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ARTICLE INFO ABSTRACT

Keywords: Machinability is a generalized framework that attempts to quantify the response of a workpiece material to
Machinability mechanical cutting, which has been developed as one of the key factors that drive the final selection of cutting
Tool wear

parameters, tools, and coolant applications. Over the years, there are many attempts have been made to develop
a standard evaluation method of machinability. However, due to the complexity of the influence factors, i.e.,
from work material and cutting tool to machine tool, that can affect the materials machinability, currently there
is no uniquely defined quantification of machinability. As one of the outcomes from the CIRP’s Collaborative
Working Group on “Integrated Machining Performance for Assessment of Cutting Tools (IMPACT)”, this paper
conducts an extensive study to learn interacting machinability parameters to evaluate the overall machining
performance. Specifically, attention is focused on recent advances made towards the determination of the
machinability through tool wear, cutting force and temperature, chip form and breakability, as well as the
surface integrity. Furthermore, the advanced methods that have been developed over the years to enable the
improvement of machinability have been reviewed.

Cutting force and temperature
Chip formation
Surface integrity

1. Introduction that drive the final selection of cutting parameters, tools, and coolant
applications. Furthermore, as more and more harsh application envi-
ronments are required, new materials are being developed, which al-

ways accompanied with low machinability, namely difficult-to-cut

1.1. Background

Machining operations play a pivotal role in the manufacture of final
components, whose outcome, depending on the machining conditions
and strategies, can significantly influence the material’s functional
performances [1]. On the other hand, their cost also counts a high
proportion of the total manufacturing price. These machining outcomes
and their cost, however, are mainly determined by the machinability of
the materials. That is, with different materials, their inherent properties
can influence the difficulty that the materials can be machined, and
eventually yield different machining cost as well as surface integrity [2].
Hence, the materials machinability normally is one of the key factors
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materials. The high surface integrity requirement for these applications,
on the other hand, drives the need of developing new machining tech-
nologies to address their low machinability [3,4].

Efforts have been made by both the academia and industry to
investigate the relationships among the machinability, machining cost,
machining outcome and their effect on product’s functional perfor-
mance. The formal evaluation of machinability can be traced back to the
earliest efforts of F.W. Taylor in the late 19th century. In his 1906 work
‘On the Art of Cutting Metals’ Taylor lays out the principles of parameter
variation in order to obtain force and wear coefficients for empirical

Received 11 April 2023; Received in revised form 14 February 2024; Accepted 22 February 2024

Available online 6 March 2024

1755-5817/© 2024 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Zhirong.Liao@Nottingham.ac.uk
www.sciencedirect.com/science/journal/17555817
https://www.elsevier.com/locate/cirpj
https://doi.org/10.1016/j.cirpj.2024.02.008
https://doi.org/10.1016/j.cirpj.2024.02.008
https://doi.org/10.1016/j.cirpj.2024.02.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cirpj.2024.02.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Liao et al.

power law relationships [5]. Based on this simple, yet effective
semi-empirical approach, subsequent work in the 20th century signifi-
cantly expanded the approach towards comparing the relative machin-
ability of different metal alloys, most commonly in terms of readily
measured variables such as cutting forces, chip form, and tool wear/life.
The early well-documented work can be tracked back to 1951 when
Woldman and Gibbons published a well-known book on the machin-
ability and machining operations of different metal alloys [6]. Thereby
the machinability was surmised as the characteristics of metals such as
hardness, strength, ductility, grain size, microstructure, and their
chemical composition, upon their influence on the tool wear, chip for-
mation, ease to cut and surface finish [6-9]. In 1960 s Boulger et. al.,
also studied the machinability of a range of engineering materials such
steels alloys [10], nickel and cobalt alloys [11] whereby their machin-
ability has been well documented. The book by Mills and Redford in
1983 [12] provides a range of practical machinability test whereby these
machinability tests were subdivided into two basic categories: those
which do not require a machining process to take place, and those which
do. It implicates that in most cases there is no indication of the magni-
tude machinability because the measure of machinability does not
correlate a predictable scale. An early paper by Fang and Jawahir (1994)
also shows the deficiencies of current machinability criteria and
emphasizing the need for total machining performance [13].

From Scopus search of the key word “machinability”, it can be seen
that there is an increasing number of publications every year (>9000 up
to now), as shown in Fig. 1, boosting up from 21-century. It is obvious
much of the current practices in machinability are based on some of the
major machinability criteria established and practiced for decades.
Though many different researches/practices have been conducted to
evaluate the machinability, most of them are addressing particular
materials with different machining outcomes, and up to now, there is no
complete and unanimously accepted definition of machinability concept
existing, and so are the evaluation methods [14]. This is because, unlike
most material properties, there is no generally accepted parameter used
for the measurement of machinability [12].

1.2. CIRP collaborative working group (CWG) on integrated machining
performance for assessment of cutting tools (IMPACT)

To revisit the machinability and addresses the actual machining
performance by a “machining system” (cutting tool; machine tool; and
work material), professor Jawahir proposed a project for Collaborative
Working Group (CWG), titled as “Integrated Machining Performance for
Assessment of Cutting Tools (IMPACT)”. In this project, we aim to
develop active research collaboration among academic researchers,
cutting tool manufacturers and manufacturing organizations thus to
uncover the machining “DNA” of cutting tools. Therein we developed
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Fig. 1. Evolution of the number of academic publications in reference to
“Machinability” [
Source: Scopus].
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five different research topics including the machinability evaluation,
modelling of cutting tool performance, cutting tool engineered design,
smart tooling and Al-based machining optimisation. This paper is one of
the outcomes from CIRP CWG IMPACT project on conducting an
extensive study to learn interacting machinability parameters to eval-
uate the overall (total) machining performance, i.e., topic A, contributed
by a large number of CIRP and non-CIRP members who actively
participated in the collaborative research activities of the CWG.

2. Concept and evaluation methods of machinability

The concept of machinability is a generalized framework that at-
tempts to quantify the response of a workpiece material to mechanical
cutting, i.e., chip removal and surface generation. Traditionally,
machinability was considered as a unique property of the work material,
similar to mechanical properties such as yield strength and toughness.
While there are some obvious correlations between a given work ma-
terial’s yield strength, thermal conductivity, and propensity for strain
hardening, any observed machining performance is a complex phe-
nomenon that arises from the combined performance of a total
machining system, such as workpiece and tool materials, process pa-
rameters, machine tool and fixture, as illustrated in Fig. 2. There are
obvious limitations to improvements in machinability that can be ob-
tained for a given workpiece material through optimization of cutting
conditions. In practice, this means that even with careful optimization,
the machinability of an easy-to-cut material, such as aluminium alloys,
will be greater than that of a difficult-to-cut material, such as nickel-
based superalloys. Nevertheless, machinability for a given material
can be greatly influenced by factors such as the rigidity of the machining
setup, tool coatings and cutting speed. Therefore, in addition to basic
material properties, machinability necessarily includes the influence of
factors related to the process parameters, including cooling/lubricating
strategies, as well as the properties of the machine tool, fixture, and
cutting tool.

Fundamentally, the study of machinability attempts to quantify
factors that influence machining performance, such as cutting mecha-
nisms, and temperatures, in terms of process outputs, such as tool wear
and life, forces, and quality metrics (e.g., surface finish and accuracy).
For example, a machinability study may compare the relative perfor-
mance of a number of different cutting tools or process parameters
(feeds and speeds) to determine the tool-life and surface finish response
against some baseline, such as a previously developed machining
operation. Based on machinability data, optimization of machining
performance can be pursued within the ‘machinability envelope’ of a
given workpiece material. As there are many potential optimization
objectives (metal removal, surface integrity, tool-life, etc.) and process
parameters, such as cutting speed, feed, depth of cut, tool geometry and
coating [19], coolants, tool holders, etc., a machinability evaluation
effort will often yield a meaningful improvement in process perfor-
mance. For this reason, the systematic and data-driven machinability
approach has been the foundation for improved machining process
performance in industry for over 100 years.

A variety of standards have been formulated to allow for relative
comparison of the machinability of different workpiece materials. These
include the widely used ISO 3865:1993 (single-point turning) [20] and
ISO 8688-1/2:1989 (milling) [21] standards, as well as the simpler
American Iron and Steel Institute (AISI) machinability rating {Institute,
1960 #4422}, which compares the relative tool-life (i.e., Taylor plot
cutting speed) and surface finish in turning of various metals compared
against a 100% baseline of AISI/SAE B1112 free machining carbon steel.
Using the AISI standard, cast aluminium will exhibit a relative
machinability of 450%, while the superalloy Hastelloy X only achieves a
19% machinability rating. Researchers realized early on that in general,
a higher yield strength along greater ductility and strain hardening
behaviour will reduce the machinability of a given alloy. In other words,
Hastelloy X is expected to have much lower relative machinability
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Fig. 2. Overview of Current State and Future Direction in Machinability Research [15-18].

compared to cast aluminium based on material properties alone. This
reduced machinability generally exhibits itself in the form of increased
cutting forces, less desirable chip form (e.g., continuous chips) and
higher cutting temperatures, i.e., increased tool-wear at a given cutting
speed. The latter behaviour of reduced tool-life due to increased
thermo-mechanical loads on the cutting speed is typically regarded as
one of the hallmarks of the concept of machinability, which attempts to
generalize the ease with which a given material can be cut. Nevertheless,
it should be noted that machinability is not a fundamental material
property, but rather a complex assembly of specific behaviours (e.g.,
forces, temperatures, chip form, surface integrity, etc.) of the total
machining system.

When cutting a given material at increasing cutting speeds, there will
be increased thermo-mechanical loads on the cutting tool. As increased
cutting speeds are often the most efficient method of improve the overall
machining performance, there is an ever-increasing need for improved
cooling and lubrication. Consequently, studying the influence of cool-
ants/lubricants on machinability has become a well-established means
for improving machinability and today’s widespread use of cooling lu-
bricants can be explained directly by the powerful impact of such
metalworking fluids on improving machinability. Likewise, increasing
use of super hard cutting tool materials and coatings, which offer
improved ‘hot hardness’ to cut at ever increasing speeds, is motivated by
the incentive to cut at more aggressive speeds and feeds, which offer
greater profits and throughput. In some cases, dry or near-dry cutting
may become possible with certain cutting tool materials and coatings,
albeit with some negative influence on the workpiece material’s surface
integrity due to the increased thermal loads on the machined surface.

Overall, the key challenge associated with defining machinability
primarily in terms of the response of the workpiece material is the fact
that the total machining performance for a given cutting operation will
always depend on the total machining system, i.e., the workpiece, cut-
ting tool, coolant/lubricant, and machine tool, as shown in Fig. 2. Thus,
comparison between machinability data sets is often difficult or
impossible, as any change in the total machining system will substan-
tially change the metrics used to define machinability (e.g., forces, chip
form, tool-life, etc.). Researchers have long realized this, but even the
most careful attempts to maintain consistency between different
machinability studies (e.g., using the same machine tool/setup, coolant,
etc.) are limited by a constant need to evaluate new tool geometries,
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coatings, coolants/lubricants, and machine tool and setup configura-
tions. In this manuscript, we will attempt to provide an overview of the
various approaches and metrics used to evaluate machinability. Our
focus will be to provide a comprehensive overview, while also looking
towards a more comprehensive approach to evaluating the total
machining performance, particularly of cutting tools and their various
design features (micro/edge geometry, chip breaker geometry, macro
geometry, tool material, coatings, etc.).

3. Tool performance to evaluate machinability

Tool wear and tool life are the most widely spread used criteria for
the evaluation of the machinability, because they deliver measurable,
quantitative information regarding the resistance of the material against
machining. Even though, as already shown, machinability is a system
variable of the machining process and a large number of factors could
play a role, the relative comparability of tool wear under identical
boundary conditions with a single variable (one factor at a time) is an
established method for assessing the material-related machinability of
different materials or, for example, the machinability of one material
under different cutting values. The machinability of materials with
different cutting materials can also be evaluated on the basis of wear
and/or tool life. The latter term is often equated with wear, but tool life
can also be dependent on other factors than tool wear, so that an
explanation of the term follows first.

3.1. Introduction — What is tool life?

Tool wear is defined as a continuous loss of material on the tool
leading to a change in micro- and macro-shape. Due to the extensive
thermomechanical and tribological load in the chip formation zone tool
wear is a result of several superimposed mechanisms like abrasion,
adhesion, diffusion and tribochemical reactions. In addition to these
four mechanisms, which are commonly addressed in the literature of
machining processes, the tribological science defines surface fatigue as a
further wear mechanism [22] This results in different forms of wear like
flank wear, notch wear, crater wear [23], oxidation [24], crack forma-
tion [25], plastic deformation [26] and build up layer/edges [27]
occurring on the tool surfaces which are in contact with the workpiece
or the chip. The most frequently characterized wear parameters are the
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width of flank wear land and the crater wear depth on the rake face [28].
Based on the identified tool wear, an analysis of the tool life can be
performed by defining a quantitative limit value for the wear parame-
ters. As soon as the wear parameter is exceeded, the tool life ends. The
wear parameter can also be characterized by a quality feature on the
workpiece side, such as the diameter or roundness (in turning or dril-
ling) or the surface quality [29], as well as a process parameter like a
force or the spindle power [30]. Furthermore, few researchers devel-
oped a mathematical model based on machining mechanics and dy-
namics to predict cutting forces to estimate surface integrity, which is
highly dependent on progressive tool wear [31,32]. Similarly Shekhar
et al. proposed tool tip dynamics for the machining process [33]. Kumar
et al., [34] introducing rolling motion at the tool tip via a rotating roller
establishes rolling-sliding contact, reducing chip thickness and plastic
strain versus fixed sharp or blunt edges. Generally, the tool wear pro-
gression has normally three stages, namely, initial, stable, and severe
wear, which eventually leads to the end of tool life. Low machinability of
a material normally leads to high tool wear rates and thus low tool life.
Therefore, using tool life for machinability evaluation became one of the
most common practices in both academia and industry.

