presented white layer.
Concerning the LN2 drilled specimen, apart from the typical zones that were observed
under all cooling conditions, additional features were present at the vicinity of the ma-
chined surface. Fig. V.24 shows the correspondent observations that were depicted.

Figure V.24 – Surface and subsurface damage of cross section of the drilled fatigue
specimens under LN2 condition.

Remarkable defects existed very close to the machined surface for instance cracked
carbides in addition to frequent cavities were generated in the LN2 machining strategy.
Such defects are obviously source of stress concentration causing the reduction of fa-
tigue life. In this context, some previous studies found that local defects especially the
ones present at the vicinity of the sample surface affects negatively the fatigue strength
of the component (El Khoukhi et al., 2019).

Overall speaking, the heterogeneity (defects, cavities, cracked carbides) observed along
the cross section of the drilled specimens microstructure in the case of LN2 cooling
strategy is probably the key factor the explain the degradation of the fatigue strength
obtained in the LN2 case. In other words, there are greater stress concentrations present
on the machined surface caused by the previously mentioned features which likely re-
sulted in fatigue crack nucleation sites, and thereby a subsequent drop in fatigue life of
the samples. Nevertheless, the microstructural observation carried out in the case of
wet as well as LCO2 drilled specimens have shown almost the typical aspects induced
during machining process namely plastic deformation in the subsurface and relatively
thin layer. Both conditions resulted in less affected material microstructure which
seems to give rise to longer fatigue life of the drilled specimens.

In the next section, to figure out the influence of the different cooling conditions of
the drilled fatigue specimens, an investigation regard the fractographies analyses is
developed.
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3.5 Fractography of broken fatigue specimens

To export additional information helping to identify the origin of the fatigue endurance
limits difference revealed in the S-N curves, it is worth examining the failure surfaces
of the broken fatigue specimens. Table V.10 summarizes the broken specimens outputs
for the three kinds of batches whose failure surface will be presented in this section.
It is important to highlight that the main target of this investigation consisted in
identifying the crack initiation sites for the three kinds of batches and try to explain
the difference of fatigue limit observed.

Table V.10 – Summary of the broken specimens outputs for the three kinds of batches
whose failure surface will be presented in this section

Cooling Wet LCO2 LN2
Conditions
σa=160 MPa 586 775
σa=160 MPa 1.76 106

σa=130 MPa 600 883
σa=130 MPa 1.11 106

σa=120 MPa 533 534
σa=100 MPa 1.73 106

It was relevant to show the fractographies of the failed specimens with the correspon-
dent criterion. For each lot, the applied stress was fixed and the cycles to failure range:
short fatigue life (around 600 000 cycles) and long fatigue life (> 106) will be presented.
So that, the crack initiation sites could be distinguished depending on the fatigue life
range for each batch.
However, in the LN2 case, this condition was not possible to fulfill since that the scat-
ter was too high to show fracture surfaces of broken specimens subjected to the same
applied stress inducing respectively short and high fatigue lives.
The fractography observation have been conducted using the SEM equipment. Obvi-
ously, crack initiation for the failed specimens took place from the drilled hole edges as
displayed in Fig. V.25.
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Figure V.25 – Illustration of the fatigue steps site at the macroscopic scale : (a) in the
plane (xy); (b) in the plane (xz).

A general observation that could be mentioned is that the fractured surfaces (regardless
of the cooling condition) are essentially composed of two specific characteristics :

— Fatigue zone revealing smooth surface induced during the fatigue loading cycles;
— Final failure or the catastrophic rupture exhibiting a rough surface.

Basically, apart from the work material or the loading conditions (loading, loading
ratio, specimen geometry...), the rupture by fatigue exhibits three phases namely (Fig.
V.25.b):

1. Crack Initiation phase: Germination and growth of multiple micro-cracks, their
coalescence resulting in the formation of a macro-crack;

2. Propagation phase: The macroscopic crack propagates according to the laws of
fracture mechanics;

3. Final failure phase: The final break comes abruptly. The crack is spreading and
the straight section tore off.
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In this work, the attention is dedicated essentially to the crack initiation phase as the
comparative study focused on the effect of the drilling process on the fatigue limit.
Fig. V.26 shows the fractography of the broken specimen (n◦7) obtained in wet condi-
tion. The specimen was subjected to σa=160 MPa inducing a fatigue life of Nf =
586 775.

