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Abstract

This study comprehensively addresses the machining of nickel alloys, focusing its attention on crucial aspects related to
chip formation and tool wear. Detailed characterization of the morphology and the chip formation process was performed by
analyzing parameters such as chip segmentation ratio and variables such as shear band thickness and strain rate. Addition-
ally, a numerical model was used to quantify stresses and temperatures at the tool/chip interface and to evaluate damage,
thus contributing to the understanding of the development of chip formation. A transition in chip shapes as the toothing
increases is highlighted, evidenced by segmentation ratio values below 0.5, indicative of the presence of discontinuous
chips. The increase in cutting-edge radius is associated with a gradual increase in the compression ratio, indicating a higher
plastic energy requirement in chip formation. Numerical simulations support this theory of failure. A significant correlation
of 80% was identified between flank wear and the increase in shear force oscillation amplitude, indicating that flank wear
contributes to system vibration. It is also noted that the adiabatic shear bands (ASB) are narrow, revealing a marked plastic
deformation in the primary shear zone. Consequently, the remarkable incidence of wear with cutting parameters on chip
formation is demonstrated, affecting the cutting force amplitude and, hence, the workpiece topography.

Keywords Dry broaching - Inconel 718 - Cutting-edge geometry - Tool wear - Chip morphology - Segmentation ratio
parameters

1 Introduction

Inconel 718 distinguishes itself as a nickel superalloy
thanks to its remarkable mechanical properties. Its com-
position, which includes significant amounts of chromium,
iron, niobium, and molybdenum, among others, gives this
alloy unique characteristics, such as exceptional mechani-
cal strength, creep resistance, and long fatigue life [1, 2].
Inconel 718’s ability to preserve its structural integrity, even
in extreme temperature conditions (below 650 °C) and cor-
rosive environments, positions it as an invaluable material
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in the aerospace industry and other applications that demand
strength and durability in demanding environments [3].
Cutting forces and data recording in the broaching of
Inconel 718 are current research lines [4-7]. From the
1960s to the present day, Inconel 718 has become an essen-
tial material in key industries requiring high-performance
components, and demand for it continues to rise steadily
thanks to its excellent service properties [1]. However, the
complexity associated with machining this material is its
main challenge. The reasons for this complexity are diverse
and have been extensively studied [2, 8, 9]. They include a
marked propensity for built-up edge (BUE) formation, work
hardening behaviors that generate high cutting forces, rapid
tool wear due to hard abrasive carbide particles, strength
retention at elevated temperatures, low thermal conductivity
resulting in high cutting temperatures, and high hardness. In
addition, the magnitude of the influence of these behaviors
are intrinsically linked to cutting speed, along with other
cutting parameters such as tool geometry and feed rate [10,
11]. Therefore, the chip formation of Inconel will exhibit
a particular behavior due to the influence of all the effects
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added to the tool wear which is a real phenomenon in the
chip removal process.

In the aircraft industry, turbine blades can be named as
one of the most challenging parts in the production of air-
craft engines, due to their criticality, high surface quality,
and tolerance [3]. In turbine discs, one of the latest features
to be manufactured are the Firtrees for turbine blade mount-
ing. Due to the demanding service conditions, the turbines
are manufactured from Inconel 718 and the Firtrees are
machined by broaching [12]. Broaching is the certified pro-
cess that meets all standards for the manufacture of turbine
blade Firtrees [13, 14]. Broaching is a type of intermittent
orthogonal cutting using relatively low speeds (<15 m/
min). It uses the tool called broaching which is composed
of a progression of multiple cutting edges that at the total
passage through the workpiece forms the desired profile.
To cope with the resistance of Inconel 718 and to optimize
efficiency in the cutting process (Vc=15-35 m/min), spe-
cially designed broaches with tungsten carbide inserts are
used [15]. The selection and use of these specialized tools
underline the importance of research, and the proper control
and management of chip formation under real working con-
ditions during broaching. These considerations are critical to
preserving the surface integrity of the components.

A worn tool also has an impact on chip morphology.
Numerous studies have focused on understanding the
complexities of sawtooth chip formation related to flank
wear [8, 16—18]. It was observed that both aspects not
only have an impact on the quality of the machined sur-
face, but also on the tool life. That is, the configuration
and flow of the chip on the tool surface play a signifi-
cant role in the wear process. Authors such as Anti et al.
[16] supported the hypothesis that variations in the level
of tool wear directly affect the chip shape and type of
segmentation. This support is based on an analysis of
both the chip generated and the vibration signals dur-
ing machining. In a study by Ozcatalbas [19], chip shape
was examined at macroscopic and microscopic levels as a
function of different cutting regimes, also considering the
degree of tool wear. The results of this work concluded
that the emergence of chip segmentation is favored by
increases in work material hardness, cutting speed, feed
rate, negative angle of attack, and flank wear width. In
addition, it was shown that the generation of segmented
chips during machining leads to impulse forces, which,
in turn, generate vibrations in the tool.