3.2. Tool life as an indicator for machinability

Davim identifies tool life as the most important indicator for
machinability [35]. This motivates to compare the tool life of diverse
studies. However, this is complicated due to several factors. First of all,
there are various variables that can be used to characterize tool life: the
main time in which the tool was used for cutting [36], the cutting path
that could be reached before the tool life criterion was exceeded [37],
the number of cuts for interrupted cutting [38], the number of bore holes
[39] or the volume of the removed material [24]. Mills and Redford
developed a concept to get a comparable measurand for the tool life as
an indicator for machinability by introducing the 60-minute tool life
cutting speed. They tried to correlate such value to different properties
of the machined material like chemical composition, microstructure or
physical properties [40]. With this investigation they were not able to
find a good definition of wear dependent machinability and concluded
that the investigational effort is quite high. Therefore, they changed
their basic idea and conducted accelerated wear tests, with which they
tried to define the machinability as a property of the workpiece material
by rapidly wearing tools through very high cutting speeds and using the
resulting wear as a measure of machinability. This concept is very weak
because it does not take the cutting conditions into account and uses
parameters above the working area of the tools and is therefore not
transferable to practical applications [35]. Based on a similar idea,
Wang et al. developed a criterion especially for super alloys: the cutting
speed at which the tool failure mode changes from uniform tool wear to
sudden tool breakage [41,42]. As an alternative concept for machin-
ability characterisation, Liu et al. introduced the tool life reliability,
which is a quantity to describe how large the probability of the tool
failure is after a certain cutting length. An exemplary course of the tool
life reliability can be seen in Fig. 3. This approach might be suitable for
making tool life investigations more comparable but requires a great
effort in terms of experimental design and evaluation [23].

Moreover, the different types of wear forms and quantities to char-
acterise them which are used throughout the literature make it difficult
to compare investigations regarding the tool life-based machinability
evaluation. Beside the most frequently used quantities to characterise
wear like flank wear land width and the crater wear depth, the length of
notch wear [43], the tool diameter of rotationally symmetric tools [44],
the cutting edge radius and the weight loss of the tool is used to char-
acterize tool wear [45]. It can be assumed that the tool life assessment is
different when looking at flank wear than when analysing crater wear on
the rake face. Some studies even use the tool life only as a qualitative
factor for machinability by comparing photographs of the tools [46].
Another aspect when using the tool wear and tool life as an indicator for
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Fig. 3. Exemplary plot of the tool life reliability as a function of the tool life
time [2].

machinability that needs to be taken into account is the level of the tool
life criterion. For the same material this value can differ significantly.
Dadgari et al. defined flank wear land width VB = 37.5 um as the tool
life criterion when micro-milling Ti6Al4V with a tool diameter of d;
= 1 mm and an axial depth of cut a, = 0.1 mm [45]. Bouzakis et al. used
a larger tool and a 20 times higher axial depth of cut a, = 2 mm and
defined VB =150 um as the tool life criterion for milling the same
material [38]. According to the larger tool, the tool life criterion was
increased. However, it does not increase to the same extent as the size of
the axial depth of cut is enlarged from one case to the other. While the
latter was increased twentyfold, the tool life criterion was only increased
fourfold. The choice of a suitable value for the tool life criterion there-
fore depends not only on the dimensions of the tool and the uncut chip
cross-section but also on various factors such as the tolerances of the
workpiece quality and is difficult to compare from case to case.

Due to the large number of possibilities for selecting the boundary
conditions for tool life investigations to evaluate machinability,
comparability of different studies is limited. Within individual test se-
ries, however, tool wear or tool life offers a sensitive and validly
evaluable criterion for comparing the machinability of different mate-
rials. Thus, Abouridouane et al. could demonstrate, that even alloys
from one single group of materials can significantly differ in their
machinability, like shown in Fig. 4a). For this purpose, the machin-
ability of three different widely used ferritic-pearlitic steels was inves-
tigated by comparing the flank wear in twist drilling experiments.
Compared to 27MnCr5, drilling of C60 lead to 43% higher flank wear
after the same number of bored holes [47]. Based on a similar research
hypothesis, Lalbondre et al. used standardized tool-life tests referring to
ISO 3685:1993(E), in which they compared the machinability of the
bearing steels AISI 51,100 and AISI 52,100 [48]. Even though the two
alloys have a quiet similar chemical composition, the tool life for the
same cutting speed in case of AISI 52100 only extents to approximately
the half of AISI51100 [49]. Even the content of a single alloying element
can lead to relevant and nonlinear impact on the machinability of a
material, like Geng et al. descript with the results of a machinability
evaluation of 4Crl16Mo depending on the copper content within the
alloy. They could show, that the flank wear is in general lower for the
same cutting conditions, if copper is added to the alloy. But, this effect is
not linear and even reverses when the copper content is increased from
1.4 wt% to 1.9 wt% [50]. Finally, the details of heat treatments can
result in significant differences of the machinability. Hoseiny et al.
investigated the influence of the martensitic packet size on the
machinability of hardened steels, which depends on the heat treatment.
The results show a general trend, that finer packet sizes lead to a longer
tool life due to reduced mechanical loads on the tool. When the cutting
speed is increased, the differences in tool life for the different states of
heat treatment decrease, since the temperature in the cutting zone en-
larges and consequently the tool properties become the more important
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(c) comparing machinability of steel with aerospace alloys [38].

influencing factor on the wear induced machinability of the materials
[51]. Songmene et al. demonstrated that such significant influence of
material properties on the tool life related machinability of steels can be
compensated by the process conditions. Like shown in Fig. 4b), the
differences in tool life of four tool steels which arise in dry milling, are
nearly not measurable when conducting wet milling with the same pa-
rameters [48]. In addition, Magalhaes et al. [52] investigated on dry
turning AISI 1045 steel revealed feed as the governing factor influencing
surface roughness, with cutting speed having minimal impact. Flank
wear progression above 0.1 mm however accentuated roughness
twofold. While micro-hardness reduced slightly, the alloy microstruc-
ture showed no detectable defects or cracks even after 35 min of
machining at 275 m/min. Hence, dry steel turning with cermet inserts
proves viable for tool life and surface quality sustainment.
Corresponding differences within a group of materials also occur in
other classes of materials. Nayyar et al. compared the machinability
indicated by the tool life for different graphitic cast iron grades for
different continuous machining processes. This study showed that while
the machining of Compacted Graphite Iron and Spheroidal Graphite Iron
materials led to edge chipping on the tools after less than ten minutes of
use, the Pearlitic Flake Graphite Iron did not lead to any significant tool
wear even after 20 min [53]. Also in case of aerospace alloys the tool
wear behaviour of different alloys can significantly differ. In this
context, Parida and Maity fundamentally compared the machinability
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indicated based on different tool life criterions of three different nickel
base alloys for room temperature and hot machining. With the help of
flame heating, the authors set different initial workpiece temperatures of
T =300 °C and T = 600 °C. For all investigated materials the chip-tool
contact length was significantly enlarged by the increasing temperature,
which lead to an increase in tool life. This effect differs for the three
alloys. While the temperature raise from T = 300 °C to T = 600 °C re-
sults in nearly a doubling of the tool life for Inconel 625 und Inconel 718,
the effect for Monel 400 is negligible [45]. Olovsjo and Nyborg were
able to identify a similar relationship when comparing different
nickel-based alloys with varying grain sizes. As shown in Fig. 5a), the
resulting tool wear when machining these materials under the same
boundary conditions can be more than doubled by changing the
microstructure [27]. In case of titanium alloys, also the route of material
production shows impact on the tool wear behaviour: Sun et al.
compared the machinability of forged and powder metallurgical (PM)
Ti6Al4V based on the flank wear and the crater wear behaviour. Inde-
pendently from the cutting speed, the PM material entails lower tool
wear and thus higher tool life. This circumstance is attributed in
particular to voids located on the underside of the chip, which reduce
adhesive wear and tool temperatures, resulting in longer tool life overall
[54].

Especially for machining aerospace alloys, the machinability in form
of tool life is very sensitive to the cutting speed and the resulting tool
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temperatures. Therefore, this factor has often be taken into account in
machinability evaluation experiments. So Armendia et al. (see Fig. 5b)
referred to the flank wear as an indicator for machinability when
comparing the two titanium alloys Ti54M and Ti6Al4V for a varying
cutting speed. While the wear of both materials were very similar for
cutting speeds of v, =60 ... 80 m/min, it drastically increased for
Ti6Al4V and only slightly for Ti54M at a cutting speed of v. = 90 m/min
[55]. In course of a production cost calculation, Priarone et al. investi-
gated the tool life as a function of the cutting speed for Ti6Al4V and
Ti-48A1-2Cr-2 Nb. The tool life range, which could be realised for
Ti6Al4V for cutting speeds in the order of v. = 100 m/min could only be
reached for Ti-48Al-2Cr-2 Nb, if the cutting speed lied below v,
= 40 m/min [56]. Carvalho did investigations on similar interactions
for two engine valve steels in the course of a machinability evaluation,
where the tool life in form of removed material before reaching a certain
criterion for flank wear was used. The results illustrate, that not only the
absolute value of removed material for each single alloy varies
depending on the cutting conditions like rake angle, cutting speed and
cutting fluid distribution, but also the difference between the two ma-
terials does. These studies prove the strong influence of the cutting speed
on the machinability of hard-to-machine materials [57].

All above discussed studies illustrate, that machinability evaluations
even within one single group of materials is important for the targeted
planning of cutting processes. Beside this, researchers have conducted
tool life-based machinability evaluations to compare totally different
workpiece materials. Klocke et al. conducted experiments on the
machinability of 42CrMo4 +QT and Ti6Al4V depending on different
positioning strategies of coolant nozzles. They identified significant
differences for the two workpiece materials. First, machining of
42CrMo4 +QT resulted in vast notch wear, which did not appear for
Ti6Al4V. Moreover, the cooling nozzle orientation, which resulted in the
highest notch wear when machining the steel material, lead to the
lowest tool wear in case of the titanium alloys. This illustrates the
complex interactions of different influencing factors on the machin-
ability analysed by evaluating tool wear behaviour [58]. In a similar
approach Nath et al. investigated the tool life as a factor for the
machinability for a stainless steel and two nickel-base alloys with the
help of milling experiments. Depending on the cutting conditions, cut-
ting the stainless steel leads to 7-10 times higher tool life compared to
the superalloys. The authors elaborate that this does not mean, that the
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cutting values cannot be higher by the same factor, since wear does not
increase linearly with uncut chip thickness and cutting speed [59].
Different materials therefore differ not only fundamentally in terms of
machinability, but also in the way certain influencing factors change it.
In the context of comparing the machinability of different types of ma-
terials, fiber composites should also be mentioned, as these can be made
from diverse materials. Fig. 6 shows two examples of how much the
machinability of composites varies depending on matrix alloy and
reinforcement properties under the same boundary conditions with
respect to the machining process [60].

While the studies discussed illustrate that tool life is fundamentally a
well-suited parameter to characterize the machinability of a material
and should always be considered in comparative studies and process
planning due to its sensitivity to the material properties, the results of
these studies have also shown that the tool life is subject to a large
number of influences. The choice of boundary conditions for a study has
already been discussed. In the next chapter, it will be discussed in detail
that the tool life and thus the machinability are by no means pure ma-
terial properties and that they are subject to a multitude of technological
influences.

3.3. Challenges in tool life based machinability evaluation

The most common description of the machinability evaluated by tool
wear is the Taylor equation. It calculates the tool life T, as a function of
the cutting speed v, scaled by a factor C (1) [5].

@

Although this describes the tool life exclusively as a function of the
cutting speed and all other influences are averaged in the scaling factor,
it is still frequently used today. In fact, the validity was never proofed for
state of the art tool materials like carbide and cutting speeds higher than
25 m/min [35]. In the last decades of research on tool wear behaviour in
machining, many factors which significantly influence tool wear and life
have been identified and investigated. For example, Basset et al. illus-
trated how the uncut chip thickness, the cutting speed, a tool coating
and a preparation of the cutting edge affect the tool life when machining
AISI1045. Within this investigation the tool life varies between less than
one minute and more than 20 min [37]. This multitude of influencing
factors brings with it the necessity of an extended tool life-machinability

T, =Cv,
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consideration. In order to be able to develop such a consideration, the
broad field of influencing factors presented in the literature is briefly
discussed below. Due to the large number of publications on this topic,
no comprehensive coverage can be claimed. Rather, the aim is to
highlight the most important influencing factors on the basis of a se-
lection of high-quality references.

3.3.1. Influence of workpiece properties on machinability

As discussed in the previous chapter, in the classical definition of
machinability, the workpiece strength is the central quantity which is
considered to compare different cases [28]. On side of the workpiece
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properties there are a plenty of other factors which influence tool wear
and tool life and thus the machinability. One important factor is the
microstructure of the material. Machinability is for example determined
by grain size [27], composition of the inclusions [61] and changes in the
microstructure, which are induced by the cutting process [62], like
conversion of austenite to martensite when cutting austempered ductile
iron [63]. Moreover, the thermal properties of the materials have a
significant influence on the machinability [64]. Beside the mechanical
and thermal properties of the workpiece material, the chemical behav-
iour is of central importance for the tool wear. Thus, it is a major
obstacle to productivity that tool wear in machining of ferrous materials
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Fig. 7. Properties of the workpiece influencing the tool life as an indicator for machinability [27], [72], [73].
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with diamond tools leads to thousands times higher wear rates
compared to machining of other material groups with comparable
strength [65]. The reason is chemical wear due to the affinity of the
diamond to iron [66]. A suitable choice of orientation of the diamond in
relation to the direction of loading during machining can enlarge the
machinability of ferrous and single crystal SiC materials in precision
diamond turning [67,68]. In the tool life-based machinability analysis of
advanced materials such as composites, additional influencing factors
like matrix alloy [60], type of reinforcing material [69], reinforcement
volume fraction [70] and particle size of reinforcement [71] must be
taken into account. Fig. 7 summarizes the workpiece-related properties,
which influence the tool life-based machinability evaluation.

Contrary to the historical definition of machinability, it is obvious
that tool life as a tool-related target value depends essentially on the
properties of the tool. First of all, the choice of tool material has a major
influence on tool wear. Not only if high speed steel (HSS), which only
stands a few millimetres of cutting path when machining titanium [74],
and polycrystalline diamond (PCD), which is the hardest known sub-
stance, is compared. Even inside a single group of cutting materials like
cemented carbide, the tool life can differ up to ten times under
completely identical boundary conditions [35].

