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Preface

Although research efforts around manufacturing processes are increasingly concentrated on

additive manufacturing, conventional processes still have a very high margin of progression, which

deserves to be investigated. Furthermore, machining presents levels of surface quality not yet

attainable by most additive manufacturing processes, which is why some more advanced equipment

even incorporates both technologies. Given that machining continues to be a topic around which

there is substantial research, it was considered appropriate to develop this Special Issue that brings

together a batch of twelve excellent works, some of which are reviews. Thus, this Special Issue is

intended to be extremely useful to researchers starting their work on these themes. The other articles

also provide new data in terms of research, which may be useful to anyone who researches or teaches

in this field of knowledge.

After a brief contextualization at the beginning of this Special Issue, some broad-spectrum review

articles are presented. The first addresses hybrid manufacturing, which, as previously mentioned, is

beginning to assume increasing importance in the metalworking industry and is also a hot topic of

research. A retrospective of the most recent developments is carried out, allowing those new in the

topic to evolve quickly by reading this review. Next, another review is presented, focusing on the

difficulties presented in the machining of fiber metal laminates, a multimaterial that is beginning to

gain considerable importance, mainly in the aeronautical and aerospace industries. Another review

then follows, this one now focused on the conventional and unconventional machining of Inconel

alloys, a nickel alloy used more and more frequently in very demanding applications and one that is

traditionally demanding in terms of tools in machining operations. In fact, this alloy is also the main

focus of the following two articles, the first studying the wear behavior of milling tools coated with

TiN/TiAlN through PVD, using HiPIMS technology. Concerning the machining of Inconel alloys,

the behavior of turning tools is also studied in the next paper, using PCBN tools. The Special Issue

continues with a paper studying the wear behavior of coated tools in UNS S32101 Duplex Stainless

Steel milling operations. This duplex stainless steel is traditionally a material that is difficult to cut

due to its mechanical strength and elevated ductility, with the chip tending to adhere to the tools.

Drilling, and the respective consequences of this operation when applied to fiber metal laminates,

is also covered in this Special Issue, through a study focused on the phenomena of delamination

between the different layers of these laminates when they are exposed to the characteristic forces of

the drilling process.

Environmental sustainability in machining processes is a constant concern, mainly due to the

lubricants and coolants used. This Special Issue presents two studies, one focused on the use of CO2

as a coolant in machining operations, and another review focused on the environment and on how to

make machining more environmentally friendly using specific techniques and products.

Finally, the economic aspect of machining is addressed, through two different approaches to

estimating the time and cost of machining operations. One of the approaches is more conventional,

while the other uses artificial intelligence algorithms to calculate the estimated machining time

in certain operations. The results obtained allow the prediction that the models will converge to

increasingly reliable results that are closer to reality.

ix



With a wide range of subjects, all of them sharply focused on current machining concerns, this

Special Issue is expected to be of great usefulness to all those looking to deepen their knowledge in

this important area of metalworking production.

Francisco J. G. Silva, Filipe Daniel Fernandes, and Vitor Fernando Crespim Sousa

Editors
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1. Introduction and Scope

Although additive manufacturing is gaining prominence in the market, many applica-
tions require very high levels of precision, which are currently not attainable by additive
manufacturing [1]. Consequently, research in the field of machining continues to be highly
vigorous [2,3], as evolution can take place towards the use of hybrid manufacturing pro-
cesses, which complement additive processes with subtractive processes [4]. Given that
machining processes themselves have already been explored in terms of the phenomena to
which they are related, as well as machining trajectories, the aspects related to sustainability,
the tools used in advanced materials and the study of their wear phenomena have recently
been deeply explored [5,6]. In fact, increasing tool life is a matter of economic and environ-
mental sustainability, as it increases the useful machining time of each piece of equipment
and reduces the ecological footprint, due to the lower rate of energy consumed and the
reduced need to recycle worn-out tools. This Special Issue intends to bring together some
of the best works conducted on machining published in 2022 and 2023. Specifically, it aims
to provide comprehensive and in-depth reviews that enable new researchers to quickly and
efficiently familiarize themselves with specific subjects. By compiling and presenting the
results of numerous prior publications in a condensed and well-structured manner, this
initiative facilitates access to a substantial amount of information within a short timeframe.
However, the investigation of new coatings for tools and even the study of models for the
quick budgeting of machining processes have also been taken into account in this Special
Issue, which aims to constitute a very interesting piece of work for all those who investigate
machining processes.