In the Inconel 718 cutting process, the serrated chips form
easily with an adiabatic shear band reflecting inhomogene-
ous plastic deformation [20, 21]. This ease of serration is
related to the increase in cutting speed [22]. It has been dis-
covered that jagged chips can influence mechanical and ther-
mal loads and cause fluctuation of cutting force. In works
such as Chandra [23] and Cui et al. [24], it was demonstrated
by the good agreement of the frequency of tooth chip seg-
mentation and the frequency of cutting force fluctuation for
turning and milling operations, respectively. The literature
shows that cutting force fluctuation is mostly due to changes
in cutting speed and feed rate. Jagged chips and fluctuation
of cutting force are estimated to be detrimental to surface
integrity [18]. Therefore, understanding the phenomenon is
of great importance for machining surface quality.

Despite the abundance of studies that focus on simula-
tions and experiments to understand chip formation during
machining of Inconel at speeds above 50 m/min, commonly
used in turning and milling operations, there is still little
comprehensive research on chip segmentation at low speeds
(<50 m/min), such as those used in processes like broach-
ing, and its relationship with cutting and wear parameters.
Therefore, filling this gap becomes relevant, since broaching
presents a particular working mechanism compared to other
chip removal methods. The purpose of this work is to con-
tribute significantly to improve the understanding of the chip
formation mechanism and the type of segmentation under
low-speed conditions. In addition, it provides crucial infor-
mation that could be used in the subsequent development of
a tool wear identification and process monitoring system,
consolidating as a valuable input for future advances in the
optimization of these operations [13, 25].

2 Materials and methods
2.1 Work piece and tool materials

A 100-mm-diameter bar of nickel alloy (Inconel 718) was
used as a workpiece. Its required and measured chemical
composition is given in Table 1. The nickel alloy presented
in this work is a heat-treated material by solid solution and
precipitation hardening (aging), important to optimize the
mechanical properties (Table 2). This material is supplied
in its “Annealed” state to improve its machinability [9, 26].

Grain size significantly influences material properties
and small grain size increases tensile strength and fatigue

Table 1 Typical composition Ni Cr Mo Nb Ti Al Fe Detail

(weight %) and hardness of

nickel-based high-temperature 525 19 3 5.1 0.9 05 18 AMS5662P [30]
alloy (Inconel 718) 502 21.6 2.7 47 121 045 18.1 EDS measurement
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Table2 Mechanical properties of Inconel 718

Properties Value Detail
Tensile strength 1310 MPa [3]
Yield strength 1110 MPa [3]
Elastic modulus 206 GPa [31]
Rockwell C hardness 45-47 HRc Meas-
ured
Density 8221 kg/m3 [31]

resistance. On the contrary, small grain size reduces creep
resistance and crack growth [27]. The appropriate size will
depend on service conditions and industrial requirements.
A grain size that balances all the mechanical properties
mentioned is between 50 and 100 microns. The workpiece
provided has a microstructure with a large grain size (60
microns on average) surrounded by small grains of opposite
size (Fig. 1). The grain size was measured using the intercept
method.

Although Inconel 718 offers several mechanical advan-
tages, it also presents challenges in the machining process.
The temperature in conventional machining can reach up
to 900 °C (turning and milling); in broaching, because of
the relatively low cutting speed, it can reach process tem-
peratures between 400 and 600 °C. However, the stability
of nickel in its austenitic form up to its melting point, the
low diffusion rate of FCC metals which confers good micro-
structural stability at very high temperatures, the presence
of hard abrasive particles in the microstructure, and the high
work hardening rates are the main reasons for the difficulty
in machining nickel alloys [9, 28, 29].

Holder tool

Fig. 1 Microstructure of Inconel 718

2.2 Experimental setup

The dry cutting experiments were performed on a turn-
ing center (CMZ-TC25). The cutting conditions used dur-
ing these tests are given in Table 3. A Kistler 9129AA
dynamometer was used for the shear force measurements.
With a Kistler 5011B charge amplifier, the converted sig-
nals are recorded at a sampling frequency of 12 kHz. To
determine the flank wear of the tool, some images were
taken by optical microscopy. SEM microscopy (Tezcan)
was employed for morphological analysis of chips, tool
flaws, and EDS analysis for material analysis and wear
mechanisms.

The cutting tool material is uncoated tungsten carbide
(WC-10 wt% Co alloy — ISO Code K20-K40). The rake
angle is 7° and the rake angle is 5°. To analyze the samples,
some chips were collected and embedded in resin. The sam-
ples were polished using 180 to 1200 grit silicon carbide
paper, then 1-pm diamond paste was used for final polish-
ing. Electrolytic etching of the samples was performed with
Kroll solution. The average grain size was recorded using
the linear mean intersection method. An Alicona™ Infinite

Table 3 Experimental cutting conditions

Para Hardness Ni

Cutting speed, Ve (m/min) 20

Cutting width, B (mm) 8

Rise per tooth, RPT (um) 25, 50,75
Radius edge, T (um) 5, 15,25, 35
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Focus device (G5 series, vertical resolution > 10 nm) was
used for chip characterization and grain size measurements.