3.3.2. Influence of cutting-edge treatment on machinability

Moreover, the tool coating has a significant impact on the wear
behaviour of the tool. On one hand the type of coating [75] and its wear
related properties like the temperature dependent critical impact force
[76] fundamentally influence the tool wear and thus the machinability.
On the other hand it is remarkable that also the coating application
process [76], the detailed structure of multi-layer systems [77] and
texturing of coatings [78] as well as the pre- and post-treatment of the
tools and layers [79,80] influence the tool life in a considerable manner
as well. In addition to the substrate and coating properties, the cutting
edge micro shape has a significant influence on the wear behaviour and
tool life and therefore on the machinability. As a general correlation it
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can be claimed that compared to a sharp tool a rounded cutting edge has
an enlarged tool life which is justified by the higher mechanical stability
and the more uniform temperature distribution [81]. In addition to the
size of the rounding, its orientation [82] and a local adjustment of the
roundings size [83] also affects the wear behaviour of the tools. Similar
to the positive influence of coatings on the machinability, the intensity
of the cutting edge shape-effect on tool life depends not only on the final
shape, but also on the preparation history [38]. Another method of
cutting edge treatment proposed by Cristian et al. [52] utilizes drag
finishing, where SiC and Al,O3 abrasive mixes demonstrate that factors
like plunge depth and drag time critically govern edge rounding levels.
Meanwhile, positioning angle and depth impact uniformity across
broaching tool teeth. In summary, drag finishing enhances broaching
performance through predictable edge tuning superior to traditional
blasting processes, with notable surface roughness improvements. To
further enhance stability in robot-assisted machining, Guo et al. [84]
designed an innovative milling cutter that regulates the contact force
between the robot and workpiece to sustain stability during the milling
process. The above discussed tool-related properties, which influence
the machinability measured by the tool life, are compiled in Fig. 8.

3.3.3. Influence of cutting fluid on machinability

Beside the workpiece and the tool, the properties of the process
significantly influence the tool life of cutting tools as an indicator for
machinability. These influences are mainly based on the thermo-
mechanical load spectrum, which depends on the process parameters.
The cutting values like the cutting speed and the uncut chip cross-section
[87] are the most important influencing variables and at the same time a
measure of the economic efficiency of the process. Moreover, the
cooling-lubrication concept fundamentally determines the machin-
ability. While dry machining has become the state of the art for many
materials [88], the use of cutting fluids is indispensable to reach an
acceptable machinability when machining of difficult-to-cut aerospace
alloys [64]. In this case sustainable cooling-lubrication concepts like
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Fig. 8. Properties influencing the tool life as an indicator for machinability [24], [36], [80], [82], [83], [85], [86].
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minimum quantity lubrication (MQL) quickly reach their limits and
cannot provide sufficient machinability. Accordingly, energy- and
cost-intensive cooling concepts such as flood cooling, high-pressure
cooling or cryogenic cooling are necessary when machining
difficult-to-machine materials in order to keep tool wear controllable
and thus enable economical machining [89]. Such cooling concepts can
be extended by process control strategies like discontinuous drilling [90]
or vibration cutting [91,92], which improve the cooling performance. It
is noteworthy that the influence of the cooling lubricant concept de-
pends on the evaluated wear parameter. Machai and Biermann, for
example, were able to show that CO; cooling compared to an emulsion
can significantly reduce the flank wear during the turning of
Ti-10 V-2Fe-3Al, but that notch wear is even completely prevented [43].
Pereira et al. [93] paired cryogenic cooling with MQL (CryoMQL) to
enhance the machinability of difficult-to-cut alloys like AISI 304. Based
on the experiments results of CryoMQL improved cutting tool life and
enables higher cutting speeds in comparison to dry machining. Cry-
oMQL also improved surface finish and forces relative to standalone
cooling or MQL alternatives. In addition, Pereira et al. [94,95] proposed
an innovative nozzle which delivers a hybrid cooling system, which
combines CO; cryogenic and MQL. The main objective of MQL+CO»
machining is to minimize or eliminate mineral oil emulsions, creating an
eco-friendly and cost-effective process, which achieves machining per-
formance over wet machining. Given the effectiveness and environ-
mental benefits, MQL+CO; systems have strong potential for
hard-to-machine aerospace titanium alloys and hardened bearing steels
[94,95]. Further, cryogenic cooling with MQL lubrication using CO2 as
an internal coolant improved tool life when milling Inconel 718
compared to conventional emulsion coolants, demonstrating technical
and environmental benefits [96]. How appropriate cooling strategies are
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used to increase tool life and thus improve machinability is detailed in
section 7.1. Another basic approach to increase tool life and improve
machinability by modifying the process is the targeted heating of the
workpiece material. However, such an approach requires proper cali-
bration with regard to the workpiece temperatures. If these are set too
high, the additional thermal load on the tool can lead to an increase in
wear compared to conventional machining without external heating
[97]. Fig. 9 illustrates the different influences of the process properties
on the tool-life measured machinability.

In summary, the discussion of machinability with regard to the tool
clearly shows the complex and superimposed causes of tool wear and
how differently sensitive tool life reacts to individual influencing vari-
ables, depending on the other boundary conditions. The multitude of
correlations discussed in this section reveals that tool life as an indicator
of machinability requires a holistic view of the machining process. This
approach must include the influences of the workpiece properties, the
tool properties as well as the process parameters in order to obtain a
reliable assessment of the tool life. In particular, this also means that in
comparative studies on tool life within single publications or across the
boundaries of several papers, the documentation and presentation of all
relevant boundary conditions is of central importance. In the sense of
comparability of the investigation results, the parameters for quanti-
fying the tool life as well as the tool life criteria must also be selected on
the basis of scientific considerations.

4. Cutting force and temperature to evaluate machinability
Cutting force and temperature, as direct process outcomes in

machining, are also widely used as the criteria for the evaluation of the
machinability. In general, the more difficult to machine of the material,

Process control

-

Fx
Mean
f_lﬁ
Fy Fx

Fy
RMS
f_lﬁ
Fz Fy Fx Fz

Times (s) Times (s)
Cutting forces Processed data

* Adaptive control adjusts to wear

* Automated inspection detects damage

* Intelligent scheduling replaces tools
Data-driven models predict the remaining life

Tool life

* Proper lubrication minimizes friction heat and wear on the cutting tool

Specified cutting fluids prevent build-up edge formation and decrease cutting forces
* Effective cooling reduces thermal damage and cracking in the tool

Efficient chip flushing improves workpiece surface finish and tool engagement

Fig. 9. Conditions of the process influencing the tool life as an indicator for machinability [45,89,90,98-101].



Z. Liao et al.

the higher cutting force and temperature will be generated in machining
process. However, as they are also significantly influenced by the com-
plex interactions between the tool-workpieces, e.g., cutting parameters
and fluid usage, evaluating the materials machinability based on cutting
force and temperatures has to be considered under particular
circumstance.

4.1. Cutting force and torque for machinability evaluation

Machining processes can lead to high process forces, which can limit
the machinability. The origin of process forces can be described based on
the shear zones of the cutting process (Figs. 10-12). In the primary shear
zone, the actual separation process of the chip takes place. Thus, process
forces arise to overcome the shear strength of the material. The chip that
slides along the rake face (secondary shear zone), leads to additional
friction forces. Moreover, elastic-plastic deformations occur on the ter-
tiary shear zone at the flank face and the cutting edge rounding, which
lead to ploughing forces.

When it comes to the evaluation of machinability, the cutting forces
are one of the most common mechanical criterions in a qualitative [102]
and quantitative [14,103,104] way. The correlation between cutting
forces and machinability has been investigated in many cases, for
example by comparing the machinability of different steels. Thereby, a
higher process force is associated with a reduced machinability. Another
mechanical parameter, which is used to evaluate machinability, is the
spindle torque [105,106]. In general, a high correlation between spindle
torque and process forces exists [105]. The torque is therefore a suitable
alternative value for assessing machinability. However, the underlying
reasons for limits in machinability due to mechanical loads / cutting
forces can be diverse. For example, the machinability can be limited by
machine limits [107], high stresses on the cutting tool [108] or unfav-
ourable loads due to the chip formation process [109]. Thus, a more
differentiated view on cutting forces to evaluate machinability is
necessary. In the following, three aspects of process forces that limit the
machinability are discussed in more detail. First, the relation between
local loads and machinability is discussed. Thereafter, the influence of
the overall process forces is evaluated. Finally, the impact of dynamic
cutting forces on machinability is presented.

The overall process force depends on a high number of factors, e.g.
process parameters, material, tool geometry, and can be modelled as the
result of uncut chip width b, uncut chip thickness h and empirical values
(e.g. specific cutting force K31 and exponent m.). One of the most
common process force models is the model by Kienzle [110]. The cutting
force can be calculated as

F. = ke bh' ™" 2

The relationship of the cutting force model shows that an increase of
feed f and depth of cut a, leads to an increased cutting force. The specific
cutting force K. 1 are, however, known from literature for most mate-
rials and therefore can give a good initial estimation to assess the general
workability of different materials. The specific cutting force can be used
as rough estimation of the local loads. Therefore, specific forces were
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already used in several publications to assess the machinability of
different materials, e.g. titanium [104], cooper [111] or tungsten car-
bide [112].

For a more differentiated view on tool wear, the stresses acting on
cutting tool can be utilized. Cutting edge failure occurs when the local
stresses exceed the strength of the tool material [108]. Consequently,
higher stresses reduce the machinability. The stresses on the cutting
edge are thereby mainly influenced by the workpiece material and the
cutting edge rounding, Fig. 10 [108]. In general, a higher tensile
strength of the workpiece material and a lower cutting edge rounding
increase the tangential stresses and thus lead to a reduced machinability.
The determination of local stresses is thereby associated with a high
experimental effort. Early attempts to determine the local stress distri-
bution was to use photoelastic tool material [113,114]. However, the
results are not quantitatively transferable to other tool materials.
Further experimental methods to identify local stresses are the split tool
[115,116] and the reduced contact length [117,118], which both
require an extensive tool preparation.

In addition to the relationship between process forces and shape of
the uncut chip shown before, the process forces are also dependent on
the cutting speed. For increasing cutting speeds, a decrease in cutting
force is found [119-121], which is attributed to changing tribological
conditions and thermal softening effects. Amor and Suter also indicate
changing chip formation with increasing cutting speeds [119-121].
Based on the comparison of the different materials in Fig. 12, it can be
said that high process forces are often related with hard-to-cut materials.
Nevertheless, the reduction of process forces due to high cutting speeds
as indicated in Fig. 11 is unusable in most cases since the thermal loads
increase.

Due to machine tool limits, the process forces can limit machining
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performance and machinability [122]. In heavy machining operations,
the power limit and torque of the spindle, which are the result of the
cutting forces, are the main limitation in productivity [107]. Further-
more, high process forces can lead to tool extraction [123]. However,
those limitations are based on limits of the machine tool and not the
cutting process itself.

Another important aspect when evaluating process forces in terms of
machinability is the dynamic behaviour of the cutting forces. When
built-up edges occur, the process forces in general decreases. Never-
theless, due to the dynamic load on the cutting wedge and the poor
surface finish, the machinability can be classified worse [124]. Negative
effects on machinability are also known by segmented chip formation
due to the high fluctuation on cutting forces [125] and specific cutting
forces [109]. These considerations are currently not taken into account
when evaluating machinability based on the process forces.

Finally, it can be said that the overall cutting force is especially
associated with machine tool limitations. For a tool wear related eval-
uation, local parameters, e.g. local stresses or specific cutting forces are
more suitable to assess the machinability. However, dynamic chip for-
mation effects, e.g. built-up edges and segmented chip formation,
strongly influence machinability and cutting forces and are currently not
considered when evaluating the process forces in terms of machinability.

4.2. Cutting temperature for machinability evaluation

The heat, generated during cutting operations, affects the chip for-
mation mechanics, the contact friction, the tool wear mechanisms, the
tool life, the surface finish and integrity as well as the machined toler-
ances. Therefore, the knowledge of the heat partition and the temper-
ature distribution in machining is an important issue to evaluate
machinability. In geometrically defined machining, the biggest pro-
portion of the introduced mechanical power is converted into thermal
energy. According to Schmidt and Shaw, a smaller proportion of the
mechanical energy results in structure transformation of the workpiece
material [126,127]. Also, Bedekar et al. reported phase transformation
and grain refinement next to thermal energy in hard-turning [128].

Temperature measurement in metal cutting has been studied with a
wide variety of techniques [129]. However, measuring cutting temper-
atures accurately during machining operations is challenging due to the
small size of deformation zones. Temperatures decrease rapidly within a
small distance from the cutting tool edge, hence obtaining reliable data
is difficult. In this regard, various empirical, numerical and analytical
modelling approaches have been developed to predict the cutting tem-
peratures at different shear zones [130-133]. In general, the same as
cutting force, heat sources in the contact zone of tool workpiece and chip
are classified in a primary, a secondary and a tertiary shear zone [134].
These average shears of the total induced heat and the heat dissipation
according to Kumar and Ajay [135], Shaw [127] Komanduri [136] are
summarised in Fig. 12. Although the cutting heat distributions in chip,
cutting tool and workpiece have not come to a consensus, a large
amount of total cutting heat flowing into chips has been recognized as a
main reason leading to a relative low temperature on workpiece surface.
Due to the adjacent heat source of the primary shear zone, a large
portion of the heat of approx. 70 - 90% is dissipated through the chips,
while approximately 10 to 30% go into the workpiece and the tool [126,
127,135].

Vieregge has shown that the exact distribution of the heat quantity
depends on the process variables, the manufacturing process as well as
the tool-workpiece combination and thus cannot be generalised [137].
The results of Abrao and Aspinwall suggest that the overall temperature
increases with the cutting speed, feed rate, depth of cut, and tool wear,
and an increase in the thermal conductivity of the tool material causes
an elevation in the temperature of the cutting tool and a reduction in the
temperature of the chip when cutting hardened bearing steel [138]. For
low conductivity materials that means more heat is transferred into the
tool and less into the workpiece or chip [136,139,140]. This is also
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shown in the thermographic measurements from Armendia et al. in an
orthogonal process during machining of Ti-6Al-4V compared to
42CrMoS4 [141]. Comparable results are also given by the calorimetric
measurements by Schmidt, in which the heat distribution between chip,
tool and workpiece is significantly dependent on the thermal conduc-
tivity of the material pairings and the cutting speed [126]. These sche-
matic dependency of the thermal properties of the workpiece material is
shown in Fig. 13. First, it can be seen that measured temperatures in the
cutting zone significantly vary over the cutting speed. Secondly, it can
be seen that materials with low capacity to take up heat e.g. TiAl6V4,
lead to high temperatures in the cutting zone, whereas materials like the
aluminium alloy AlCu4PbMgMn lead to moderate temperatures even at
high cutting speeds and therefore high induced thermal energies into the
material. These high portion of heat induced into workpiece and chip
enables the dissipation of thermal energy from the direct machining
zone and therefore limit wear phenomena and thermal induced material
changes like oxidation or thermal induced residual stresses.