2. Contributions

This Special Issue has eleven contributions, five of which are reviews of current issues
that deserve particular attention. Two of the articles are essentially focused on models for
the management of machining processes, with a view to quickly organizing budgeting
processes. The remaining articles are essentially experimental studies, with a view to
determining better machining parameters, extending the useful life of tools or studying the
wear phenomena that affect tools.

The first review focuses on an extremely important issue: the sustainability of tool-
cooling processes during machining [7]. CO2 is often used for cooling tools during machin-
ing processes and is included in cryogenic cooling machining processes. Given that CO2
does not constitute an added threat to the environment, its use can significantly reduce the
wear of tools whose wear mechanisms are particularly associated with the temperature de-
veloped during the process. It is clear that cryogenic machining has added advantages over
other tool-cooling processes, such as flood cooling, MQL (minimum quantity lubrication)
or ADL (aerosol dry lubrication). This review allows readers to gain a quick understanding
of the advantages of using CO2 in the cryogenic machining of different materials, as well as
in establishing the best manufacturing parameters when this cooling technique is adopted.

The issue of sustainability associated with the lubrication and cooling of tools and
material to be machined is also addressed in the second review presented in this Special

Metals 2023, 13, 1036. https://doi.org/10.3390/met13061036 https://www.mdpi.com/journal/metals
1



Metals 2023, 13, 1036

Issue [8]. Additionally, the review considers the surface finish quality achieved through
the machining process. By examining these aspects, the review contributes to a more
comprehensive understanding of sustainable machining practices, emphasizing the need
to balance environmental concerns with achieving the desired production quality. Indeed,
the drawbacks usually brought about by the use of mineral-based oils are well known,
and there are already solutions based on vegetable oils that can be used as an alternative.
However, these solutions still present considerable limitations, namely the amount of fluid
that is required, the quality of the surface obtained using the process and the tribological
aspects related to tool wear. These limitations are conveniently described and analyzed,
allowing readers to understand that this solution still does not present a higher performance
when compared to mineral-based fluids. However, this review also dissects nanofluids,
which have very interesting properties in thermal and physical terms; however, research
efforts will be necessary to make this solution more economical.

The need for increasingly demanding properties on the part of the market has led to the
development of new solutions in terms of materials, which now have a new range, called
fiber metal laminates (FMLs) [9], with concerns in sustainability. The market’s growing
demand for materials with increasingly stringent properties has driven the development
of new solutions. One such solution is the emergence of fiber metal laminates (FMLs) [9],
which offer a novel range of properties.

The review work presented in this field is quite comprehensive, reviewing the manu-
facturing processes of these multi-materials, and subsequently analyzing the challenges
presented by the machining processes, when applied to this specific case. Indeed, the
combination of different materials leads to the existence of interfaces and the need for tools
to be prepared to jointly machine materials with significantly different properties. These
factors pose challenges that are difficult to overcome, a fact that has given rise to numerous
studies with a view to understanding the scale of these challenges and finding increasingly
better solutions to overcome them. In that work, the parameters that best correspond to the
requirements imposed by this type of material are also studied, as well as a SWOT analysis
that aimed to bring together the trends in terms of the strengths, weaknesses, opportunities
and threats found in the different analyzed works.

This Special Issue also includes a review article that compiles previously dictated work
on the integration of additive processes with subtractive processes [10]. Effectively, there are
still problems in obtaining surface finishes in additive manufacturing that are compatible
with the needs of contact and relative movement existing in many applications. Thus, the
so-called hybrid manufacturing processes have gained prominence in the market, starting
from additive manufacturing, and ending with subtractive manufacturing (machining or
other similar techniques), with a view to obtaining the necessary final precision and finish
quality. In an attempt to reduce the need to use multiple pieces of equipment and transport
parts between these same pieces of equipment (internal logistics), there is a strong tendency
for additive and subtractive operations to be performed using the same piece of equipment.
The work develops each of the technologies, describing the advantages and limitations of
each one and the integration of both processes.