2.3 Analysis of chip segmentation and morphology

Nickel alloy chip morphology generally depends on contact
tribology, cutting conditions, and thermodynamic load-
ing in the cutting action [21]. From the thermodynamic
load intensity, the morphology is influenced by the plas-
tic behavior of the material resulting from the interaction
between thermal softening and hardening caused by the
work performed in the shear zone [32, 33]. The cutting
conditions that mainly affect cutting morphology are cut-
ting speed, feed rate, and tool geometry [34]. However,
information on the influence of tool cutting edge micro-
geometry on chip morphology is scarce. In addition, recent
studies such as that of Haimde, Airao, and Gdula [11, 35,
36] reported influence of wear on chip morphology in tra-
ditional machining such as milling and turning, but the
results were reported qualitatively. Therefore, a quantita-
tive assessment will significantly contribute to the effect
of wear on chip morphology.

The analysis of chip morphology provides insight into the
cutting process and provides information on the appropriate
conditions to be used for a stable cutting process. There are
geometrical parameters for the determination of the parame-
ters affecting the chip segment morphology (Fig. 2). Table 4
shows the equations for analyzing chip segmentation and
morphology in the machining environment.

The initial evaluation of the chip morphology is per-
formed by the frequency of segmentation during the cut-
ting process, as described in Eq. 1 [37]. Although this
parameter provides a basis, it is not sufficient to explain
the local deformation experienced by the chip. The chip
compression ratio (CR) according to Eq. 2 quantifies the

Cutting Tool

feed (h)

RPT=

Work piece

Machining
affected zone

Fig.2 Segmentation parameters for chip morphology determination
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Table 4 Parameters for chip morphology and segmentation determi-
nation

Parameter Equation

Chip segmentation frequency, = 100-v,-RPT 1)
Hz ch 64Pelty

Chip compression ratio CR = (Pt in) ?)

T 2RPT

Average chip segmentation SR=12. (Pynax=ltin) A3
ratio (s i)

Segmentation Intensity Ratio = mean(gz ) “)

out mean SmLL\

Average strain within the shear B h\/h’ +RPT>~2+h,, «RPTesiny (5)
band &€= Nypar*Oecosy

rrrrr

plastic deformation of the chip [38]. Higher values of CR
indicate a higher plastic energy requirement for chip for-
mation. To better understand the intensity of segmenta-
tion, Kouadri et al. [38] introduced the “chip segmentation
ratio” (SR) parameter by means of Eq. 3. This parameter
quantitatively evaluates the degree of chip segmentation,
where 0 corresponds to a continuous chip and 1 to a frag-
mented chip. If one seeks to quantify the relative variation
of the deformation in the chip, Atlati et al. [39] presented
the “segmentation intensity ratio” (SIR) parameter based
on Eq. 4. Unlike the geometrical parameters, SIR depends
on the ratio between the plastic deformations inside and
outside the shear-shear bands on the chip, allowing to
quantify the relative variation of the deformation at the
center of the chip. Thus, chip morphology can be analyzed
quantitatively, regardless of the type of chip encountered.
The advantage and limitation of SIR lies in its easy deter-
mination from finite element modeling under the ana-
lyzed conditions, as explained in the method. Finally, by
means of Eq. 5, the shear deformation within the shear
band under the shear conditions can be observed [40]. This
parameter, together with the shear band thickness, pro-
vides an idea of the speed and severity of the deformation
within the chip at the time of shearing the material [23].
Chip formation has been extensively investigated by
several studies in the literature. Chip morphology var-
ies depending on the nature of the workpiece material. In
general terms, chips can be classified as continuous, dis-
continuous, segmented, and catastrophic shear. Segmented
chips are further classified as periodic and aperiodic [41].
When machining Inconel 718, it is common to find sawed
chips with different levels of intensity. According to Koman-
duri and Schroeder [20], the initiation and propagation of
cracks in the primary shear zone, as well as thermoplastic
instability, are responsible for the formation of saw edges
in Inconel 718 chips. It has been generally demonstrated
that cutting speed is the parameter that most influences the
frequency and intensity of chip segmentation. Therefore,
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Fig. 3 Finite element modeling geometry and boundary conditions

it is imperative to explore other factors that may influence
changes in chip morphology, their impact on shear strength,
and their influence on surface quality.

2.4 Chip morphology

The commercial finite element analysis software DEFORM-
2D™ was used to simulate the orthogonal cutting process
of Inconel 718, where it uses Lagrangian update code with
remeshing technique to achieve the mechanical and thermal
steady-state conditions during the simulation. The tool was
modeled as a rigid body with 8000 elements and the work-
piece fully constrained in its six directions (Fig. 3). Initially,
the workpiece uses 15,000 isoparametric quadrilateral ele-
ments and the software allows refining the element size to
1 pm toward the cutting zone, to obtain more accurate results
and better chip geometry. Table 5 shows the equations gov-
erning the implemented simulation.