For the classification of machinability mostly wear and cutting forces
are used. Most studies rely on a supporting role of temperature mea-
surements. The temperature is often used only for materials that result in
high thermal wear. For example, Kikuchi used overall temperature
directly to assess machinability [145]. The study investigated the
machinability of two commercial titanium alloys (Ti-6Al-4 V and
Ti-6Al-7 Nb) and free-cutting brass using the cutting temperature. The
metals were slotted using carbide square end mills under four cutting
conditions. The cutting temperatures of Ti-6Al-4 V and Ti-6Al-7 Nb
were significantly higher than that free-cutting brass resulting in lower
machinability. This result coincided with the relationship of the
magnitude of the cutting forces measured in a previous study as well as
with the tool life indicating a better machinability for low temperature
conditions [146]. Eric and Nedic introduced a machinability index to
evaluate machinability based on investigations on artificial thermo-
couples when machining steel of various hardness. The machinability
index is defined as quotient of the measured temperature of the refer-
ence material to the material investigated in percent [147]. This index
enables the investigation of the influence of technological parameters
like machining regime, tool material, cutting geometry, hard layers etc.
on cutting temperature and can be used to determine and compare the
machinability of materials [148].

Even though there are only few studies that evaluate the machin-
ability based on cutting temperature, there are a lot of investigations
that correlate the cutting temperature with challenging cutting condi-
tions and tool wear. Ueda et al. investigated the temperature on the rake
face of a chamfered CBN cutting tool used on hardened steels of various
compositions and hardness [143]. There findings indicate that an in-
crease in material hardness leads to significant increase in temperature
accompanied by a doubling of the flank wear and cutting forces when
turning AISI1045. This is supported by investigations of Mozammel and
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Fig. 13. Schematic temperatures dependency of various materials over cutting
speed after [108], [125], [138], [142-144].
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Nikhilshowing the material hardness influences cutting temperature for
dry and wet cutting conditions, due to an increased restraining force
caused by the increased material hardness [149]. This means that the
higher hardness leads to higher temperatures and a reduced
machinability.

Various studies have shown that in particular an increase of the
cutting speed during machining has a great influence on the increase of
the deformation rate and the converted power, leading to increased
temperatures [150], [151]. In most cases, this changes the material
behaviour in the shear zone and leads to an often unfavourable change
in chip formation [152-154], e.g. a segmented chip formation. It can be
summarized, that temperature is a limiting factor for cutting speed in
many materials, leading to increased tool wear and thus tool failure
[129]. The main reason for these problems is that the temperature in-
creases asymptotically with cutting speed approaching the workpiece
material melting temperature [155]. High temperatures also favour the
progress of chemical and diffusive wear on the cutting tool [156].

Temperature increase accompanying with tool wear can also influ-
ence the workpiece quality, which is commonly used to evaluate
machinability. With increasing tool wear, the friction between the
workpiece surface and the tool flank increases and the heat generated in
this area becomes more pronounced. As a result, the total cutting energy
increases and the temperature of cutting edge rises [157]. Consequently,
the influence of the temperature on the surface layer of the workpiece
becomes significant. The temperature is closely related to the integrity
of workpiece surface such as residual stress, hardness, and surface
roughness [158-162]. Umbrello reported white layer formation shaped
by thermally induced stresses when machining [163]. This effect is more
dominant in case of machining low conductivity materials like Ti6A14V.
For this kind of materials, the temperature distribution is more
concentrated in a narrow area near the tool tip [141]. Therefore, the
temperature in the cutting zone can limit the part quality for difficult to
cut materials. Tanaka el. Al. showed that a low conductivity of the
cutting tool as well as high wear leads to increased temperatures on the
cutting edge and therefore a reduced surface integrity. This highlights
the critical role of temperature regulation during machining operations.

Besides the numerous negative effects of cutting temperatures on
machinability, for materials with low heat penetration coefficients, the
tendency to thermal softening and therefore a reduction in process
forces can be achieved [121]. In this context, the temperature can be
used to evaluate the thermal softening and thus the machinability of
specific materials to optimise cutting conditions. This effect is used
among others in high-speed machining, as well as thermal assisted
machining which will be commended in section 7.

4.3. Combination of cutting force and temperature for machinability
evaluation

In principle, high temperatures are a factor that have negative in-
fluence on machinability and can be used to evaluate machinability.
However, because of the complex measurement technology and the
positive effects of temperature due to the thermal softening effect, for
example in hot machining, it is more common to use cutting forces and
wear for the evaluation of machinability [164]. In addition, the tem-
perature itself is not directly of economic relevance, but influences
relevant factors like tool wear and surface quality. Therefore, to increase
productivity and reduce wear, coolants are excessively used, to be able
to machine at higher cutting speeds and consequently higher thermal
loads [165].

As temperature and cutting forces are mostly used in combination to
evaluate machinability, those dependencies are summarised in Fig. 14.
In this way, it is possible to indirect connect the impact of workpiece
material properties on machinability by observing cutting force and
temperatures.

It can be seen that the resulting temperature at the cutting zone
depends on the thermal effusivity of the machined materials.
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Fig. 14. Material classification according to machinability [108,142,143].

Consequently, titanium alloys and Inconel 718 have a low ability to
dissipate heat from the contact zone by the chips in comparison to AISI
1045 or aluminium alloys. Here, the capability of the material to take up
heat leads to lower temperatures in the contact zone and reduce thermal
induced wear phenomena. For materials with low heat penetration co-
efficients, thermal induced wear rates result in increasing wear of the
cutting edge in form of flank and crater wear. In addition to the thermal
properties, most materials with low thermal conductivity also have high
tensile strengths. As also shown in in Fig. 13 and summarised in Fig. 14,
high tensile strength leads to high stress values on the cutting edge in
machining of those materials.

Therefore, the general machinability of materials can be classified by
evaluating temperature and cutting forces. On the one hand, good
machinability for materials with high thermal conductivity and lower
tensile strength, which lead to low cutting forces and lower tempera-
tures in the machining process, are classified by slow wear rates, indi-
cated by the green zone in the Fig. 14. On the other hand, difficult to
machine materials like TiAl6V4 with high tensile strength and low
thermal conductivity, lead to high thermomechanical loads and there-
fore increased wear rates, which influence the workpiece surface prop-
erties. These materials are in the red zone in the Fig. 14.

5. Influence of chip form and breakability on material
machinability

5.1. Influence of chip formation mechanisms on material machinability:
principles

Every machining process is based on the separation of chips from the
workpiece (Fig. 15a). The cutting edge penetrates the material and
shears it over the ‘primary shear zone’. When the maximum shear stress
of the material is reached, it begins to flow. The emerging chip is
deformed elastically and plastically, and it flows off over the rake face of
the cutting edge: this area of deformation is called the ‘secondary zone’.
The ‘tertiary zone’ describes the friction area between the flank face of
the tool and the new surface [166-169]. The existence of a chip can be
divided in chip formation and flow, chip breakage, and chip disposal
[170,171]. Overall, chips with different properties result. The type of
chip formation strongly depends on the material properties. Neverthe-
less, it can change while varying process parameters, lubrication/cool-
ing conditions, cutting tool material and geometry[168,172]. The
properties of the chip have a significant influence on the machinability
criteria, such as tool wear, cutting force and surface quality/integrity
[166].

The chips can be classified by their microscopic structure related to
the type of chip formation or their appearance, which means the chip
shape [166], [168-170,172]. According to Fig. 15b, the four types of
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the originally uniform deformation is suddenly concentrated in a small
area [177-180]. This happens during machining of high-strength ma-
terials with good deformability, especially when high cutting speeds are
applied [175,176]. Segmented chip formation occurs under comparable
conditions when the shear strength of the material is exceeded,
following chip segments are detached and fusing again (e < €o).
Segmented chip formation further appears as a result of deformation
induced embrittlement of the microstructure. Discontinuous chips form
when no plastic deformation takes place before fracture which happens
mostly when cutting brittle materials like cast iron or titanium alumi-
nides [168,181]. Machinability is strictly correlated to the chip shape
and chip formation mechanism, as detailed in Section 5.2 for the most
common workpiece materials. Moreover, in the industrial practice,
chips are usually classified on the basis of their macroscopic shape [172,
174]. One possible classification of the chip form is shown in Fig. 16. To
achieve reliable machining processes with high levels of productivity,
chip control is mandatory. It includes efficient breaking and effective
removal of the chips. The chip shape determines how effectively the
chips can be evacuated from the cutting zone and out of the working
area of the machine tool. Unfavorable chip forms lead to unplanned
interruptions of machining processes for manual chip removal by the
machine operator, which inhibits the automation and subsequent digi-
talization of processes. Lack of chip control can further lead to degra-
dation of part quality, as well as rapid tool wear and catastrophic tool
failure [170]. In addition, estimating the temperature generated during
machining in the tool and formed chip is very essential in order to
eliminate progressive tool wear and obtain good surface integrity [182].

Three causes of chip breakage can be distinguished based on the
stage of chip existence at which breakage occurs, as shown in Fig. 15c. A
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Fig. 16. Chip shapes according to [168].

primary chip breakage happens in the stage of chip formation due to low
ductility of the machined material. Chip breakage in the chip flow stage
is specified as secondary chip breakage when it is caused by low fracture
resistance of the chip. Tertiary chip breakage is induced by collisions of
the chip with the tool, workpiece or other external objects [174]. The
handling of the chips during disposal can be evaluated by means of the
chip volume ratio RZ. This value represents the ratio of the bulk chip
volume to the removed material volume. Long ribbon chips lead to high
ratios of RZ > 100, small chip segments show ratios of RZ < 10 [183].
How the chip curls when is no longer in contact with the rake face de-
pends on multiple conditions of the cutting process [171].

5.1.1. Qualitative Metrics

Chip morphology has long served as a valuable qualitative indicator
for machinists to gauge the performance of cutting processes, especially
for steels. Decades before quantitative sensors, experienced operators
intuitively inferred the machining state from visual and tactile chip
characteristics. In addition to chip morphology, monitoring chip color
provides valuable real-time assessment of cutting temperatures, as color
directly indicates heat generation during shear and friction, influenced
by parameters like speed, feed, depth of cut, and workpiece thermal
properties [184]Color gradients from blue/purple to yellow/brown
signify rising temperatures from oxidative reactions. By comparing chip
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colors to established thermal ranges, operators can prevent defects like
tool wear or metallurgical changes. Strategically selecting conditions to
control temperature, aided by the visual feedback of chip color patterns,
is thus critical for maintaining surface integrity. Taylor’s tool life model
relates cutting variables to wear rates (see equation 3) [185]. Taylor’s
pioneering tool-life tests linked incipient tool failure to a transition from
continuous to discontinuous steel chips. Integrating such quantitative
prediction models with expanded chip colour databases can enable
adaptive control of speeds for optimal tool life. Beyond temperature,
colour also signals issues like built up edge from adhered work material.

VT'fiah = C (3

Where n is the exponent related to the tool and work pieces; f; is the feed
per tooth; a and b are the exponents depends on what materials for the
tool and work pieces; a, is the depth of cutting, and C is the constant.

The color spectrum follows principles of metal oxidation - blue and
purple chips indicate temperatures up to 500 °C from high speeds and
loads. Balancing heat input by adjusting conditions based on colour is
thus key for machining quality surfaces. The chip colours blue and
purple shades warn of undesirable effects like work hardening or crack
initiation on the cutting tool. Colour gradients hence serve as early in-
dicators of unsuitable conditions before visible tool damage. Prompt
parametric corrections can thus improve process performance. Korkut
et al. [186] demonstrate how feed rate, cutting speed, and depth of cut
influence cutting temperatures. Slower thick blue chips imply higher
forces and poor evacuation. Optimised machining hence produces effi-
cient thin chips. Other studies by Cook, Wright, and Armarego estab-
lished that steel chips turn bluish or straw-colored at low speeds due to
strain hardening and improper heat dissipation. Bright yellow chips
indicate suitable 25-100 m/min speeds for medium carbon steels.
Higher speeds produce darker yellow to brown chips associated with
excessive temperatures softening the material. The inclusion of inter-
active colour-feed matrices into existing tool life models would facilitate
automated adaptive control for optimal parameters. Overall, chip colour
provides a visual metric to gauge temperature, identify improper con-
ditions, adapt speeds, prevent tool damage, and maintain surface finish
and accuracy [187].

Problems like inadequate coolant or lubrication also manifest as
color changes in steel chips. Flood cooling is critical for regulating
interface temperature and flushing away hot debris. Insufficient coolant
flow rates directly contribute to thermally dominant machining where
chips and workpiece surface turn blue due to temper colors. Similarly,
low lubrication deprives the cutting zone of critical boundary layer
protection, accelerating tool wear, and temperature rise. This manifests
again as blued chips with oxidized segmented edges, signaling
dysfunctional lubrication. Overall, qualitative analysis via physical chip
examination forewarns operators about suboptimal speeds, cooling, or
lubrication well before quantitative sensor detection or product in-
spection. However, qualitative reliability depends heavily on consistent
operator background and experiences for accurate inference. Enabling
automated quantitative monitoring of chip traits like color, shape, and
surface textures can potentially boost the value of morphological
analysis.

An overview concerning the correlation between chip morphology,
breakability and machinability of the main material groups of engi-
neering interest is given in Table 1, and further detailed in the following.
The order of the sub-sections is based on the typically-occurring types of
chip formation, from continuous to discontinuous, according to Fig. 15b.

5.2. Influence of chip formation mechanisms on material machinability:
case studies

5.2.1. Copper alloys
Copper and its alloys are frequently used for applications in elec-
tronic, automotive and sanitary industry. In these cost-sensitive

CIRP Journal of Manufacturing Science and Technology 50 (2024) 151-184

Table 1

Effects of chip formation on machinability criteria.