Another review included in this Special Issue is related to the machining of IN-
CONEL [11]. In fact, the problems related to the machining of INCONEL are known, due
to its high mechanical resistance and problems of conduction of the heat generated in the
contact. This review, based on many consulted articles, covers what has been recently
published on this subject, presenting the data in a structured way, as well as some SWOT
analyses that allow the readers to quickly and concisely understand the main challenges
imposed on the machining processes of nickel alloys. Moreover, this study also extends
the analysis to non-conventional machining processes, allowing a wider perspective of the
difficulties and current solutions in machining some hard-to-cut metallic alloys.

Within this Special Issue, two additional research articles focused on the INCONEL
alloy are included. These articles delve into the study of tool life, investigating the wear
mechanisms involved and identifying parameters that contribute to a prolonged tool lifes-
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pan and enhanced efficiency when machining this alloy. One of the papers [12] studies the
wear mechanisms of tools coated with TiN/TiAlN via PVD, using the HiPIMS technology,
which provides greater adhesion of the coatings to the substrate. It is a double coating, with
a first layer of TiN to ensure optimal adhesion to the substrate, and a complementary layer
of TiAlN, which has shown remarkable tribological properties in terms of wear resistance
in machining operations. The study was conducted based on milling operations. The main
objective of the study was to analyze the failure mechanisms of these coatings, concluding
that there is abrasion, material adhesion, cratering and adhesive wear. Another work, not
using solid coated tools, but polycrystalline cubic boron nitride (PCBN) inserts, studied
the influence of two different binder phases (TiN and TiC) on the performance of tools
in turning operations of INCONEL 718 alloys [13]. The work revealed that the turning
process is sensitive to the cutting speed established for the process, also revealing that the
different phases induce different wear mechanisms in the tools. It was also proved that
the TiN phase presents a better performance than the TiC phase, also presenting a greater
consistency in terms of the final result achieved in the machining process.

Another work presented in this Special Issue [14] focuses on the study of wear phe-
nomena in coated tools, specifically when machining UNS S32101 duplex stainless steel.
These alloys, having different machining characteristics from INCONEL alloys, are also
classified as difficult to machine, and have a high number of applications where machining
is required. Therefore, these alloys, despite having been previously studied, continue to
deserve the attention of several research groups. In this study, tools with two or four
flutes, as well as TiAlN, TiAlSiN and AlCrN coatings produced via PVD, were tested. The
observed wear mechanisms were duly dissected and analyzed for different cutting lengths.
It was reported that the TiAlSiN coating presented the best wear behavior, considering the
parameters used in the conducted milling operations.

Returning to fiber metal laminates (FMLs), this Special Issue also presents a work
on drilling operations, with the focus on studying the delamination occurring between
different layers, as well as the fracture mechanisms involved [15]. A modeling study was
also carried out, based on experimental results. In fact, FMLs are of particular relevance
for the aeronautical industry, due to the fact that they have a lower density, combined
with high mechanical resistance, significant impact resistance and high ductility. However,
the application of these multi-materials in aircraft presupposes that they are easy to drill,
which is not the case, due to problems of decohesion between layers, because of the shear
forces developed on the material in general, which is particularly felt in the interfaces. The
study revealed that the use of specific step tools with a secondary cutting edge significantly
improves the machining performance. The developed model, despite being simplistic,
proved to be efficient in predicting the delamination that can be induced in the interfaces
of the FMLs used in this work.

Given that machining is widely used in industrial terms, predicting the time of ma-
chining operations is extremely useful, and is also the subject of in-depth studies aimed at
developing models capable of reliably estimating the time required for certain machining
operations, thus minimizing the response time in the budgeting of this type of operation,
since outsourcing is a very common practice in this type of industry [16].

Machining plays a crucial role in industrial applications, making the accurate predic-
tion of the machining time highly valuable. Consequently, in-depth studies are dedicated to
developing models capable of reliably estimating the time required for specific machining
operations. Such models enable the minimization of the response time in budgeting these
operations, which is particularly important considering that outsourcing is a prevalent
practice in the industry.