Sawtooth chip formation was simulated using the John-
son-Cook (JC) damage model (Eq. 6) [42]. Table 6 pre-
sents the set used for this study. The JC model describes
the plastic deformation of materials in different strains,
strain rates, and temperature ranges. This model is useful
for modeling material behavior in the simulation of the
cutting process where large plastic deformations occur up
to strain rates of 1000 s~! and deformations of about 0.3
during chip formation [43]. In this research, the Cockroft

and Latham criterion (Eq. 7) was considered to predict the
chip segmentation during orthogonal cutting [44].

As for friction modeling, the Coulomb friction model
(Eq. 8) is used to represent the frictional interaction at
the interface between the tool and the workpiece. A fric-
tion coefficient (1.1), experimentally determined under the
influence of flank wear [46], was applied for the uncoated
carbide cutting tool (WC/Co) during machining of the
nickel-based alloy IN718. As pointed out by Arrazola
[47], in conventional machining at low cutting speeds, the
Coulomb model is effective in describing the friction con-
ditions on the tool flank face.

3 Results and discussion

This section presents the results of the broaching experi-
ments under the conditions determined in Table 1. The mor-
phology of the chips and their parameters obtained under the
processing conditions were used to understand the changes
in the mechanisms of chip segment formation. This is fol-
lowed by the presentation of the results on the influence of
tool wear and changes of edge radius and RPT on the varia-
tion of cutting force amplitude and chip morphology.

3.1 Chip morphology

For broaching Inconel 718 machined at a cutting speed of
20 m/min, continuous chips with some levels of serration
are generally evident (Fig. 4). In addition, sawtooth chip
formation is aperiodic according to the classification given
by Davis et al. [41], which is examined on the free surface
of the chip. This means that the sawtooth segmentations are
interrupted along the width of the chip (Fig. 4). There are
three characteristics that allow us to differentiate the mor-
phology of the chips obtained. The first is the level of uni-
formity of the serrate. The chip profiles shown in the figures
illustrate this characteristic, where uniformity depends on
the segmentation aperiodicity. This aperiodicity is affected
by changes in tool edge radius (Fig. 4a, d, g, and j) and
effects caused by increased wear and RPT (e.g., Fig. 4d—f).
The tendency of the chip to achieve a periodic serration
increases with increasing radius and RPT with the influence

Table5 Main equations

. Lo . Model/theory
involved in chip-forming

Equation

modeling

Cockroft and Latham's criterion

Coulomb friction model

The Johnson-Cook plastic deformation model G =[A+Bee]e [1 i ln(é)] . [1 _ (TT -T, ) ] (6)

1r10117T0
D=[Jocd, ™
T =HeO, @®
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Table 6 Constants of the

. A (MPa)
Johnson-Cook equation [45]

B (MPa)

n m € T, (°C) T et CO)

1485 904

0.015

0.777 1.689 1 20 1300

of flank wear. Wear affects the geometry of the cutting edge,
which in turn affects the chip morphology. This phenomenon
was observed in other materials such as steel and titanium
alloys [16, 48].

The second feature is the presence of primary and second-
ary segmentation folds (e.g., Fig. 4h and k). These features
are influenced by large unstable deformations at the shear
edge-material contact at the time of shearing. This instability
results in material folds of variable morphology as shown in
Fig. 5. According to the report by Davis et al. [41, 49], the
researchers deduce that these thin lamellae form because
the cutting-edge advances as the microstructure undergoes
uniform deformation. Consequently, the microstructure
influences the morphology of these lamellae. Finally, the
third characteristic is the variability in chip thickness. This
change in chip thickness is influenced by cutting conditions.
In this study, it is affected by parameters such as cutting-
edge geometry and changes in RPT, further influenced by
vibrations in the system such as the characteristic vibration
of the tool clamping system (Fig. 4a, b, and k) and possibly
fueled by increased tool wear. An examination of the free
surface of the chip in Fig. 4c reveals the type of laminar
structure distributed across the width of the chip. As will
be demonstrated later, Fig. 4c is evidence of the tendency
for the change from a continuous chip to a segmented chip
influenced by flank wear.

During the process of continuous chip formation, shear
band growth is relatively stable, so all shear bands evolve at
the same level (Fig. 4d). However, when moving to the tran-
sition of jagged chips, the growth of shear bands is unstable
(Fig. 41). This means that as the deformation evolves, some
bands grow faster suppressing others causing instability
in the chip thickness. So, the instability of the chip thick-
ness can be seen by different levels of serrate (Fig. 3h) and
periodic bands with accumulation at different frequencies
(Fig. 4k).

According to the literature, machining of nickel alloys,
such as Inconel 718, produces serrated chips due to their
high strength and strain hardening. Figure 3 shows non-uni-
form chip serration, resulting from uneven deformation at
each cutting condition. According to the work of Komanduri
[32], inhomogeneous deformation is attributed to the high
strength of the material, its face-centered crystalline struc-
ture, the presence of large grains, and the intense deforma-
tion in a narrow region. To Inconel, the appearance of seg-
mented chips is observed at speeds above 30 m/min, while
continuous chips are generated at lower speeds [20].