Figure V.26 – Illustration of the fractured surfaces of the broken specimen n◦7 drilled
in wet condition (Nf = 586 775, σa=160 MPa).

It can be seen that the fatigue cracks initiated near the specimen surface where faceted
structures were observed around the crack initiation site. The facet could be induced
either by the grain boundary decohesion (intergranular) or the accumulation of the lo-
cal plastic fatigue deformation inside the grain (intragranular) leading to fatigue crack
initiation.
In this context, Price and Kunc (1986) have extensively studied the occurrence of
faceted fatigue fractures in nickel superalloys. They have reported that the main con-
ditions of the facets structrure of fatigue fracture are not only the coarse grain size
and thin sections but also low stress levels with respect to the yield stress. The latter
condition seems to be convenient with this study case since that the loading stress
levels are too low compared to the yield stress of the work material.
Currently, the majority of manufacturing processes induce defects that promote the
fatigue crack initiation namely porosities and inclusions. Indeed, such features provide
stress concentration inducing the crack initiation and thereby the propagation causing
the material failure as reported in (Qian et al., 2020). Therefore, EDS analyses were
carried out in order to identify if these features exist in the initiation site close to the
surface and in the subsurface.
Fig. V.27 illustrates the EDS analysis that has been conducted on the fractured surface
of the specimen n◦7 at the vicinity of the surface as it was assumed that the crack ini-
tiation sites took places very close to the surface (around the facets structures). It can
be observed that the several analyzed zones proved that neither inclusions nor strange
particles such as oxide particles have been detected. This finding might confirm that
the facets play major role for the crack initiation.

177



Figure V.27 – Illustration of the EDS analysis conducted on fractured surfaces of the
broken specimen n◦7 drilled in wet condition (Nf = 586 775, σa=160 MPa).

At the same line, Forsman (2012) figured out when examining the fracture fatigue
mechanisms of Inconel 718 that casting defects has not been found to initiate cracks
at any testing temperature. In contrast, facet initiations prevailed the crack initiation
sites at room temperature and high temperature as well.

Subsequently, an observation of the fracture surface of a broken specimen that un-
derwent the same loading conditions as the previous one. However, the achieved cycles
number to failure was significantly higher (Nf = 1.76 106). Fig. V.28 figured out the
correspondent results.

Figure V.28 – Illustration of the fractured surfaces of the broken specimen n◦14 drilled
in wet condition (Nf = 1.76 106, σa=160 MPa).

It can be observed that even at higher cycle fatigue life, similar observations could
be depicted. Indeed, very close to the surface, facets structures were identified. The
facet surfaces that initiated the crack are probably triggered from coarse grain size as
illustrated in the Fig. V.28. The larger facet surface seems to be the true initiation
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point as the identification of the crack initiation sites are essentially recognized by the
tear ridges. When examining the tear ridges propagation, it was judging that these
features derived from the larger facet surface located very close to the hole edge.

For the LCO2 broken specimens, Fig. V.29 illustrated the fractured surfaces of the
specimen n◦13 that was subjected to 130 MPa of σa inducing Nf = 600 883.

Figure V.29 – Illustration of the fractured surfaces of the broken specimen n◦13 drilled
in LCO2 condition (Nf = 600 883, σa=130 MPa).

It can be deduced that the LCO2 broken specimen case seems to be very similar to the
previously described fractographies revealed in the wet condition. Relying on the Fig.
II.2, one could judge that the crack initiation sites are localized in the facet structure.
Indeed, crack initiation sites have been assumed to be dominated by facet initiations
due to locally some small deformation occurring during each load. Basically, fatigue
fracture could take place at very low magnitudes of stresses where the response of ma-
terial towards applied loads is assumed to be elastic. In a macroscopic manner, this
elastic approximation is completely true, but locally some small deformation must oc-
cur during each single load cycle. These deformations, even if small, are further added
as long as more cycles are applied until causing the failure.