The papers included in this Special Issue include two different approaches, with one
being a more conventional approach [17], which can be used by any company that regularly
uses MS Excel spreadsheets. This model presents different degrees of complexity in ma-
chining, distributing these degrees of difficulty by levels in different aspects, and building
a model that can be easily adjusted by users, with a view to improving its operational
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reliability. The model presented in the second work of this nature in this Special Issue
uses more advanced techniques, namely artificial neural networks (ANNs) [18]. In this
case, a group of drawings of parts was considered, to “teach” the system, followed by a
smaller set for testing the accuracy, in terms of the time estimates offered by the model.
The maximum precision achieved, in this case, was 2.52%, which is a very acceptable
value for this sector. This value is significantly better than the average estimation accuracy
found in the traditional model, which was around 14% [17]. However, these models can
be fine-tuned by increasing the volume of data considered for learning, improving the
accuracy of the estimate offered by the model.

3. Conclusions and Outlook

Machining continues to be a field of strong investment by researchers, looking for new
solutions that increase the competitiveness and sustainability of this type of subtractive
process. Despite the strong increase in number that additive processes have undergone in
the last two decades, the quality of the finish exhibited by machining processes is difficult
to match using additive processes. Hence, hybrid processes and equipment are emerging,
with a view to responding more effectively to market needs. More recently developed alloys
also lead to new research needs, as well as new materials, such as fiber metal laminates.

(The emergence of recently developed alloys and new materials, such as fiber metal
laminates (FMLs), creates new research requirements and opportunities.)

Environmental sustainability, in addition to economic sustainability, has also been
a factor to be considered in the area of machining. The development of more durable
tools, as well as the establishment of cutting conditions that promote a longer tool life,
has received increasing attention from researchers. The development of tools capable
of assisting professionals in budgeting operations is also another concern of researchers,
who have been developing models that aim to increase the accuracy of estimates. It can
thus be seen that the machining area remains particularly active in terms of research and
development, which is extremely beneficial for all those who are particularly attracted to
these technologies. All of this can be found in this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Additive manufacturing is defined as a process based on the superposition of layers of
materials in order to obtain 3D parts; however, the process does not allow achieve the adequate
and necessary surface finishing. In addition, with the development of new materials with supe-
rior properties, some of them acquire high hardness and strength, consequently decreasing their
ability to be machined. To overcome this shortcoming, a new technology assembling additive and
subtractive processes, was developed and implemented. In this process, the additive methods are
integrated into a single machine with subtractive processes, often called hybrid manufacturing. The
additive manufacturing process is used to produce the part with high efficiency and flexibility, whilst
machining is then triggered to give a good surface finishing and dimensional accuracy. With this,
and without the need to transport the part from one machine to another, the manufacturing time of
the part is reduced, as well as the production costs, since the waste of material is minimized, with
the additive–subtractive integration. This work aimed to carry out an extensive literature review
regarding additive manufacturing methods, such as binder blasting, directed energy deposition,
material extrusion, material jetting, powder bed fusion, sheet laminating and vat polymerization, as
well as machining processes, studying the additive-subtractive integration, in order to analyze recent
developments in this area, the techniques used, and the results obtained. To perform this review,
ScienceDirect, Web of Knowledge and Google Scholar were used as the main source of information
because they are powerful search engines in science information. Specialized books have been also
used, as well as several websites. The main keywords used in searching information were: “CNC
machining”, “hybrid machining”, “hybrid manufacturing”, “additive manufacturing”, “high-speed
machining” and “post-processing”. The conjunction of these keywords was crucial to filter the huge
information currently available about additive manufacturing. The search was mainly focused on
publications of the current century. The work intends to provide structured information on the
research carried out about each one of the two considered processes (additive manufacturing and
machining), and on how these developments can be taken into consideration in studies about hybrid
machining, helping researchers to increase their knowledge in this field in a faster way. An outlook
about the integration of these processes is also performed. Additionally, a SWOT analysis is also
provided for additive manufacturing, machining and hybrid manufacturing processes, observing the
aspects inherent to these technologies.

Keywords: hybrid manufacturing; CNC machining; additive manufacturing; 5-axis machining;
manufacturing processes

1. Introduction

Nowadays, with the advances in materials for several industrial sectors, such as the
aerospace, biomedical and automotive sectors, new methods/processes are needed to fulfil

Metals 2022, 12, 1874. https://doi.org/10.3390/met12111874 https://www.mdpi.com/journal/metals
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the production demand and required quality [1]. Standard methods of manufacturing have
thus started to be put aside, whilst more advanced methods of manufacturing raised, so
that customer needs are met without affecting the profitability of the companies [2].