Material Frequent Type of Mechanisms/ Possibilities to
Chip Formation Observation Improve
and Chip Shape Machining
Performance
Copper alloys  Continuous chip Chip formation Described general
formation largely depends on disadvantages of
(binary brass zinc content and very long chips
materials) phase composition (seeFig. 16)
[188-191] [188-191]
High chip CuZn-Alloys withup  Limited
compression to 37% Zinc consist productivity in
[188-191] purely of ductile highly automated
Very long chips a-CuZn phase machining
[188-191] [188-191]
More segmented Materials consist of Chip
chips a mixture of a- and segmentation /
(heterogeneous B-CuZn which breakability
brass materials, increases hardness improves with
high zinc contents and tensile strength increasing
up to mz, = 42%) while reducing contents of
[188-191] ductility[188-191] B-CuZn and rising
tensile strengths
[189-192]
Aluminium Long ribbon chips Chip shape caused Described general
Alloys [168],[193] by material disadvantages of
properties when very long chips
cutting (non-) (seeFig. 16)
hardenable alloys in
a soft state[168],
[193]
Enhanced chip Chip breakage Optimization of
breakage in favored by presence chip breaking and
hardened wrought of hard and brittle machinability
and casting alloys inclusions in these must
[168],[193] alloys (silicon synergistically
content up to 12%) consider the
[168],[193] process
parameters, tool
and lubrication
conditions[194],
[195] (as with
other materials)
Magnesium Lamellar chip Chip morphology Chip form is
Alloys formation[168] should not represent  affected by the
Spiral chip a critical issue for variation of
segments[168] the machinability of  cutting
the material[168] conditions; chip
ignition has to be
verified and
avoided[196]
Heat- Continuous or Macroscopic shape Selection of chip
treatable segmented chip and chip breaking breaking alloying
steels formation[174] mechanisms elements is
strongly depend on usually limited by
chip groove the intended use
geometry, cross of the workpiece
section of the (un) to be produced
deformed chip and [168].
Chip shape varies chip flow angle One possibility to
largely depending (AISI1045)[174] improve
on process Chip shape depends machining is to
conditions and more on carry out the
microstructure microstructure (heat  roughing
resulting from the treatment) than on operation before
heat treatment alloy content[168] the material is
[168] quenched and
tempered[168].
Case Long chips when High proportion of Described general
hardening machined before ferrite before heat disadvantages of
steels heat treatment treatment[168] very long chips
[168] (seeFig. 16)
Chip breaking

improvable by
adding lead or
sulfur or adapted

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Material Frequent Type of Mechanisms/ Possibilities to Material Frequent Type of Mechanisms/ Possibilities to
Chip Formation Observation Improve Chip Formation Observation Improve
and Chip Shape Machining and Chip Shape Machining
Performance Performance
tool geometries / cutting
chip grooves. conditions.
Long, tangled chips  Chip breakability Large nodular Chip breakage by
below critical feed depends on heat pearlite leads to applying targeted
[197] (20MnCrS5) treatment and improved chip high-pressure-
resulting shape of breakability cutting fluid
pearlite[197] (higher degree of supply[168] / use
segmentation, of liquid gases
MnS-inclusions) results in
compared to improved chip
partially spheroid formation,
or lamellar machined surface
pearlite.[197] quality and tool
Chips are annealed  High temperatures Favorable chip wear[202],[203]
and break easily in the cutting zone form, but high- Inconel 718 Lamellar / Localization of Restricted surface
(case-hardened [168] temperature segmented chip shear, shear quality and
state)[168] increases tool formation instability, periodic workpiece
wear [204-206] variation of the accuracy[207]
Austenitic Long ribbon and High toughness in Chip formation cutting force Increased
stainless snarled ribbon combination with a and fracture have [204-206] (see (abrasive) tool
steels chips when pronounced to be realized by Fig. 15b) wear, severe
machined in tendency to work adapted tool notch wear
quenched or hardening[168] geometries[168] Adaption of
solution-annealed Chip shapes lead to Improvements in cutting tool
condition[168] additional load on chip formation by geometry to
too[168] adapted alloy reduce notch wear
contents usually Long chips. Mostly, =~ Work hardening of Disadvantages of
not possible due ribbon, tubular or material — hard, very long chips
to given helical chips[206], sharp saw tooth- + hard sharp saw
requirements for [208],[209] shaped chip[168], tooth edges
workpiece[168] [210] complicate swarf
Hardened Mostly segmented Material hardly High dynamic handling[210],
Steel (> 50 (saw tooth) chips deformable due to stresses on cutting [211]
HRC) are formed martensitic tool can induce Excellent chip
[198-201] structure[198-200] surface crumbling breakage by
and formation of applying targeted
cracks in cutting high-pressure-
tool[198-201] cutting fluid
Material separation High levels of supply[208],
begins with mechanical and [209],[212]
formation of cracks thermal load on Grey Cast Short spiral chips Favorable chip Short chips ensure
on the surface of the ~ workpiece surface Iron or chip segments form, formation unhindered
workpiece — [198-201] [213-215] type can be evacuation of
segment pushed out Strain hardening challenging chips and enable
between rake face — induces high grades of
and crack — next residual process
crack develops compressive automation
before material gap stress, which Mostly segmented High dynamic loads Tool wear, poor
isclosed — segments  grows further or discontinuous on cutting edge surface quality
remain connected below surface chip formation [213],[216]
[198] with increasing [213],[215-217]
flank wear on GJL Tends to form Chip separation is Material may be
cutting edge discontinuous oriented towards partially
[198-201] chips[213],[217] lowest resistance in separated in the
Titanium Lamellar chips are Alternation of Stress state can the material— workpiece
alloys typically expected compression and lead to tool graphite lamellae surface, which
when machining sliding phenomena fatigue and tool [218]/ entire leads to surface
under conventional  in the shear zone failure due to the lamellae can slide damages and high
cutting conditions during chip formation of off[215] surface roughness
[168] formation results in cracks and Material matrix and [215],[218]
mechanical and fractures of the graphite particles
thermal alternate cutting tool edges, are deformed in the
load to the cutting coupled with cutting zone[219]
tool[168] evident negative GJV Shorter chips occur ~ Deformation and Surface damages
effects in terms of when machining shear of the material ~ and high surface
part surface GJV than GJL[219] is oriented towards roughness can be

quality[168].
Extent of load is
related mainly
with the choice of
process
parameters and
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the graphite
inclusions[215],
[219]

Deformation of
material is localized
in the graphite
inclusions[219]

indicated by chip
formation process

(continued on next page)
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Table 1 (continued)

Material Frequent Type of Mechanisms/ Possibilities to
Chip Formation Observation Improve
and Chip Shape Machining

Performance

GJS Mostly segmented Graphite S damage Better surface
chip formation / the surface less than  finish is achieved
continuous chips L or V when when machining
possible with sharp  detached from GJS than GJL and
cutting edges workpiece surface GJV[215]
[168],[213],[217] [215]

Austempered Short spiral chips Partially High rake angles

Ductile Iron,

[216]

comparable to GJS

at small chip

ADI (S) due to graphite thickness lead to
morphology nearly continuous
chip formation
[216]
Distinct Ductile austenitic- Pressure of
segmentation ferritic structure of material with
(tools with ADI reacts brittle at austenitic-ferritic
negative rake high strain rates structure against
angles— chips [216] rake face — severe
often consist of one crater wear[216]
segment)[216] Austenitic matrix is Segmented chip
transformed to formation: cutting
martensitic edge is exposed to
structure as a result high stress and is
of deformation by abruptly relieved
cutting edge — when segment
disproportionate shears off(216] /
hardening of force maxima lead
material.[216] to cutting edge
chipping and tool
failure[168],
[216].
Austempered Segmented chip Partially comparable to GJL due to graphite
Gray Iron, formation[219] morphology
AGI (L) Short chips
(secondary chip
breaking)[219]
Titanium Discontinuous and Material has high Chip morphology
Aluminides segmented chips brittleness and and machining

[168]

Angular, needle-

limited capacity to
deform plastically
[168]
Micro-cracks and

results can be
improved by an
adjustment of the
cutting edge

shaped chip micro-fractures on geometry and
lamellae are often surface of process
formed[222] workpieces, parameters[220],

characterized by
poor surface quality,
[125],[223].

[221].

markets, a high degree of automatization is favored in machining.
Therefore, chip evacuation is critical. Different materials are included in
the group of Copper alloys, which are characterized by a copper content
of at least 50%. Overall, the machinability is affected by their chemical
composition, heat treatment, and primary shaping processes. Klocke
(see [168], and references therein) has proposed the following catego-
rization in three groups with respect to their machinability:

e Group 1: Alloys with the addition of elements as lead, sulfur, sele-
nium and tellurium to improve chip fracture/breakage: this group is
likely the most machinable.

Group 2: Alloys with zinc, tin, nickel, aluminium and silicon, without
chip-breaking additives (among others: copper/tin/zinc and copper/
nickel/zinc alloys): the machinability might vary significantly as a
function of the amounts of alloying elements. Usually, acceptable
chip forms are obtained;

Group 3: Pure copper and copper alloys with zinc (i.e., brass), tin,
nickel and aluminium appear to be moderately to poorly machin-
able. In particular, brass and pure copper show a high chip
compression, which affects the tribology at the interface between
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chip and tool rake face, resulting in high mechanical stresses on the
cutting edge;

The content of lead in brass alloys will be drastically reduced in the
near future due to changes in legislation, shifting the needs of these
industries from group 1 to group 3 [224-227]. Therefore, intensive
research is performed regarding the development of low-leaded mate-
rials with improved machinability, especially regarding chip formation
[188]. The brass alloy CuZn21Si3P uses Silicon as a substitute for lead
and has gained some relevance in industrial applications today. Alloyed
in brass, Silicon forms the highly brittle intermetallic k- and y- phases
which provides segmented chip formation in machining. Other materials
utilize so-called micro-alloys with traces of Indium in heterogeneous
brass alloys to provide improved chip breakage in machining [188],
[190]. Bismuth has very similar properties regarding machinability as
lead while being harmless to the human body. Its broad industrial uti-
lization as a chip-breaking alloy is prevented by its high cost and the
deterioration of CuZnBi-alloys under continuous load [188].

5.2.2. Aluminium alloys

The chip morphology and chip formation mechanisms are key pa-
rameters for the machinability assessment of aluminum alloys, partic-
ularly when large amounts of chips have to be removed at high MRRs.
The chip form can be influenced by the alloy composition, heat treat-
ment and process kinematics. Due to the described effects of very long
chips on machinability in combination with the frequently very high
material removal rates in aluminium machining, the process conditions
should be optimized with regard to chip breakage.

The influence of cutting conditions on chip formation has been
investigated in recent research studies. Orthogonal cutting tests per-
formed on the 6061-T6 aluminum alloy under a wide range of cutting
speed (100-1900 m/min) and feed (0.06-0.15 mm/rev) produced
different kind of chips [228]. When increasing the cutting speed, the
shear slip distance and shear angle increased, while chip thickness,
friction angle, length of shear plane, tool-chip contact length and first
deformation zone width decreased [229], [230]. The increase of
tool-chip contact length was noticed when increasing cutting depth and
feed rate in high-speed dry milling of A6061 [231]. With regard to the
7050-T7451 alloy, both cutting speed and feed rate are factors affecting
the transition from continuous to segmented chip, which was observed
for high cutting speed (2000-2500 m/min) in the feed rate of
0.05-0.20 mm/tooth [232]. Further, Guo et al. [233] investigated
high-speed grinding of Al/SiCp metal matrix composites shows
improved surface quality and reduced subsurface damage compared to
low-speed grinding due to grain refinement mechanisms in the Al matrix
and increased ductility of SiC particles, which reduces property dis-
crepancies between the heterogeneous constituents.

Moreover, chip formation, breaking and removal appears to be a
challenging issue when drilling multi-layered material structures (e.g.,
aluminium and titanium stacks), because of the different material
properties [234].

5.2.3. Steel materials

Steel materials cover a wide range of material properties due to the
variety of formable alloys, metallographic constituents and different
applicable heat treatments. Table 1 shows an overview of the influences
of chip formation and morphology on machinability for different steel
materials. Due to the adjustable properties, it is often possible to achieve
favorable chip formation through an adapted design of the material.
When machining steel materials in the uninterrupted cut, the focus is
more on the macroscopic chip shape than the chip formation mechanism
when evaluating machinability. Steel components are often produced
automatically and in large quantities. Therefore, reliable chip breaking
and chip evacuation are a basic prerequisite for efficient machining
[168].

Nevertheless, many research works have been carried out on the
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influence of the chip formation mechanism on machinability. Hoppe
[176] showed that the chip formation mechanism influences the resul-
tant force when machining the heat-treatable steel ALSI1045. The force
components changed with the cutting speed, which was caused by dif-
ferences in chip formation, the temperature in the cutting zone and the
material properties at high strain rates. An increased cutting speed
transferred the type of chip formation from continuous to segmented
chip formation and lead to a decreased resultant force. As the mecha-
nisms that lead to reduction of the resultant force did not change when
the type of chip formation changed, the chip formation mechanism was
excluded as the cause for the force reduction at this point. With a further
increase of the cutting speed to 3000 m/min, the resultant force raised
up back to values which were measured at low cutting speeds. Mecha-
nisms like adiabatic shearing or melting of areas in the chip or at its
bottom, which cause instabilities, gained significance. The remaining
material of the lamella has to carry the load. The material is deformed
slightly but fast in this area, which leads to high strength as a result of its
strain sensitivity. Therefore, the strain sensitivity was identified as a
reason for the increased resultant force.

5.2.4. Titanium alloys

When machining titanium alloys, both the chip formation mecha-
nism and the resulting chip shape are reasons for the poor machinability
of the material. Due to the material properties of low thermal conduc-
tivity and high strength, a distinct lamellar chip formation occurs and
long chips result in an uninterrupted cut (see Table 1). Chip shape and
size are significantly affected by the choice of process parameters and,
more in general, cutting conditions. In dry and cryogenic Ti-6Al-4 V
turning, increasing depth of cut and decreasing feed rate reduced chip
thickness, distance between serrations and tool-chip contact length,
while increasing chip length and shear band angle. Moreover, the degree
of chip segmentation and dominant deformation modes and amount are
affected by the extent of tool wear, due to the change in tool geometry
and the increase in cutting temperature. Dry turning of Ti-6Al-4 V with
worn tools is characterized by severe friction between the rake face and
chip, significant plastic deformation and shear on the machined surface
in the chip [235]. When milling, a full characterization of the complex
three-dimensional chip morphology, possibly including the analysis of
microstructural and mechanical behavior of machined chips, can be
performed through multi-view approaches [236]. Further, Pouliquen
et al. [237] found that a phase fraction controls forces and chip
morphology in machining titanium alloy Ti5553. Lower o fractions
facilitate continuous chip flow while higher levels promote shear
localization and serrated chips. Denkena et al. [238] showed oxygen
reduction minimizes Ti-6Al-4 V chip segmentation by mitigating
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oxidation and enabling continuous chips. Li et al. [239] used simulation
to elucidate segmentation dependence on parameters in Ti-6Al-4 V
turning. Lv et al. [240] experimentally studied adiabatic shear in milling
Ti40. Additively manufactured titanium alloys pose machining chal-
lenges with morphology variations relative to wrought alloys
[241-244]. Feed rate plays an essential role governing chip shape in
different processes. Fracture behavior and hardness primarily influence
machinability of AM vs wrought Ti-alloys. Optimizing cutting condi-
tions is key to improve surface integrity of AM Ti-alloys.