@ Springer

In this study, the broaching feed rate was found to influ-
ence the uniformity of the sawing, while the cutting speed
was kept constant. At a cutting speed of 20 m/min, con-
tinuous chips were produced with non-uniform sawing due
to grain size diversity (Fig. 1), intense plastic deformation,
and localized heating due to the low conductivity of Inconel
[21]. Adiabatic shear instability occurs when local tempera-
ture and strain conditions reach a critical point, generating
narrow shear bands. This phenomenon is observed in Fig. 6
where the shear bands are thinner than 3 pm. In addition,
tool wear and system stiffness could also have affected the
sawing intensity and chip morphology, which is reflected in
disturbances in the machined surface and amplitude in the
cutting force signals as will be shown below [50, 51].

3.2 Chip segment formation mechanism

Chip formation mechanisms are defined through mor-
phological parameters as illustrated in Fig. 2. Figure 5
illustrates in three-dimensional form a continuous chip
with periodic serrate and its main characteristics. For
all experimental conditions, the chip type was close to
the continuous type with a certain degree of serration
as detailed in Fig. 6. The total length of deformation
that a material undergoes while forming a segment is
composed of two sections (blue line). The first section
corresponds to the fracture, where the material was com-
pletely sectioned and split between two consecutive seg-
ments and the second section corresponds to the joined
part of two segments where the shear band is located and
where the largest plastic deformation is concentrated.
The shear band has small thicknesses compared to other
heat-resistant alloys such as titanium or hard steels. At a
wide range of shear rates, shear band thicknesses (ASB)
in Inconel are reported to range from 2 to 60 um [52]. In
the present work, thicknesses between 1.5 and 2.75 pm
were measured.

The literature summarizes the debate on the formation of
jagged chips in two theories, (i) the adiabatic shear theory and
(ii) the periodic crack theory [52]. For the present study, the
chip formation mechanism is estimated to be more in agree-
ment with theory (i) because a shearing occurs once the critical
deformation is overcome. Due to the low thermal conductivity
of Inconel 718, the heat generated by plastic deformation often
accumulates in the narrow bands located by shear (Fig. 5).

In Fig. 6, it is evident that the segments are bonded over
a large part of the length of the shear plane. This implies
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Principal
serrate

Secondary
serrate

non-uniform)| Secondary
serrate = shear bands

Primary
shear bands

Cr-Carbides

uniform
serrate

Cr-Carbides

Segmentation degree

Fig.4 a-1 Cross section and free surfaces of the segmented chips obtained in the machining of aged nickel Inconel 718 alloy at cutting speed of
20 m/min and at the different conditions shown

primary shear zone

secondary
shear zone

Micro-
cracking chip

sawed chip section

n CFAA 6.83 mm 34.89 mm

51 pA

machined surface

100 pm

Fig.5 Periodic sawtooth chip morphology of aged and forged Inconel 718 machined at ve=20 m/min, r; =35 pm, and RPT)=75 pm

that the contribution of plastic deformation is very high in  Firstly, the machining of Inconel is influenced by shear
the formation of the chip segment. Explained by Pawade  instabilities, resulting in intense localized deformation in
and Chandra [23, 53], two reasons can explain this effect. the primary deformation zone. Secondly, the intensity of
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Fig. 6 Microstructure of the
chip showing the segment
formation mechanism
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Fig.7 Behavior of the shear frequency signal when broaching Inconel 718 aged at ve = 20 m/min, a) fluctuations at changing cutting-edge
radius, b) dominant frequencies below flank wear Vz=0.15mm (black) and above V5=0.15 mm (red)

this localized deformation is attributed to strain hardening,
which is a characteristic of machining at low cutting speeds.
In addition, evidence of a small fracture section makes the
chip distinct from a continuous type chip. It is understood
that, during the formation of such segments, the segment
being formed slips over the segment below through a slip
that is very small. In this type of segment formation, a large
part of the cutting energy is consumed in the plastic defor-
mation to fracture the segment [54].

3.3 Analysis of chip segmentation or morphology
under different machining conditions

The characteristic frequencies of the shear process (f;.) were
evaluated from the real-time force signal. These were found
with flank wear less than 0.15 mm. Figure 7a shows the
in-contrast dominant frequencies for all experimental shear
conditions. These dominant frequencies are manifested with
different amplitude in the range of 1700 to 3500 Hz, with the
highest peaks around 1700, 2500, and 3300 Hz, respectively
(Fig. 7b). As these frequencies were repeated in all tested
conditions, it is presumed that this is due to the characteristic

@ Springer

frequency of the tool clamping system. When the wear was
greater than 0.15 mm, other dominant frequencies were
found in the frequency spectrum. The highest peaks were
1500 and 3000 Hz and other peaks were 4500 and 6000 Hz,
respectively.