It is in this way that the concept of hybrid manufacturing arises. The idea behind
hybrid manufacturing is joining different processes on the same setup in order to achieve
the effect known as “1 + 1 = 3” [3,4]. The term “hybrid manufacturing” is directly linked to
the integration of different processes, and its development is related to the requirements
and complexity of new parts [5].

Thus, the objective of hybrid manufacturing is the joining of two or more distinct
processes in a single piece of equipment, observing the unique advantages of each one,
while minimizing the limitations of the process [6]. It is observed that there are several
types of hybrid manufacturing, although the most common is the type that combines laser
additive manufacturing and 5-axis machining processes [7].

Additive manufacturing allows the production of 3D geometric parts through layer
overlay [8,9], being a suitable method for efficient production of parts; however, the cost
is high and requires a high financial capital, which makes the technique not yet widely
used [10]. 5-axis machining is a process more and more used in the industry [11], allowing
a single configuration to machine five sides of the part [12] and providing high accuracy
and surface quality [13].

The present work aims to carry out a broad bibliographic review about hybrid man-
ufacturing regarding additive and subtractive processes in a single equipment. Additive
manufacturing and its manufacturing processes, such as binder blasting, directed energy
deposition, material extrusion, material jetting, powder bed fusion, sheet laminating and
vat polymerization, and their respective subclassifications were thoroughly and properly
analyzed and described. An approach to machining is also taken, emphasizing 5-axis
machining. From this, hybrid manufacturing is discussed through a broad review of the
work carried out and the integration between additive and subtractive processes, as well as
the challenges faced and future opportunities.

2. Additive Manufacturing

Additive manufacturing is the process of manufacturing parts layer by layer, enabling
the production of parts with more robust and complex geometries [14]. This technology is
of great relevance and represents a real challenge for today’s industries, given its flexibility
and ability to provide differentiated products and parts [15–18]. Additive manufacturing
is popularly known as “3D printing”, and it is a process which takes place under digi-
tal control. In this process, the raw material is placed in the equipment in the form of
wire or powder, and the part produced according to the geometry contained in a CAD
project (computer-aided design) [19]. Figure 1 exposes the basic principle of additive
manufacturing of a part grown layer by layer [20].

Figure 1. Basic principle of additive manufacturing. Reproduced from [20], 2012, Elsevier.

The classification of additive manufacturing processes, in the past, was based on
the criterion of separating materials into a liquid basis, solid basis or powder basis [21].
However, in 2010, the American Society for Testing and Materials (ASTM) published the
standard “ASTM F42—Additive Manufacturing”, which considers additive manufacturing
in seven categories [22]:

(i) Binder blasting;
(ii) Directed energy deposition—DED (comprised of processes such as direct deposition

of metal), such as wire arc additive manufacturing (WAAM);
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(iii) Material extrusion (which includes fuse deposition modeling (FDM));
(iv) Material jetting;
(v) Powder bed fusion (which includes processes such as direct metal laser sintering

(DMLS) and selective laser sintering (SLS));
(vi) Sheet laminating (ultrasonic additive manufacturing (UAM) and laminated object

manufacturing (LOM));
(vii) Vat polymerization.

In binder blasting, an ink jet is selectively deposited onto bond powder materials,
typically plaster or starch, and creates three-dimensional objects, consisting of placing thin
layers of this powder, with the print head ejecting and depositing drops of binder [23]. In
the study carried out by Chen et al. [24], alumina powder was used as a material processed
in different ways to obtain granules with different properties, and aiming at the final quality
of the part in terms of compressive strength and density. With this, it was verified that
the alumina samples were produced properly and with density and compressive strength
within the expected ranges.

The directed energy deposition (DED) process uses thermal energy to build the 3D
product, layer by layer, with very good properties. The volumetric density of the product
can be practically 100%, and its use with hybrid systems is very frequent, given the ability
to deposit heterogeneous materials on the substrate with adequate characteristics [25–27].
Figure 2 illustrates the DED process.