The study of the fatigue fracture surfaces of the broken specimen n◦9 drilled in LCO2
condition (Nf = 1.11 106, σa=130 MPa) displayed an initiation appearing typically at
faceted structure characterized by smooth surfaces (Fig. V.30). Even at higher fatigue
life cycle (and the same level of stress amplitude), the crack initiation sites have been
seen again to be governed by facet structures where the accumulation of the plastic de-
formation contributed significantly to promote crack nucleation (Waqas Tofique et al.,
2016).
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Figure V.30 – Illustration of the fractured surfaces of the broken specimen n◦9 drilled
in LCO2 condition (Nf = 1.11 106, σa=130 MPa).

At the same line, Ma et al. (2010) examined the fatigue and fracture surface of nickel
based superalloy Inconel 718 up to the very high cycle regime under rotary bending
tests at room temperature. Authors proved that with a low stress level, the most easily
way of the facets formation can be induced by the localized plastic deformation during
crack nucleation.

Noted that the most of the investigated broken specimens (either wet or LCO2 batches)
were found to reveal that most of the crack sites initiated at the hole edge (the surface)
or in the subsurface (very close to the surface) where the initiation sites had a facet like
appearance. In close to all studied cases, the initiations sites had a very comparable
appearance which implies that the initiation mechanisms are likely also analogous.
It is worth to point out that the determination of the exact initiation sites is however
difficult. In some cases, it was hardly discernible to identify the true sites of the crack
nucleation. Therefore, complementary EDS analyses were performed on additional
broken specimen n◦8 drilled in LCO2 condition (Nf = 588 758, σa=140 MPa). This
investigation may help to examine some zones that would be susceptible to initiate
cracks. Results are shown in Fig. V.31.
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Figure V.31 – Illustration of the EDS analyses conducted in the fractured surfaces of
the broken specimen n◦8 drilled in LCO2 condition (Nf = 588 758, σa=140 MPa).

EDS analyses displayed that NbC carbide could be as well the source of crack nucle-
ation of Inconel 718 under fatigue load. These particles are brittle and might be the
cause of crack nucleation. In this context, Ono et al. (2004) reported that fatigue cracks
initiation sites have been found to occur near the specimen surface. Authors figured
out that facet structures in addition to coarse NbC carbides were observed around the
crack initiation sites depending on the stress level applied.

Concerning the third lot namely the broken specimens drilled under LN2 condition,
fractographic analyses revealed a drastic difference with respect to the fatigue crack
initiation regions in comparison with the previous cases. Fig. V.32 showed the frac-
tured surface of the broken specimen n◦2 drilled in LN2 condition inducing Nf = 533534
when the applied stress level σa was equal to 120 MPa.
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Figure V.32 – Illustration of the fractured surfaces of the broken specimen n◦2 drilled
in LN2 condition (Nf = 533 534, σa=120 MPa).

Obviously, it can be seen that fatigue cracks initiated near the specimen surface. As
illustrated in Fig. V.32, it might be judged that the crack source region preferentially
initiated from the coarse defects. Such defects are likely generated during the drilling
process under LN2 cooling condition. The large defect existing near to the surface
observed in the LN2 drilled specimen considerably shortens its lifetime. It has been
extensively recognized that fatigue resistance is sensitive to defect position as well as
defect size. These two parameters act in competitive way. Bonneric et al. (2020) re-
ported that the defect position is the winner from a point of view that the major cause
of fatigue failure is the surface assuming that the essential cause of the surface cracks is
the interaction with the external environment that could have a large impact on crack
nucleation.