On the other hand, the frequency of occurrence of peri-
odic fluctuation on the machined surface (f,,) with Vj tool
wear between 0.15 and 0.35 is shown in Fig. 8. From Fig. 8
, a wide variation of fluctuation frequency is denoted when
working at a RPT 75 pm and where the tool wear is higher.
On the other hand, when working at a RPT of 25 and 50
um, respectively, there is no major variation of f,,. It is
identified that the dominant frequency of 1500 Hz of the
force fr,. coincides with most of the fluctuation frequencies
of the surface f;,,. Therefore, it is estimated that it is the
dominant frequency of the clamping system or the cause of
the damping effect.

The evaluation of the segmentation length (P) and chip
segmentation frequency (f.,) parameters is shown in Fig. 9a
and b respectively. The chip segmentation frequency was
calculated using the geometric shape of the chip (Eq. 1).
First, P and f;, show opposite trends; i.e., if P is reduced,
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the frequency increases and its corresponding inverse effect.
On the other hand, the segmentation frequency tends to
decrease with increasing cutting-edge radius of the tool,
while the chip segmentation length decreases. This effect
is a characteristic for radii greater than 15 um and the effect
is the opposite for radii greater than 15 um. This behavior
is replicated to a greater or lesser degree for each RPT with
the most noticeable growth for RPT=50 pm. At a general
level, fi;, and P give an indication of the number of shear
bands within the same chip length and are the first basic
indicators of analysis.

As shown in Fig. 8c, the chip reduction coefficient (CR)
values tend to increase with increasing cutting-edge radius
(rg). As mentioned by Biskash et al. [23], higher values of
the CR property indicate a higher plastic energy require-
ment for chip formation. Consequently, a larger cutting-edge
radius will require more plastic energy for chip formation.
On average, 50% more energy is used for a 5-pm edge radius
than for a 35-pm cutting edge radius. On the other hand,
Fig. 8d shows the results of chip segmentation ratio (SR). An
average decrease in the surface roughness ratio (SR) of 55%
is observed when varying from the smallest to the largest
cutting-edge radius for all milling tools (RPT). This trans-
lates into a reduction of the average SR value from 0.81 to
0.39, respectively. Since SR represents the level of serration

Radius [pm]

on a scale from 0 to 1, where 1 indicates a continuous chip,
the increase in cutting edge radius causes an increase in ser-
ration. Furthermore, it should be noted that most of the chips
obtained (Fig. 4) have SR values in the range of 0.20 to 0.48.
This indicates that all chips are in the transition from a con-
tinuous chip to a segmented chip.

The behavior of the adiabatic shear band width (ASB) and
the variation of shear band deformation with the change of
shear edge radius are shown in Fig. 10a and b, respectively.
According to the trend obtained from Fig. 10a, it can be
found that the width of the band increases with the increase
of cutting-edge radius (rj). A growth of the shear band from
50 to 70% of the thickness because of ry is evident. The trend
is maintained in the face of the change in RPT. This increas-
ing trend of the shear band may be due to lower concentrated
strain rate produced by thermal softening [55], and this same
behavior can be seen in Fig. 10b. The heat produced by the
plastic flow within the shear band has a shorter time to trans-
fer to the environment by diffusion, resulting in a widening
of the heat-affected zone.

The literature indicates that the shear bandwidth in
nickel alloys exhibits sensitivity to variations in shear
rate (see Table 7). Unlike other materials, the bandwidth
in nickel alloys is narrower, especially when compared to
titanium alloys and hardened steels. Even at extremely high
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deformation conditions, such as those evaluated by the Split-
Hopkinson pressure bar test, the variation in chip thickness
remains in the range of 2 to 4 um, as reported by Clos [56].
However, the emergence and development of ASB is not lim-
ited exclusively to shear rate; it is a complex phenomenon
influenced by several variables, including shear edge geom-
etry, material properties, strain rate, temperature dependence
of the flow stress, strain hardening rate, and thermal conduc-
tivity, among others [52]. Therefore, in the context of this

@ Springer

study, it can be summarized that the width of the shear band
can be attributed to the effects of the temperature increase
within the shear band and the growth of the cutting-edge
radius.