5.2.5. Nickel-based alloys

Due to their excellence corrosion resistance and high temperature
strength, aero-engine components are often manufactured from nickel-
based super alloys. A particularly common alloy is Inconel 718
(NiCr19NbMo). The characteristics of the mostly lamellar or segmented
chip formation during machining the material are one main reason for
its classification as difficult-to-cut, see Table 1. Therefore, the chip for-
mation mechanisms and machinability of nickel-based alloys have been
addressed in numerous research papers and reviews [64,207,208,210,
245,246].

As shown in Fig. 17a, the segmentation intensifies with increasing
cutting speed until individual chip segments result[204]. During the
accumulation of the chip lamella a transverse material flow results,
Fig. 17b [205]. The type of chip formation leads to a high alternating
thermal and mechanical stress on the cutting tool. As a result, fatigue
and crack development phenomena follow [247]. The combination of
the material’s tendency to work harden and the formation of lamellar
chips leads to the formation of a sharp, hard sawtooth-shaped chip edge
which causes abrasive wear on the cutting tool when the chip flows off
[168,210]. These interactions lead to the formation of severe notch wear
during turning of Inconel 718 with ceramic, CBN or solid carbide tools.
Additionally, the chips flow laterally in emerging notches and intensify
the wear development by mechanical snagging with the cutting tool
material particles. Furthermore, the dynamic load on the cutting edge as
a result of the lamellar chip formation contributes to the fact that milling
of Inconel 718 is subject to strong restrictions with regard to the cutting
parameters [168,207].

By changing the cutting conditions, the macroscopic chip shape
differs significantly. With increasing cutting speed, chip compression
decreases, which influences the resulting chip shape. Pawade and Joshi
[206] showed a transition from long snarled to spiral chips by increasing
the cutting speed from 125 m/min to 475 m/min during turning of
Inconel 718. Similarly, strong changes in chip shape occurred with the
variation of the feed rate, the depth of cut or cutting edge rounding.
Thermal effects further affect the resulting chip form when the feed rate
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Fig. 17. Chip formation of Inconel 718 according to [204], [205].
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is varied, as the feed rate determines how much heat can be dissipated
by the chip into the environment. Process conditions, which resulted in
spiral chips, lead to lower surface roughness than processes which
emerged snarled ribbon chips.

5.2.6. Grey Cast Iron

Cast iron materials are iron-carbon alloys with a carbon content of
more than 2.06%. They are divided into grey and white cast iron, related
to the color of their fractured surfaces. The carbon in grey cast iron is
present in the form of graphite. Referring to the shape of the graphite
particles a subdivision into three groups is common: lamellar graphite
(GJL), vermicular graphite (GJV) or spheroidal graphite (GJS). Cast iron
with lamellar graphite is the most frequently produced group [168]. The
basic structure of the materials is ferritic-pearlitic or purely pearlitic. By
specific heat treatment, more ductile austenitic-ferritic microstructures
with increased strength can be achieved [248]. Ausferritic cast iron with
lamellar graphite (AGI) and with spheroidal graphite (ADI) belong to
this group. Cast iron generally has good machinability. However, the
characteristics of the chip formation process depend strongly on the
graphite shape and the structure of the surrounding matrix [213], [215],
[217], [219]. The shape of short chips, as is typical in cast machining, is
basically favorable for machinability (see Fig. 15). However, the
segmented or discontinuous chip formation mechanisms present certain
challenges.

Graphite lamellae with a size in the range of the chip thickness are
relevant for the discontinuous chip formation when machining GJL
[213]. Micro cracking is induced near the graphite lamellae due to stress
concentration. The chip separation is oriented towards the lowest
resistance in the material, which is the graphite lamellae [218]. Entire
lamellae can slide off [215]. As a result, the material may be partially
separated in the workpiece surface, which leads to surface damages and
high surface roughness [215], [218]. If irregular fracture occurs, the tool
moves over a free space until the separation of the next chip fragment is
induced [217]. By adjusting the cutting conditions, a transition of the
chip formation from discontinuous to segmented chip formation can be
achieved [213]. The chip formation characteristics for machining GJL,
GJS, GJV, ADI and AGI (here labelled according to the normative ref-
erences) are listed in Table 1.

Chip formation during the machining of cast materials is dominated
by the shape of the graphite inclusions and affects the machinability of
the materials. The significantly better surface quality that can be ach-
ieved when machining GJS than GJL, for example, is attributed to chip
formation. To evaluate the machinability of grey cast iron and to
determine the influence of the chip formation mechanism on the
machinability, the matrix structure has to be taken into account.

5.2.7. Titanium aluminides

The issues related to the complex machinability of titanium alloys
are exacerbated when it comes to titanium aluminides, which are heat
resistant intermetallic alloys that have been identified as potential
candidates to substitute nickel-based superalloys in some aerospace
applications. The material properties lead to the formation of discon-
tinuous and segmented chips [168]. Angular, needle-shaped chip
lamellae are often formed [222] (see Table 1). Moreover, it has to be
highlighted that, differences in machinability outcomes can be traced
back to the different chemical composition (thus, to the different mi-
crostructures) of the titanium aluminides [249], [250], or to the
manufacturing route for workpiece production (as for the latter, additive
manufacturing has been exploited [251]).

Some of the effects of the lubrication/cooling conditions on chip
morphology (and, thus, on machinability results) have been experi-
mentally highlighted in turning tests performed on a 45-2-2 XD alloy
under dry cutting, conventional flood cooling, high pressure lubricant
supply, cryogenic cooling with liquid nitrogen and MQL. With respect to
dry machining, a chip size reduction was noticed when applying MQL
and conventional flood cooling. In comparison to wet cutting, the chips
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obtained with LN2 showed an increase in length and curvature radius.
The increase in chip breaking due to the increase of the lubricant supply
pressure (already discussed for Ti-6Al-4 V) was confirmed [203].

5.3. Analysis of chip formation mechanisms and open challenges

The experimental approaches described in the literature typically
involve the chip collection, cold mounting in epoxy resin, polishing and
etching to reveal the geometric features and microstructures. Chips are
then examined by using optical microscopes and/or scanning electron
microscopes (eventually by exploiting XPS or TKD analyses), depending
on the level of detail of the assessment. Some research studies are spe-
cifically focused on the chip morphology and chip formation mecha-
nisms are intended to propose multi-view approaches to characterize 2D
and/or 3D chip morphology [236]. Some others aim to correlate chip
morphology with one or more metrics pertaining to the machinability
assessment (tool wear, cutting forces, surface roughness, et cetera), or to
define the correlation between chip morphology and the variation of the
cutting process parameters. In general, literature lacks holistic ap-
proaches including chip morphology within multi-objective analyses
toward a full machinability characterization.

An empirical method used in industrial practice is the preparation of
chip shape diagrams for selected combinations of materials and tools, as
shown in Fig. 18. The diagrams show whether chip breaking is achieved
depending on the feed rate and cutting speed [157], [252-255]. There
are different methods to influence chip shape and fracture. Most of them
are based on an increased deformation of the chip to induce chip
breakage. This is achieved by the use of tools with chip breaking ge-
ometries, adapted tool feeds or targeted high-pressure cutting fluid
supply as discussed in Section 7. The prediction of chip geometry pa-
rameters and chip breakage is complex and the conditions of the cutting
process as well as the properties of the tool and the machined material
must be taken into account [157], [172], [256]. Since chip control has a
great influence on machinability, empirical and analytical models to
predict chip formation and breakage are continuously developed [171],
[257-261]. Modern approaches enable the measurement of the strain
and strain rate fields directly in the shear zone using digital image
correlation and high-resolution cameras and thus the analysis of chip
formation with high spatial resolution [262], [263].

6. The relationship between surface integrity and machinability
6.1. Machinability and surface integrity

The machining process often result in the creation of new surfaces
that manifest as a new surface state known as surface integrity. Surface
integrity is defined as the condition of a freshly exposed surface/sub-
surface of a component after a manufacturing operation. Surface
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Fig. 18. Chip form diagram according to [174].
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integrity can have many different attributes such as roughness, residual
stress, severely plastically deformed layers, tribofilms, and textures/
preferred orientations.

Machining is a primarily shearing process during which the finished
surface/subsurface undergoes severe plastic deformation. This defor-
mation is a thermo-mechanical behaviour. During the metal cutting
process, the power consumed is converted into heat. Heat generation
occurs at the shear plane and the chip-tool interface. Almost 90% of the
heat is conducted away by the chip and coolant; the rest of it is con-
ducted into the workpiece material. With gradual tool wear, a new
surface is formed that results in additional friction. Thus, new surface
results in additional friction. The tool wear not only increases the
interface temperature but also affects the physical properties such as
roughness and size tolerances and sometimes results in surface damage
(metallurgical defects) in the materials. The strain-induced during the
machining process manifests as dislocations near the surface resulting in
nanoscale subgrains [264], [265]. The thickness of the severe plastic
deformation zone could range from a few hundred nanometers to a few
microns. The induced strain also gives rise to residual stresses. These are
generally recognised as surface integrity, which can be used as a factor
to evaluate the machinability of different materials, especially when it
comes to difficult-to-cut materials, e.g., nickel/titanium-based superal-
loys. In addition, Axinte et al. [266] conducted a detailed literature
review which analysed sub-surface plastic deformation post-machining
using in-situ micro-pillar compression testing. Microscopic indentation
and compression of superficial layers elucidated micro-scale material
reactions such as plastic deformation and material removal mechanisms.

Lower tool life, plus higher cutting temperatures and forces are the
indicators of poor machinability. Consequently, all these factors
adversely affect surface integrity. Lower tool life results in higher tem-
peratures that can cause surface damage, tensile residual stresses, and
softening. Higher tool wear also results in higher roughness and geo-
metric issues such as roundness error and size variation. Hard particles
such as metal carbides and oxide inclusions reduce machinability but
soft inclusions like sulfides are intentionally added to improve
machinability. Poor machinability drastically increases machining costs
by reducing tool life and generating surface damages metallurgical de-
fects, tensile residual stresses, and geometric errors. This damage
worsens with continued tool wear. Thus, the dynamic nature of the
machining process creates ever-challenging aspects for surface integrity
that have been a great topic of commercial and academic interest for the
past century.

Since cutting temperature, cutting forces, and material microstruc-
ture underpin machinability as well as surface integrity, this section
evaluates the influence of these fundamental factors on both charac-
teristics. The data discussed in the first three sections cover three case
studies performed at The Timken Company R&D laboratories supple-
mented by the latest studies available in the literature.

6.2. Influence of machinability on surface integrity

For the past few decades, researchers have been conducting detailed
and systematic studies on machining and surface integrity. In 2013,
Jawahir et al. [267] conducted a collaborative work group study on
surface integrity. Most recently, in 2021, Liao et al. [268] published a
comprehensive and systematic study that included a wide spectrum of
advanced characterization techniques such as transmission electron
microscopy (TEM), scanning electron microscopy (SEM), transmission
Kikuchi diffraction (TKD), electron backscatter diffraction (EBSD),
precision electron diffraction (PED), glancing angle X-ray diffraction
(GAXRD), atom probe tomography, neutron diffraction, synchrotron
diffraction, and so on. The study encompassed the fundamental mech-
anisms of different material removal techniques and their effect on
surface integrity. As a follow-up, La Monaca et al. [269] published a
review paper on the effect of surface integrity on the service life of a
component. Both review papers covered the whole gamut of research
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that has been performed over recent years.

Among these, the qualified surface integrity factors for machinability
evaluation included surface roughness, the thickness of the white layer,
plastic deformation, and residual stress, (please refer to the example
given in Fig. 19). The choice of a suitable value for the surface integrity
criterion therefore depends not only on the materials properties but also
on various cutting conditions such as tool wear, cutting speed, and
coolant applications. Among the parameters, the cutting speed has a
major influence on the material deformation at the machined surface
(see Fig. 19a). As the cutting speed increases from 50 m/min to 140 m/
min, the thickness of the deformation layer also increases, as evidenced
by the kernel average misorientation (KAM) images in Fig. 9a [268],
similarly Ren et al., [270] observed similar results. Even though the
cutting conditions might be identical, the surface integrity of different
materials is difficult to compare from case to case. Because of the large
number of possibilities for selecting the boundary conditions for tool life
studies designed to evaluate machinability, the comparability of
different studies is limited. Furthermore, the surface integrity is also
highly influenced by the type of machining process. For example, when
machining Inconel 718 using different methods such as conventional
milling, laser assisted milling, and water jet cutting, the surface rough-
ness is observed to be the lowest for water jet cutting (see Fig. 19b). This
is because water jet cutting utilizes a narrowly focused, precisely
controlled high-pressure abrasive water stream to smoothly erode
through materials without any mechanical contact, frictional heat, or
material deformation that would roughen the cutting surfaces, which is
typically observed in conventional milling or laser assisted milling
[268]. In addition to surface roughness, the residual stress generation in
the workpiece is also affected by changes in cutting tool properties.
From Fig. 19c¢, the residual stress is highest at the surface of the metal
and decreases with depth, because the surface of the metal is subjected
to the greatest amount of plastic deformation and rapid cooling during
machining. Moreover, the residual stress is also higher when machining
with conventional cutting tools rather than with PCBN cutting tools
under aggressive cutting conditions, which many industries need to
meet their production rates. This is because conventional cutting tools
generate more heat and cause more plastic deformation than PCBN
cutting tools [271]. Within individual test series, however, surface
integrity offers a sensitive and validly evaluable criterion for comparing
the machinability of similar/or same types of materials (but of different
composition/using different heat treatments).

One fundamental viewpoint, states that the interface temperature,
mechanical load, and the material microstructure, that dominate a
material’s machinability, play an influential role in microstructural is-
sues of its surface integrity. While the influence of cutting force and
temperature has been extensively discussed in previous sections, in this
section we will focus on the influence of the material microstructure and
properties by taking examples from difficult-to-cut materials, e.g.
hardened steels and superalloys.

In the case of hardened steel, microstructural features such as car-
bides, retained austenite, and martensite lath can influence surface
integrity. Previous studies on machining focused on improvements in
tool life or controlling the surface damage, and systematic studies on the
influence of material microstructure on surface integrity are few and far
between. Recent studies [272] have shown that subtle variations, such
as carbide size and distribution, affect grindability which in turn has an
impact on geometrical aspects such as roundness error. Similarly, Hoier
et al. [273] found batch-to-batch variation in the grindability of medium
carbon steel. The authors attributed higher wheel wear (lower
machinability) to a higher fraction of hard inclusions. The higher wheel
wear further affects surface integrity reflecting the variations in the
residual stresses.