EDS analyses were carried out at the defect position and showed the presence of In-
conel 718 elements as illustrated in Fig. V.33. This observation could be explained by
the fact that the peeling of material was generated during the drilling process.
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Figure V.33 – Illustration of the EDS analyses conducted in the fractured surfaces of
the broken specimen n◦2 drilled in LN2 condition (Nf = 533 534, σa=120 MPa).

Subsequently, an observation of the fracture surface of a broken specimen n◦8 drilled
in LN2 condition is presented in Fig. V.34. This specimen was subjected to 100 MPa
of σa leading to a fatigue lifetime Nf equal to 1.73 106.

Figure V.34 – Illustration of the fractured surfaces of the broken specimen n◦8 drilled
in LN2 condition (Nf = 1.73 106, σa=100 MPa).

As it can be observed, cracks initiated predominantly within the defects experienced at
the hole edge. According to literature review findings, the fatigue behavior of materials
is driven significantly by the state of the surface since that the initiation of cracks ap-
pears predominantly at the surface of the fatigue specimens (Moussaoui et al., 2015).
Consequently, it could be concluded that the observation mentioned previously (in Fig.
V.33 and Fig. V.34) implicates that drilling operation under LN2 cooling condition de-
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teriorated the surface topology of the machined surfaces. Hence, fatigue resistance is
adversely affected revealing a significant reduction in comparison with the conventional
lubrication and the LCO2 strategy as well.
It seems worth mentioning that in case of the LN2 fatigue specimens, all the bro-
ken specimens were analyzed in order to verify if the defects that have been observed
occurred for all tested specimens or they are randomly present. Effectively, when exam-
ining all the surface fractographies, similar findings were figured out. For the majority
of LN2 failed specimens, coarse defects were identified revealing the same aspects of the
fracture surfaces. This observation confirms that the LN2 drilling condition generated
the most deteriorated surface finish. Moreover, in the case of the LCO2 and conven-
tional cooling conditions, such defects did not exist in the surface fracture.

Conventionally, researchers investigates the effect of the defect size on the fatigue limit
via Kitagawa-Takahashi diagrams (Abroug et al., 2018; El Khoukhi et al., 2019). The
Kitagawa-Takahashi diagram reflects that in the presence of defect, fatigue limit de-
creases in a stepwise manner with the increase of the defect size. However, in this
work, it is not possible to proceed the same way since that the output of the staircase
method are not sufficient to draw the Kitagawa-Takahashi diagrams. In other word,
for the considered LN2 batch, one staircase allowed to estimate only one point of the
curve. Therefore, another correlation could be established according the finding of the
present work. One could relate the the effect of the size defect on the fatigue lifetime
of the LN2 drilled specimens. To do this, at first, the area of each defect present in
the fracture surface of the broken specimens drilled in the LN2 cooling condition are
given in Fig. V.35. It should be mentioned that the calculation of the defects area
were established using the software Image-J.
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Figure V.35 – Illustration of the probable crack initiation sites experienced from the
defects close to the surface of the LN2 failed specimens : a) Specimen n◦2: Nf =533534;
b) Specimen n◦7 : Nf =414 773; c) Specimen n◦8: Nf = 1.73 106; d) Specimen n◦15 :
Nf = 1.56 106.

Afterwards, the applied stresses σa is then plotted versus the fatigue lifetime taking
into account the square root of the defect area. Results are shown in the Fig. V.36.
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Figure V.36 – Illustration of applied stresses versus fatigue lifetime of the LN2 failed
specimens taking into account the square root of the defect area.
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It can be observed that the fatigue lifetime is dependent on the defect size: as the size
defect increases, the fatigue lifetime decreases. At this line, authors define a critical size
where the sensitivity to the fatigue limit is then significant (El Khoukhi et al., 2019).
The latter reported that the main difference in fatigue resistance is attributed to the
defect size as well as its position. This interpretation correlates well with the current
results mainly for two reasons. First, if comparing the three studied cases namely :
wet, LCO2 and LN2 fatigue specimens. It could be judged that the presence of defects
at the vicinity of the surface in the case of LN2 lot generated the worst fatigue be-
havior in terms of fatigue limit compared to the wet and LCO2 cases. Secondly, when
examining the LN2 batch, fatigue lifetime is strongly linked to the defect size. Indeed,
broken specimens revealing larger defect experienced shorter fatigue lifetime.