3.4 Analysis of single-segment chip generation

Figure 11 shows the damage evolution of Inconel 718
during the generation of a chip segment, which was
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Table 7 Variation of the width

. . ve Temp B Feed ASB Cutting process Reference

of the band ASB with changing (m/min) ©C) (mm) (mm) (um)

cutting speed
40 Troom 1 0.2 95 Orthogonal turning [23]
80 Troom 1 0.2 16 Orthogonal turning
120 Troom 1 0.2 13 Orthogonal turning
80 Troom - - 19 Orthogonal turning [57]
100 Troom - - 17 Orthogonal turning
140 T oom - - 14 Orthogonal turning
50 Troom 1 - 6 Pendulum-based cutting test [55]
140 Troom 1 - 25 Pendulum-based cutting test
100 30 1.5 0.13 9 Orthogonal turning [34]
100 300 1.5 0.13 7 Orthogonal turning
100 600 1.5 0.13 3 Orthogonal turning

obtained by simulation using 2D Deform. The simula-
tion process was carried out following the procedure
described in a previous work [46]. The Cockcroft-Latham
damage model used by Deform has proven to be a good
indicator of material degradation for cutting processes.
According to the simulation, the chip deformation pro-
cess occurs over a period of 8§70 ms. Steps 1-4 show the
development of the shear band from the tool tip to the
free chip surface with the tool feed. The displacement of
the shear band is shown in steps 5-8, at this stage you
can see the further displacement of the material with a
tendency to form the chip curvature. Stage I, a decrease
in shear force should be observed due to a loss in mate-
rial stiffness propagating through the shear band, while
the feed force increases as the opposite effect. Stage 11,
the shear force recovers because of the transfer of the
damaged material and, conversely, a reduction of the feed
force is found, which can be supported by the evolution
of the shear force and the feed force.

The SIR parameter is defined as a ratio between the equiv-
alent plastic strain inside and outside the adiabatic shear
band between successive bands. The SIR was determined by
employing Eq. 4 and from the equivalent deformation results
provided by FEM analysis (Fig. 12a). From Fig. 12b, it can
be distinguished that there are no significant changes in the
chip segmentation intensity in the three RPT domains. For a
RPT=25 pm, the SIR experiences a slight increase when the
cutting-edge radius grows. However, for the other RPT values,
there is no clear trend. Previous studies such as that of Kouadri
[38] and Yaich [58] showed that the chip segmentation index
(SIR) exhibits greater sensitivity to variations in cutting speed
and rake angle in other ductile aircraft materials, such as alu-
minum and titanium alloys, respectively. Furthermore, they
have shown that at relatively low speeds no substantial change
in SIR is observed, which supports the results obtained in this
study. Therefore, working with a constant low speed in the

investigated cutting radius ranges does not significantly influ-
ence chip formation in Inconel 718.

Atlati et al. [39] demonstrated the presence of a correla-
tion between chip segmentation intensity and average cutting
force. It was observed that, as the cutting speed increases,
the average cutting force decreases, and the chip segmenta-
tion index (SIR) increases. In contrast, in the cases analyzed
in this study, where machining was carried out at a constant
speed, the influence of the cutting-edge radius on the cutting
force was highlighted. In other words, as the segmentation
intensity increases, a decrease in cutting force is recorded
(Fig. 13).

3.5 Influence of tool wear

Based on the results of the degree of SR chip segmentation
and tool wear, a diagram showing the correlation between
these two variables is shown in Fig. 14. The points shown
in the figure correspond to the wear at the end of the test
under the corresponding conditions. Figure 14 shows that
during the initial phase (tool with small flank wear), a con-
tinuous chip is generated. Once a certain degree of tool wear
is reached, the chip changes its forming mechanism, result-
ing in a sawtooth chip shape. This change in geometry and
cross-sectional shape is gradual and without abrupt transi-
tions from one shape to another. Certain variations in the
degree of chip deformation observed during the experiment
can be attributed to accumulations on the cutting-edge, i.e.,
to the change in cutting geometry during the cutting process.
Thus, at lower cutting speeds, both tool wear and built-up
edge (BUE) are two sources of alteration in cutting-edge
geometry, which impacts chip formation and morphology.
This influence of wear on the change of chip morphology is
arecurring phenomenon in other difficult machining materi-
als, such as titanium alloys [48, 59], while BUE is a charac-
teristic in machining Inconel [60] and other materials at low
cutting speeds [61].
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Fig. 11 a BUE formation at
the cutting -edge, b Distribu-
tion of material degradation
during the generation of a chip
segment
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at a RPT=75 pm and vc =20 m/min. b SIR segmentation intensity ratio for all shear conditions

One of the key parameters defining the character of vibra-
tions during machining is the chip generation frequency of
the blades. Figure 15 illustrates the change of chip genera-
tion frequency due to varying flank wear depth. The chip
generation frequency decreases with the progression of the
flank wear depth. This decrease is especially noticeable
when switching from a 25-pm RPT to a 50-pm RPT, achiev-
ing an approximately 50% reduction in F,. Subsequently,
the decrease in F is more moderate. Consequently, the
increase in feed rate per tooth (RPT) and wear results in
a reduction in chip generation frequency. Anti et al. [16]
reported on the impact of wear on frequency variation for
different depths of cut, noting that maintaining a wide fre-
quency range can cause significant fluctuations in cutting
force at the cutting-edge of the tool.