Hua et al. [274] conducted hard turning trials on 52100 hardened
steel with different hardness levels (55HRc and 62HRc) using the same
cutting parameters. The authors found a significant difference in the
residual stress pattern. The sample with higher hardness showed a
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scenario measured in the hoop direction [271].

higher magnitude of compressive stress. The authors attributed the in-
crease in the compressive stress to the balancing act of higher tensile
stresses behind the cutting tool. Although the authors did not comment
on the machinability aspect, it is known that higher hardness results in
lower machinability because the cutting tool creates abrasive wear.
Another approach to improve surface integrity of the workpiece involves
using a drag finishing method on the broaching tool edges. This enables
superior control over key parameters including rounding radius, mate-
rial removal rate, reproducibility, and surface finish.

The microstructure and properties of mechanically performant su-
peralloys, (e.g., nickel-based alloys, which are developed for higher
working temperatures) can lead to a significant decrease in their
machinability and thereby to reduced lower surface integrity. The pri-
mary influence of Ni-based microstructures comes from their pre-
cipitations, (y° phases), which can significantly affect their
machinability when cutting with parameters that produce different
cutting temperatures. This leads to strengthening/softening effects on
the workpiece. It has been revealed that the increase of the y’ fraction
significantly decreases grain plastic deformation under aggressive cut-
ting parameters including higher cutting temperatures, due to the
consequent reduced softening effect [275].

There is plenty of research on surface integrity after machining, but
systematic studies investigating the effect of machinability (or material
microstructure) on surface integrity are rare. Therefore, targeted ex-
periments were designed at The Timken Company as well as from some
recent works of literature to understand the effects of machinability on
surface integrity for bearing steel grades. Those experiments are pre-
sented here in the form of three case studies.

6.2.1. Case Study I: Effect of retained austenite on machinability and
surface integrity on 52100 steel

Hard turning trials were conducted on 52100 steel tubes of di-
mensions 90 mm (OD), 65 mm (ID), and 75 mm length. The percentage
of retained austenite was varied by hardening at different austenitising
temperatures. Although the final microstructures consisted of different
vol% retained austenite (6.7%, 11.7%, and 30% RA) as shown in the
inset Fig. 20 micrographs, hardness was maintained between 60 and
62HRc. The steel tubes were machined using identical cutting conditions
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Fig. 20. Effect of %RA on tool wear on 52100 bearing steels (inset respective
microstructures).

for 20 min. Five repetitions for each microstructure variation were
conducted.

Tool wear, retained austenite, and roughness values were recorded.
Results indicate that tool wear dramatically decreases with the increase
in the retained austenite (Fig. 20). The decrease in the tool wear could be
due to the dissolution and size reduction of e and q carbides at higher
austenitization temperatures. The decrease in the tool wear also indi-
cated an improvement in the surface roughness. In-situ neutron
diffraction studies [276] on uniaxial tensile testing on through hardened
bearing steels have shown that austenite has lower yield strength
compared to martensite. Therefore, the lower strength of austenite also
correlated with the improvement in the tool life. Residual stress in-
vestigations provide further insights into the influence of machinability
on surface integrity.

As shown in Fig. 21, retained austenite strongly influences the re-
sidual stress pattern. The maximum compressive residual stress (CRS)
decreases progressively with an increase in the %RA. The increase in the
maximum CRS with increases in the retained austenite is most likely due
to transformation-induced plasticity. The strain-induced martensitic
transformation of austenite is a thermo-mechanical process. The trans-
formation of austenite to martensite is expansive, which leads to
compressive residual stresses.
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Fig. 21. Effect of %RA on residual stresses after hard machining of 52100 steel.

Under loading conditions, this transformation occurs at the Mgy
temperature [277]. Similar to Hertzian stresses, the maximum shear
stress from machining also occurs at the subsurface, which correlates
with the maximum CRS at the subsurface. No such effect is observed at
the surface. This could be because the surface tensile stresses are influ-
enced by the high temperature during the cutting operation or the
stresses from the heat treatment. From this study, it is evident that in-
creases in the retained austenite improve machinability by decreasing
tool wear and improving surface roughness and also maximum
compressive residual stress.

6.2.2. Case Study II: Effect of material chemistry (M50 vs. 52100) on
machinability and surface integrity

AISI 52100 is a commonly used bearing steel, while M50 is a spe-
cialty steel used in aerospace bearing applications. M50 steel has high
wear resistance and high-temperature dimensional stability due to its
high alloying content from Cr, Mo, and V additions. Bearing rings from
both grades of steels were hardened, tempered, and machined using
identical cutting parameters. Its high alloying content gives M50 steel
composition of hard alloy carbides (Fig. 22) making it slightly harder
(62HRc) than 52100 (60HRc). The abrasive action of the hard carbides
results in high insert wear and reduced machinability. The residual
stress profile on through hardened 52100 and M50 steels is shown in
Fig. 23. As seen in the figure, both steel grades exhibited compressive
residual stress at the surface until a depth of 100 um.

Given the high ductility (due to its higher alloy content) and higher
strength, it is not surprising to see that the M50 steel exhibited the
highest surface compressive stress compared to the 52100 material. This
is supported by the previous observation [274] that higher hardness
materials show a higher magnitude of CRS. Thus, this example suggests
that, under certain conditions, machinability and CRS could be in an
inverse relationship with each other. The exact mechanism behind this
phenomenon is unknown, so detailed TEM and XRD analyses need to be
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performed for a better understanding of grain size, aspect ratio, and
dislocation pinning.

6.2.3. Case Study III: Effect of RA on machinability and surface integrity in
carburized steel

The effect of material microstructure on machinability and surface
integrity was further investigated by Bedekar et al. [278] The author
varied the retained austenite in SAE 8620 carburized steel followed by
hard machining using an identical set of parameters. The retained
austenite in the case microstructure was maintained at 8% and 30%
respectively. Advanced characterization techniques such as TEM
(transmission electron microscopy), GAXRD (glancing angle X-ray
diffraction), and nanoindentation were employed.

The authors observed that white layers developed at much earlier
stages (100 mm flank wear) on samples with 8% RA, which was not the
case for 30% RA. The delay in the formation of white layers in the 30%
RA sample indicates that higher machinability microstructures generate
lower cutting temperatures thereby extending the insert life. TEM in-
vestigations found that the subgrain size of the 30% RA samples was
comparable to that of the 8%RA (Figs. 24 and 25) due to the identical
machining parameters.

The residual stress patterns (Fig. 24) showed that the surface residual
stress for the 30% RA sample was slightly tensile while the sample with
8% RA showed compressive residual stress. This agrees with the previ-
ous observations on 52100 bearing steel (Fig. 21 [274]). The total depth
of compressive residual stress in 30% RA was shallower than the 8% RA
which is also consistent with the previous observations (Fig. 21 and
[274]). The magnitude of maximum CRS for both groups of samples was
comparable. This might be due to the higher carbon in the solution on
the carburized steel that stabilized the retained austenite and restricted
the TRIP transformation.

The observations in this study are consistent with Case Study I
showing that higher %RA enables better machinability, reduces the

Fig. 22. Optical microstructures of hardened 52100 (left) and M50 steel (left).
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Fig. 24. Effect of %RA on residual stress of carburized AISI 8620 steel.

propensity for white layer development, and produces compressive re-
sidual stresses, thus demonstrating that microstructural constituents
play a pivotal role in machinability, which ultimately influences surface
integrity.

6.2.4. Case Study IV: Influence of machinability on surface integrity in
nickel-based superalloy

Nickel-based superalloys, such as Inconel 718, Waspaloy and Udimet
720Li, and RR1000, are notoriously low-machinability materials,
because of their low thermal conductivity, the tendency for strain
hardening, and high strength at elevated temperatures. This leads to
poor surface integrity from a variety of surface/subsurface damage such
as material drag, cracking, and severe plastic deformation layers (SPD)
when these materials are machined with inappropriate parameters or
tool conditions. These anomalies can have a detrimental effect on the
fatigue performance of safety-critical components during their opera-
tional life. Thus, industrial surface quality standards specify that severe
plastic deformations and/or thermally abused layers on the part surfaces
are not acceptable.

Due to the specific material properties of nickel-based superalloys,
the cutting conditions (e.g. applied cutting tool material, wear condi-
tion, and cutting speeds that can yield different cutting temperatures
and stress) can cause them to differ significantly in their machinability
and eventually influence the surface integrity. According to Rachid [14],
the high cutting temperature and stress from the tool wear and high
cutting speed maps lead to recrystallised areas on the near surface of the

CIRP Journal of Manufacturing Science and Technology 50 (2024) 151-184

machined layers, as shown in Fig. 26. In particular, the increase in
subsurface deformation with tool wear and cutting speed is noticeable in
the strain contouring maps. This low machinability leads to the high
tensile residual stress in the near surface when the cutting tool is worn,
especially for CBN cutting tools under high cutting speed, as a result of
the substantial increase in cutting temperature and severe strain work
hardening in the SPD layers [279].

Moreover, while a great variety of Ni-based superalloys are avail-
able, their machinability is are different and lead to various sensitivities
to machining operations when SPD layers are generated. An in-depth
metallurgical and mechanical analysis via abusive drilling operations
[280] of the machinability and surface integrity of four different
Ni-based superalloys, (Alloy 718, Waspaloy, Alloy 720Li, and RR1000)
has been studied. It was found that alloy 720Li and RR 1000 are reported
to have better mechanical performances at higher operating tempera-
tures, they seem to be more sensitive to abusive drilling conditions, as
evidenced by the thicker severe plastic deformation layers and higher
tensile residual stresses observed in Fig. 27. It is concluded that while
more mechanically performant alloys have been developed for higher
temperatures, these combinations of properties are likely to lead to a
decrease in their machinability. This eventually leads to a reduced
tolerance to intense heat and mechanical loads that could develop when
inadequate machining conditions are present and consequently yield
poorer surface integrity [280].

7. Methods to enhance machinability

In principle, machinability has always played a role in the machining
of any material. Therefore, many methods have been developed over the
years to enable and continuously improve the machinability of new
materials. One of the most obvious but nevertheless not always opti-
mally used method with regard to machinability is represented by
different cooling strategies. Further potential can be exploited by means
of thermally assisted hybrid machining processes as well as optimised
cutting tool design. In the following three subchapters, different con-
cepts for improving machinability will be presented and evaluated.

7.1. Coolant strategies

Effective coolant delivery is critical when machining difficult-to-cut
materials like nickel and titanium aerospace alloys to control tempera-
ture rise at the cutting zone, reduce tool wear, and sustain surface finish
and integrity. Hence, a wide variety of cooling and lubrication strategies
are used to improve the machinability [100]. In addition to classic

¥

Fig. 25. TEM analysis of SPD layer of 8%RA and 30%RA carburized AISI 8620 steel.
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Fig. 26. Strain contouring maps obtained from EBSD measurements and surface residual stress show that the machinability of Nickel-based superalloy can be
significantly influenced by the cutting conditions and yield poor surface integrity.

cooling-lubricant emulsions, there are synthetic cooling-lubricant solu-
tions as well as the use of pure/natural oils. Furthermore, there are
concepts in which fluids are largely dispensed with, such as
high-pressure coolant, cryogenic cooling and MQL. The key techniques
aim to provide cooling as well as lubrication effects to overcome the
challenges posed by elevated temperatures and friction when machining
nickel and titanium alloys. Integrating these diverse strategies facilitates
uninterrupted and efficient machining of difficult-to-machine aerospace
materials [281]. Hence, these approaches seek to fulfil the main objec-
tives of a cooling strategy, which are “lubrication”, “cooling” and “chip
removal” [88]. Accordingly, the concepts can be classified as shown in
Fig. 28, in which the different concepts are compared in terms of their
performance with respect to the main objectives [88], [282]. To a large
extent, the main tasks determine the machinability of a cutting process,
which includes cutting forces, tool-wear and tool-life, surface roughness
and surface integrity, chip formation and chip control, and part accuracy
[283-285]. The better the influence of the cooling lubrication strategy
on machinability is understood, the more specifically machinability can
be improved for a specific task.

Water-miscible coolants are used at high process temperatures and
cutting speeds with simultaneously low tool-pressures. Lubricating oils
are mainly used at high contact pressures between rake face and chip
surface, such as those encountered in different machining process. Both
concepts are highly effective in terms of cooling, chip removal and
lubrication, which is why they are standard in industry. As sustainable
production is becoming increasingly important, the elimination of
cooling fluids is desirable, resulting in insufficient cooling and lubri-
cating, and thus in a deteriorated machinability (shortened tool life, due
to wear mechanisms or breakage [286,287] and increase of process
forces [288-290] . These effects can be attributed to the lack of lubri-
cation of the cutting area [291]. At the same time, complex machining
operations, such as gear skiving, can show an opposite trend in terms of
wear behaviour when using compressed air instead of using pure oil as
flood cooling [292]. The same behaviour can be observed in the com-
parison between dry machining and flood cooling in terms of surface
roughness [286,293]. The results for A390 alloy, AISI 4340 as well as
6061 aluminium alloy show that the surface quality of the produced
technical surface, by means of surface roughness, is of a higher quality
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when using cooling lubricants in the machining process. This contrasts
with the studies on complementary machining, where the use of cooling
lubricant results in a higher surface roughness compared to dry process
operation [294].