Overall, fracture surface investigations and EDS analyses have figured out that the cool-
ing strategy during drilling operation of the fatigue specimens affected drastically the
fatigue behavior inducing several aspects (defects, fatigue failure mechanisms..). Let
us recall that wet and LCO2 strategies generated comparable fatigue limits. Hence,
one could not easily distinguish the fatigue mechanisms related to the crack initiation
sources in the case of the wet and LCO2 cooling approaches. Effectively, it has been
pointed out that similar aspects governed the fatigue behavior of the drilled specimens
under both conditions (wet and LCO2). Fatigue cracks initiated often around facet
structure very close to the surface. In contrast, LN2 exhibited unlike fatigue crack
initiation zones where coarse defects localized at the surface causing the rapid failure
of the specimens (Fig. V.37).

Figure V.37 – Illustration of the fatigue endurance limit obtained for the three fatigue
batches linked with the fatigue failure mechanisms observed in the surface fracture.
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3.6 Discussions: summary of the outcome of the study

It is widely reported about the existence of a strong correlation between the manu-
facturing process and the fatigue behavior of the components and critical structure
(Davies et al., 2014). For instance, the machining process affects significantly the sur-
face integrity of the workpiece which is a predominant factor to monitor the fatigue
performance. In particular, depending on the mechanical and thermal loads encoun-
tered in the machining process, the surface integrity of the machined parts experi-
ence some alterations with respect to the metallurgical aspects (surface and subsurface
roughness, microstructure change, microhardness evolution) as well as the mechanical
aspects (residual stresses) in addition to the topological properties (surface roughness)
as illustrated in Fig. V.38.

Figure V.38 – Illustration of the fatigue endurance limit obtained for the three fatigue
batches linked with the fatigue failure mechanisms observed in the surface fracture.

In this section, a correlation between the hole topology, the micro-hardness measure-
ments, microstucture damage as well as the fracture surfaces of the broken specimens
will be established.
At first, it should be noted that although the residual stresses are very interesting to
assess when characterizing the surface integrity in order to predict the fatigue behav-
ior, these parameters were not evaluated in the current work. In fact, evaluating the
residual stresses distribution of drilled samples arise some difficulties. To access to the
machined surface of the drilled holes, one needs to cut the sample. The cut of the sam-
ple induces the release of the residual stresses induced by drilling operation. So that, it
is necessary to combine two methods : the experimental (XRD) and numerical (such as
the contouring approach). In this context, Pagliaro et al. (2011) explains in details the
strategy to measure the inaccessible residual stresses using several methods and super-
position. As this procedure requires much longer time, it was not possible to conduct it.
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The investigation carried out has driven to several conclusions deduced from each cool-
ing condition performance. Table V.11 presents a summary showing a comparison of
the output of this study related to each batch.

Table V.11 – Summary of the output of the study

Cooling conditions Wet LCO2 LN2

σd MPa 148 MPa 133 MPa 102 MPa

Areal parameters Sa=1.47 µm Sa=1.42 µm Sa=2.03 µm
Sq=1.85 µm Sq=1.80 µm Sq=2.63 µm

Hole topology debris debris debris
micro-cavities large cavities

smearing

Microhardness 512 HV0.05 556 HV0.05 560 HV0.05
(near the surface)

Microstructure damage typical affected typical affected typical affected
layer layer layer

defects at the surface
cracked carbides

Crack initiation sites Facets Facets Coarse defects

As it could be deduced from the Table V.11, wet lot revealed the highest fatigue
strength compared to the cryogenic ones (LCO2 and LN2). If examining the output
obtained in this condition, one could affirm that the conventional lubrication generated
the best surface integrity : the lowest values of Sa and Sq and the least damage present
on the machined surface. In addition, fracture surfaces of the failed specimens have
shown that the crack nucleation origins are almost occurring around facets structure.