@ Springer

Figure 16 presents the evolution of the amplitude of the
resultant cutting force (Ap,) as a function of the variation of the
cutting-edge radii (ry). An increase in A, is observed from a
radius of 5 to 15 pm, remaining high for a radius of 25 pm and
then decreasing for a radius of 35 pm. This behavior is hardly
noticeable for a 25-pm RPT, but noticeable for 50- and 75-pm
RPT, respectively. The growth trend of A, is consistent for the
5 and 15 radius cases but differs for the 25-pm and 35-pum radii
cases. There is a significant increase in amplitude from RPT
25 pm to RPT 50 pm, balancing out for RPT 75 pm. When
relating A, to V flank wear, a correlation coefficient close to
80% was found, indicating that the increase in flank wear influ-
ences the growth of A, in all the cases studied. It is suggested
that flank wear induces vibrations in the system, contributing
to the increase of Ap,. Previous research supports this idea,
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showing changes in cutting signals due to tool wear, attributed
to higher energy release during discontinuous chip formation
and increased friction at the chip/tool interface [13, 16, 62].
In this study, increased force amplitude is largely attributed to
increased flank wear, as illustrated in Fig. 16.

Several previous studies reported that force amplitude has a
directly proportional increasing relationship with cutting speed
in various conventional machining operations at low, high, and
very high levels [23, 24, 50]. It was concluded that the increase
in the degree of chip toothing caused a significant change in
cutting thickness during sawtooth formation, resulting in a

Force Fc [N]

RPT [um]

greater amplitude of cutting force. In addition, investigations
such as those carried out by Sun [51] and Belhadi [50] reported
an increase in Ay, with increasing feed rate for titanium alloy
and AISI 4340 steel, respectively. This behavior is attributed
to the combined effect of the low modulus of elasticity and the
change in material cross section. In the context of this study,
it is observed that the effect of cutting speed is null, since it
remained constant during the machining process. However, var-
iations were made in the cutting-edge radius and RPT. Based on
the results obtained, a contour plot was constructed to visualize
the combined effect of these parameters on the cutting force
amplitude and its relationship with tool wear (Fig. 17).

Figure 17a reveals that the shear force amplitude (A,) is
practically constant for all cutting-edge radius (r;) when the
values of flank wear (V) are less than 0.12 mm. However,
from values higher than V; = 0.12 mm, the amplitude tends to
decrease as ry increases. On the other hand, Fig. 17b presents
an intriguing distribution of the shear force amplitude with
three clearly marked zones. The first zone, on the left side
of the figure, is distinguished by low values of A, while the
other two zones, located on the upper and lower right side, are
characterized by concentrating high values of A, .

This implies that when the tool cutting edge is new
(V5 <0.05 mm), the amplitude increases proportionally to the
growth of the cutting-edge radius (RPT). This trend undergoes
a progressive change with the development of tool wear. In the
wear interval from 0.10 to 0.17 mm, the amplitude decreases
for all radii, the decrease being more pronounced at lower
values of RPT. Finally, for values above V; = 0.17 mm, the

Fig. 14 Correlation between cutting force Fc versus flank wear Vj and segmentation ratio SR for cutting-edge radius of 5 um (left) and 25 um

(right), respectively
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amplitude resumes the increasing trend for all cutting-edge
radius studied. Consequently, the combined effect of flank
wear and RPT affects notably the behavior of the cutting force
amplitude which could bring consequences in the cutting pro-
cess. Previous research has shown that intermittencies in cut-
ting force can induce vibrations that accelerate tool wear, nega-
tively impacting surface integrity. This finding underscores the
imperative need for a more comprehensive and in-depth study
of the physico-mechanical effect associated with this behavior.

4 Conclusion
Chip formation in dry machining of Inconel 718 produced at

various edge radii and rise per tooth RPT influenced by tool
wear has been investigated. Based on the experimental and
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Fig. 17 Contour plot of com-
bined effects of flank wear and
cutting-edge radius r4 (a) and
flank wear y RPT (b) on cutting
force amplitude
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numerical simulation results, the following main conclusions
can be drawn:

e Chip shapes exhibit a predominantly continuous nature,
but tend to transition to discontinuous types as the degree
of serration increases, induced by the combination of
increased flank wear with the growth of radius and RPT.
This transition manifests itself at SR values below 0.5,
where an SR of 1 indicates a continuous and complete chip.

e The compression ratio undergoes a gradual increase with
increasing cutting-edge radius, indicating a higher plastic
energy requirement for chip formation.

e [t was observed that the width of the band (ASB), ranging
from 1 to 2.5 um in all cases studied, denotes a highly
localized concentration of deformation in a small area, sug-
gesting adiabatic shear failure. The results of the numerical
simulations support this theory of failure.

e An 80% correlation was identified between flank wear
and the increase in shear force oscillation amplitude. It
is inferred that flank wear contributes to system vibration
by amplifying the shear force oscillation. However, the
behavior of the cutting force oscillations is diverse when
combining the effect of flank wear with tool radius at
different RPT, an aspect that requires further exploration
in future studies.

e Chip morphological analysis not only provides a deeper
understanding of the chip formation mechanism, but also
proves to be a valuable indicator of tool wear under low-
speed machining conditions, such as those employed in
broaching.
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