In machining operations that are significantly characterized by high
friction, MQL can improve machinability. MQL uses compressed air to
introduce very small quantities of oil particles into the cutting area to
maximize heat dissipation while providing requisite chip evacuation
and lubrication. With MQL, the consumption of cooling fluid is reduced
by an efficient application of oil mist via tool-internal channels or
external nozzles. Though cooling effects are moderate, the oil prevents
pressure welding of chips and reduces friction [281]. The oil mist flow
rate usually is lower than 50 ml/h [88]. The effectiveness of MQL relies
on the extent to which the oil reaches the cutting zone. This is not only
influenced by number and position of nozzles [295,296], but also by the
oil spray characteristic [297]. Among which, Lacalle et al. [298]
investigation of the effect of spray cutting fluids in high speed milling,
stated that the reduction of the quantity of cutting oil in the machining
process, in relation to conventional emulsion coolants that leads to
lower machining costs. Further, in milling, MQL can reach lower process
forces and longer tool lives than dry machining [299]. For turning, lower
process forces [286,300], longer tool lives [286,301] and lower surface
roughness [301,[302] were reported compared to dry cutting. Further-
more, for difficult-to-machine materials, MQL eliminated built-up edge
related failures, thereby significantly improving surface finish and sur-
face integrity [281]. Pereira et al. [303] evaluated alternative environ-
mentally friendly oils including high oleic sunflower oil, sunflower oil,
castor oil and ECO-350 recycled oil for MQL machining of Inconel 718,
high oleic sunflower oil improved tool life by 15% compared to indus-
trial canola oil, while achieving similar environmental impact. In
addition to the environmental concern, it must be mentioned, that the
process parameters of MQL, also in comparison to dry machining and
flood cooling, have influence [295]. For drilling, similar process forces
and tool lives were reported, compared to flood cooling [304] or even
higher tool lives and a lower surface roughness [305]. Regarding
machining temperatures flood cooling usually perform better than MQL,
while MQL often reaches comparable machining forces and tool lives as
well as lower roughness values.
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Fig. 27. SEM-SEI views, Nanohardness profiles, EBSD inverse pole figure, and strain contouring of deformed areas in the near machined surface of different alloys
show that more mechanically performant alloys lead to low machinability [280].

For processes where primarily high temperatures occur, the use of
cryogenic cooling can significantly improve machinability. Cryogenic
cooling, usually employing liquid nitrogen, limits temperature rise by
chilling the cutting zone. The cryogenic delivery reduced cutting tem-
peratures by 300 °C during silicon nitride machining - well below the
tool material’s softening point, which enables improved tool life and
surface quality [281]. Optimising the orientations of cryogenic nozzles
might maximize heat extraction during the machining process. However
it must be noticed that pure CO4 lacks lubricating properties, which may
lead to undesirable surface qualities for workpiece materials which lead
to adhesion, e.g. Inconel 718 [306]. Studies on the combination of
cryogenic cooling and MQL with external supply nozzles show that the
additional use of oil leads to longer tool life for difficult to cut materials
and to an improvement of the surface roughness [307,308]. The com-
bination of nitrogen and MQL as a cooling strategy has high re-
quirements for the process parameters and is therefore considered in
more detail in the following section 7.2 “Hybrid machining”. Due to its
lower temperature, LN has a higher cooling potential than CO2 snow
(=196 °C vs. —78.5 °C). LN, was successfully used to reduce tool wear
compared to dry machining [309] and flood cooling. The lubrication
effect of LN is not proven clearly: Compared to dry conditions, the
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friction coefficient decreased in [310], didn’t change in [311] and
slightly increased in due to LNy application. Consequently, the reported
tool wear reduction mainly relies on the lower process temperatures. A
challenge in LN> cooling is, that the medium tends to evaporate within
the supply lines [312,313], which drastically lowers the heat transfer
and thus the cooling ability [282]. Counteractions are the insulation of
tools and supply lines. As a reliable solution to this issue, the usage of a
sub-cooler was proposed and successfully tested for orthogonal turning
[314].

Another promising approach are so-called sub-zero metalworking
fluids which are applied at liquid state, but at temperatures well below
0 °C. This novel cooling approach combines low supply temperatures
with beneficial lubrication effects, offering a high potential for an
effective cooling capacity [315,316]. The application of sub-zero
metalworking fluids has so far been investigated for turning [317,318]
and milling [319]. In comparison to conventional flood cooling and
cryogenic cooling strategies, the application of sub-zero metalworking
fluids resulted in less tool wear when turning 42CrMo4 [320] and
Ti-6Al-4 V [315]. This reduction of tool wear is attributed to the high
cooling capacities in superposition with beneficial lubrication effects
which efficiently decreases the occurring thermal loads. A promoted
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Fig. 28. Evaluation of the different cooling and lubrication strategies with regard to the main objectives chip removal, cooling, and lubrication [88], [282].

cooling capacity was also observed during hard turning of 100Cr6 [321,
322]. Better surface qualities were achieved due to beneficial lubrication
effects of the liquid sub-zero metalworking fluid [323].

The high-pressure coolant systems directed at the tool-chip interface
penetrate into the chip removal zone even during high-speed machining.
In Inconel 718, the hydraulic wedge effect reduces frictional heat be-
tween the tool and workpiece, lowering thermal gradients, and enhances
chip segmentation - transitions from long continuous to smaller C-type
chips were observed with increasing pressure of the coolant system
[281]. Regarding, the cutting type for carbide tools, such optimised
high-pressure coolant delivery improved tool life. However,
high-pressure impacts compromised ceramic tool integrity, which ac-
celerates notching and fracture. Hence pressure limits should balance
tool life and reliability based on tool material. While flood cooling media
successfully removes chips from the tool and the workpiece, this remains

Table 2
Performance of cooling concepts in terms of machinability.

a challenge for dry cutting, MQL and cryogenic cooling [324], which can
lead to poorer machinability. When regarding finishing operations the
part accuracy is of large importance. Flood cooling performs best
because of its high thermal capacity and the high heat transfer between
the part and the liquid oil or emulsion [325]. For dry and MQL cutting
the accuracy is impaired due to the thermal extension of tool and
workpiece.

To conclude, the previously presented coolant strategies in
machining are to be classified in Table 2. These are to be compared with
each other in relation to the main mechanisms. A solid circle represents
the greatest potential to improve machinability for the respective main
mechanism in comparison with the other concepts.

cutting forces tool-wear

surface chip formation | part accuracy
roughness & and control
integrity

Flood cooling

MQL 0
Dry machining O
Cryogenic

cooling 0

Sub-zero metal-
working fluids

Ce»O0O
00,66

No known
investigations

6600
L SHERSI
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7.2. Hybrid machining

The concept of hybrid machining has emerged as a strategy to
improve the machinability through targeted introduction of energy
sources and tools, such as lasers and ultrasonic vibrations. Commonly
observed improvements realized in hybrid machining performance
include reduced forces, improved chip form, and lower tool-wear [326,
327]. For example, thermally assisted hybrid machining (e.g., via lasers
or induction heating, or via high-speed dry cutting) may reduce cutting
forces by promoting thermal softening of the workpiece material. A
recent review on the topic of laser assisted machining of hard and brittle
materials by You et al. [328] highlights the positive abilities of thermal
softening to reduce cracks and other types of mechanical damage, while
also discussing the need for careful pre-heating and control of laser
power to avoid thermal damage. Generally speaking, thermal effects in
machining typically result from increased cutting speeds or due to
additional heat sources. Such effects will reduce process forces, yet
result in thermal damage to the surface layer in the form of tensile re-
sidual stresses and undesirable/brittle phase transformations [329,330].
The process shows especially high potential in cutting ceramics and
hardened steel [146,331]. Pujana et al. [332] studied ultrasonic vibra-
tion during Ti6Al4V drilling reduced feed forces and increased process
temperatures compared to conventional drilling. Thus, by introducing
heat in the cutting zone, the machinability of materials can be favoured.

All mechanical machining (cutting) is fundamentally a thermo-
mechanical process and the material response of workpiece materials
during cutting will be broadly governed by competition between ther-
mal softening and strain/strain-rate hardening. In vibration-assisted
machining, the tool/workpiece engagement is controlled and modu-
lated to improve chip breaking and avoid undesirable tribological and
chip formation regimes, such as built up edge and other material flow
stagnation phenomena in the vicinity of the cutting edge. A recent re-
view by Yang et al. [333] illustrates how tool life and machinability of
materials with high strain hardening and low chip breakability can be
greatly increased through ultrasonic vibration-assisted machining
[334]. Consequently, vibration-assisted machining has seen numerous
beneficial applications in optics and semiconductor applications, as well
as in biomedical science and aerospace manufacturing. However, it
should be noted that ‘good vibrations’ to improve machinability require
careful study of the process physics and control over the amplitude and
frequency of vibrations, as excessive vibrations may result in fatigue and
damage to the workpiece material, as was observed in vibration-assisted
grinding of ceramics [326,335].

7.3. Specific cutting tool design

Cutting tools are one of the key players determining machinability of
engineering materials [336]. Commonly used cutting tool materials are
high speed steel, tungsten carbide (WC), cermets, ceramics, poly-
crystalline cubic boron nitride (PCBN), polycrystalline diamond (PCD)
[337]. Although cutting tool material, cutting edge shape and condition
is of importance in terms of machining performance [81], cutting tool
geometry also plays major role to enhance machining performance.
Typical cutting tools are used in the machining industry for various
operations including turning, milling, drilling, etc. Specific cutting tools
with novel design are offer significant competition to generic cutting
tool geometries for performing specific tasks and needs in machining
process of advanced engineering materials such as composite, stainless
steel, and aerospace alloys, etc. [64,338,339].

As discussed in previous sections, the advanced materials, including
stainless steels, Ni- and Ti-based alloys that generally have low thermal
conductivity, strain hardened response and low chip breakability, can
have very low machinability [64]. These result in some
well-acknowledged difficulties faced during chip removal process.
Concerning cutting tools, although cutting edge shape and the cutting
edge conditions are of great importance for improving machining
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performance [81], various macro level approaches have been utilized to
resolve/reduce problems including developing new cutting tools or
modifying the standard cutting tools depending on the requirement of
process [83]. For instance, Oezkaya et al. [83] proposed flank face
modification to enhance performance of cutting tools in drilling Inconel
718 alloy to increase tool life. Poulachon et al. [340] studied that con-
trolling progressive flank wear of PCBN cutting tools is critical for
ensuring part quality in hard turning of alloy steels. A generalized model
built on key influences like cutting parameters, tool microstructure and
work material hardness enables reliable prediction of tool wear rates for
optimised performance. Besides, texturing the cutting tools is another
common approach to enhance machinability of advanced engineering
materials. Surface texture increases the area of heat dissipation in be-
tween the tool and cutting fluid or ambient air and thereby reduce the
temperature of machining, adhesion, cutting forces, and friction at the
contact interface [341]. This will contribute reducing or eliminating
applied cutting fluid [341,342].

Many scientific works have been published in the literature to show
the effectiveness of textured cutting tools on machinability of various
materials [343] including steels [78], [344], Inconel alloys [345], Ti
alloys [346] and carbon fiber reinforced plastics (CFRP) [347] during
turning process [348], milling process [349], drilling process [350] and
grinding processes [351]. The performance of textured cutting tools
depends on some critical parameters such as groove dimensions
including depth, width, diameter [344,352]. Besides, textured area,
texture orientation, the surface of cutting tools texture generated, etc.
[353]. Liao et al. [354] proposed novel concept on texturing tool
through macro and micro channels on the rake face of cutting tools as
depicted in Fig. 29. The contribution of this novel concept on machin-
ability can be summarized as reduced friction coefficient, forces, shear
energy, and chip breakability. Some researchers preferred to utilize
micro holes instead of micro channels. For instance, Rao et al. [355]
tested the performance of micro-hole patterns on the rake and flank face
of PCD cutting tool. They reported that PCD tools with micro-hole pat-
terns are capable of reducing cutting temperature, tool wear and surface
roughness by approximately 30%, 50% and 40%, respectively. In
addition to micro-channels, some industries are manufacturing spindles
with integrated micro channels, where a high pressure of almost 200
bars can be utilized to pump the coolant while machining hard-to-cut
materials.

8. Conclusion

This review paper is one of the results of CIRP’s Collaborative
Working Group on integrated machining performance for assessment of
cutting tools (IMPACT). It provides an assessment of current state-of-
the-art development in machinability evaluation and relevant knowl-
edge for maximizing machining performance in the context of metal
machining. While there is no complete and unanimously accepted
definition of machinability concept existing, in this paper an in-depth
analysis of tool performance, cutting force and temperature, chip form
and breakability, surface integrity has been conducted to understand the
current best-practices in machinability evaluation. It is expected that the
fundamental knowledge obtained from the in-depth analysis of
machinability evaluation should open new possibilities for the research
community to develop better practice to improve machining
performance.

The main conclusions of this review are as follows:

(1) The correlations of machinability with regard to the tool reveals
that tool life as an indicator of machinability requires a holistic
view of the machining process. This approach must include the
influences of the workpiece properties, the tool properties as well
as the process parameters in order to obtain a reliable assessment
of the tool life. In the sense of comparability of the investigation
results, the parameters for quantifying the tool life as well as the
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tool life criteria must also be selected on the basis of scientific
considerations.
Cutting forces and process temperatures are mostly used in
combination to evaluate the machinability. In general, the more
difficult to machine of the material, the higher cutting force and
temperature will be generated in machining process. However, as
they are also significantly influenced by the complex interactions
between the tool-workpieces, evaluating the materials machin-
ability based on cutting force and temperatures has to be
considered under particular circumstance.
Every machining process is based on the separation of chips from
the workpiece, and machinability is strictly related to the chip
shape and chip formation mechanism. The lack of chip control
generally implies negative effects on part quality and tool wear/
tool failure. The complex correlation between tool, workpiece
material, process parameters, chip morphology, breakability and
machinability has been analyzed, together with the most com-
mon methods used in the industrial practice to manage and affect
chip shape and fracture.
Machinability can be effectively influenced by the metallurgical
conditions (e.g., microstructure, chemistry, residual stress) of the
materials and can significantly influence the surface integrity.
Using limited variables such as material chemistry, retained
austenite, and heat treatment technique, it was found that surface
integrity aspects such as residual stresses, subgrain size, and
retained austenite show trends in machinability. The data sug-
gests that under laboratory conditions, it is possible to get cues
about machinability from surface integrity.

(5) Apart from materials properties, machinability is mainly influ-
enced by the cutting tool performance, cutting force and tem-
perature, chip form and breakability as well as surface integrity.
Hence, the machinability can be improved by the (i) optimised
coolant strategies, e.g., MQL for high friction cutting and cryo-
genic cooling for high temperature cutting; (ii) hybrid machining,
e.g., thermally assisted hybrid machining to soften the workpiece
material reduce the cutting force; (iii) specific cutting design, e.
g., texturing the cutting tools or other modifications of the tool
flank/rake surface.

(2)

3

(4

—

The major challenges in machinability for the future include the
standardization of machinability evaluation and quantification methods
of different materials for comprehensive industrial practice and appli-
cation. On the other hand, gathering a good deal of industrial and lab-
oratorial data to form a digitalized database for a wide range of
engineering materials will also benefit the future globalized knowledge
share for the community. Apart from that, how to optimize the
machining performance of the total machining system based on these
data is also one of the channelings that needs to be addressed. This will
also be discussed in other topic groups (i.e., Topic B-E) of CIRP CWG
IMPACT.
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