As for the LCO2, similar observations have been noticed in comparison with the wet
condition. Remarkable difference concerned the hole topology in terms of defects that
were occasionally seen. Regard the fracture surface, cracks originate from initiation
facets in a most of analyzed cases where facets nucleated cracks at the surface as well
as the sub-surface. In summary, it was very difficult to draw conclusions regarding the
mechanism behind the initiation of facets at the surface and subsurface observed in wet
and LCO2 specimens. Price (1984) has investigated the correlation between the yield
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stress and the fatigue limit for several materials (Nickel based alloys, steel alloys and
aluminum alloys) with respect to facet fractured. Author found that for some nickel
based alloys such as Inconel 625, two kinds of steels alloys exhibited comparable fatigue
limit values and the yield stresses. However, Inconel 718, Udimet 700 and two kinds of
aluminum alloys revealed very low fatigue limits in comparison with their yield stress
values. Additionally, he related this finding to facet structured formation. Indeed,
concerning the first category, these alloys are unfavorable to exhibit facet structure
in the crack nucleation zones. Nevertheless, the second category are rather prone to
facet structures. Consequently, it was suggested that the facet structures control the
fatigue resistance. These finding correlate well with the current study results. In-
deed, both batches (wet and LCO2 drilled specimens) manifested facet structures in
the fatigue fractographies leading to low fatigue resistance compared to the yield stress.

Regard the LN2 study case, the weak fatigue strength could be attributed to the combi-
nation of several parameters namely the machined surface that exhibited poor surface
state revealing frequent defects such as cavities, smeared material and debris which are
favorable to stress concentration and thus causing fatigue cracks nucleation.
Furthermore, an interesting finding was depicted related to the fracture surfaces, it
seems to be that facet structure are excluded to dominate the crack initiation sites. In
contrast, the coarse defects observed at the vicinity of the surface are very likely the
greatest weakness in the LN2 drilled specimens to initiate fatigue cracks leading to the
drop of the fatigue limit. This statement is an interesting conclusion that may explain
the significant gab induced concerning the fatigue performance for the three batches.

4 Conclusion

In this chapter, fatigue tests have been conducted at high-cycle fatigue regime for three
batches of fatigue specimens drilled in cryogenic and conventional cooling strategies.
The following conclusions are extracted from the experimental investigations:

— Results showed that wet drilling induced the highest fatigue resistance whereas
the LN2 generated the lowest fatigue limit;

— The experimental analyses proved that LN2 cryogenic condition induced the
worst surface integrity in terms of Sa and Sq in addition to the presence of the
large cavities on the machined surface;

— Fractographic analyses have revealed that the fatigue cracks originated from
facets structure in a dominating majority of investigated cases of drilled speci-
mens in wet and LCO2 cooling conditions;

— The majority of the LN2 fatigue fracture surfaces disclosed large surface defects
regardless of the applied stress and the fatigue lives. These defects are likely
convenient and favorable to crack initiation;

— As perspectives, the evaluation of residual stresses distribution related to the
drilling process could evaluated in order to export additional information to
explain the fatigue resistance difference of the three batches of the drilled spec-
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imens.
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1 Main conclusions

The main objective of the PhD work was to evaluate the cryogenic approach perfor-
mance using two different cryogenic fluids namely the liquid nitrogen ”LN2” and the
carbon dioxide ”LCO2” in terms of machining performance as well as fatigue limit
of cryogenic drilled specimens considering as a reference the conventional lubrication
”wet”. According to the results of the PhD work, the main conclusions that could be
drawn depending on each workpackage are listed below :

Mechanical behavior

— A new experimental cryogenic set-up has been conceived allowing to provide a
stable and homogeneous cryogenic temperature (-185◦C) in compression tests;

— Cryogenic temperature induced the highest resistance behavior at all strain rate
ranges: higher mechanical properties namely the yield stress and the peak stress
in comparison with the room temperature configuration. The yield stress at
-188◦C and at the strain rate of 10 s−1 indicating an increase around 19 %
compared to room temperature. The peak stress Rm showed a rise of 351 MPa
under cryogenic condition at 10 s−1 in comparison with room temperature;

— Concerning microstructure alterations, cryogenic temperature did not probably
show any change compared to the room temperature testing condition in spite
of the strain rate value according the analyses conducted in this study.

Machining performance

— Conventional lubrication provided the lowest tool flank wear (within 15 min)
and the lowest cutting forces whereas both cryogenic coolants induced much
higher cutting forces. Regard the tool flank wear, LCO2 showed similar results
compared to the conventional condition revealing 15 min of tool life. However,
LN2 cryogenic configuration lead to the highest tool flank wear and thereby
shorter tool life holding 13 min;

— Cutting forces components (Fc, Ff and Fp) indicated higher values under both
cryogenic conditions compared to conventional lubrication revealing that the
flow stress of the work material increased due to cryogenic temperature. Addi-
tionally, it was noticed that the passive forces are the most sensitive component
to tool flank wear rise;

— Concerning the residual stresses distribution, results pointed out that when cut-
ting using new tools, wet condition disclosed the highest tensile value near the
surface (483 MPa) and produced the lowest compressive peak (-200 MPa) along
the cutting direction. In both cryogenic conditions, near the surface, the hoop
residual stresses showed approximately similar values (180 MPa and 102 MPa
obtained respctively in LCO2 and LN2). Nevertheless, LCO2 condition induced
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the highest maximum compressive value holding around -300 MPa when cutting
with new tools;

— Overall, when comparing the three tested cooling conditions, LCO2 cooling
strategy is the most appropriate since it is able to withstand 15 min with ac-
ceptable tool wear and to produce a better surface integrity than conventional
and LN2 conditions. It could be concluded that LCO2 cooling strategy is a
good alternative to replace the conventional lubrication owing to the ecological
advantage as well.

Fatigue resistance

— LN2 drilled specimens showed the lowest fatigue limit compared to LCO2 and
wet cooling methods holding respectively 102 MPa, 133 MPa and 148 MPa at
high-cycle fatigue regime (2.106);

— Fracture surface analyses have shown that the fatigue cracks nucleated from
facets structure in the majority of investigated cases of drilled specimens in
wet and LCO2 cooling conditions. However, most of the LN2 fatigue fracture
surfaces exhibited coarse defects at the vicinity of the surface regardless of the
applied stress and the fatigue lives. These defects are likely the main sources of
crack initiation.

General conclusion

Overall speaking, the LCO2 revealed a promoting approach since it has shown a very
good performance not only during the turning experiments but also with respect to the
fatigue limit compared to the LN2 condition. So that, extensive investigations could
be conducted in order to optimize the efficiency of this cryogenic method.

2 Perspectives

The present dissertation has suggested a comparative study between two cryogenic
coolants efficiency either with respect to machining performances or the fatigue limit
considering the wet condition as a reference. However, more works may still be carried
out in the future targeting to perfect our current results and to try other techniques.
Therefore, the estimated perspectives as a continuity for the present work are listed
below:

— Recently, researchers have focused on more efficient cooling strategies when ma-
chining steels and titanium alloys. They have proved that the combination
between Minimum Quantity of Lubricant (MQL) and the LCO2 enhanced the
machining performance of these materials in terms of tool life as well as the
surface integrity. For this reason, the MQL+LCO2 could be examined in the
case of Inconel 718;
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— Besides, it could be interesting to carry out cryogenic drilling campaigns under
the three considered strategies employed in the current PhD work in order to
estimate the industrial requirements related to the tool life and the surface in-
tegrity;

— Finally, it is well known that the access to very local zone is hardly possi-
ble through experimentally approaches or techniques such as local deformation,
local stresses and cutting temperature. The perfect complementary method
consists of the numerical modeling allowing to understand better the local phe-
nomena and the damage mechanisms occurring during the cutting process under
cryogenic conditions.
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