Figure 2. DED process illustration. Reproduced from [27]. Creative Commons CC BY license:
https://creativecommons.org/licenses/by/4.0/; accessed on 21 October 2022.

In the work by Chen et al. [28], it was observed that changes in temperature directly
influence the melting and cooling of the material, and consequently also influence the final
microstructure and the resulting hardness. Thus, it was possible to predict the hardness
distribution of a part by monitoring the temperature changes that occurred. For this
purpose, some key temperature features (KTFs) were defined, according to the temperature
field present in the DED process, and the resulting hardness predictions were made,
showing that predictions were consistent with the real hardness trends.

Tekumalla et al. [29] studied high-vanadium high-speed steels (HVHSSs), which are
considered difficult to machine materials due to their high hardness. Thus, the DED method
was used, with two alloy compositions: Fe-10V-4.5Cr-2.5C and Fe-15V-13Cr-4.5C, which are
highly wear-resistant alloys due to their vanadium and carbon content, and after processing,
high hardness of the products was confirmed through a comparison performed regarding
these materials after conventional heat treatment. In the work by Radhakrishnan et al. [30],
the laser-directed energy deposition method was used to deposit titanium/titanium carbide
(Ti/TiC) with 20%, 40% and 60% TiC. The formation of the non-stoichiometric compound
TiC0.55 was observed, and hardness increased with TiC content increasing.

Still regarding the DED process, wire feeding processes are divided into three types:
(i) wire and arc additive manufacturing (WAAM) processes, which combine an arc, working
as a thermal energy source, and a wire, which is the raw material, providing energy
efficiency less than 90%; (ii) additive manufacturing of wire and laser (WLAM), which in
turn uses the concept of laser cladding and welding in order to produce metal parts that
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do not have porosity; and finally, (iii) additive manufacturing of wire and electron beam
(WEAM), which, as the name implies, uses a beam of electrons as a source of energy [27].

Grossi et al. [31] analyzed the dynamic behavior of a NACA 9403 airfoil produced
using the WAAM technique, exploring by finite element analysis (FE) the subsequent
machining process in order to predict the dynamics of the part during that machining pro-
cess. Thus, the system was able to simulate the material removal process and the dynamic
behavior of the part previously generated by WAAM, updating its variable geometry.

On the other hand, using another technology known as PAW (plasma arc welding), and
in order to analyze the deposition process based on process characteristics and mechanical
and microstructural properties, Artaza et al. [32] produced two Ti6Al4V walls with a high
deposition rate (2 kg/h) and in an inert argon atmosphere, with no significant differences
in microstructural or mechanical properties after thermal heat treatments. Still in relation
to PAW technology and Ti6Al4V alloy, Veiga et al. [33] analyzed the production, as well
as the quality, of the alloy produced using this technology with subsequent milling, and
observed that there were no large deviations in the mechanical properties of the samples in
different positions and orientations, and the up-milling showed torque values that were
slightly larger. However, the quality of the final surface was superior.

The principle of material extrusion is a technique widely used popularly in domestic
environments. This process uses a wire which is extruded and gradually forms the product.
A layer of material is deposited horizontally through a nozzle, and then with increments
in the vertical direction, until the desired shape is reached [20,34]. There are several
technologies for this process, for example the FDM (fused deposition modeling) process,
the most common being associated with the extrusion of thermoplastics. However, there
are research and investigation opportunities for other processes, including the development
of new materials and new technologies, within this same process [35].

Awasthi et al. [36] addressed the challenges faced by the FDM technique, given the
wide variety of new materials emerging, emphasizing thermoplastic elastomers (TPE) that
are compatible with the process. However, the process is limited due to the difficulty
of printing, as well as the generation of defects in the produced parts. In the work by
Jin et al. [37], a mathematical model was made and analyzed to verify the surface of the
product manufactured through the FDM technique, indicating that the precision of the
upper surface is determined through the ratio between the flow of the molten material
and the feed rate of the nozzle, whilst the lateral surface is related to the thickness of the
process layer and the bedding angle. Thus, it is suggested that the aforementioned ratio be
properly used and the thickness of the layer is kept as thin as possible.

Thus, in that work, the process parameters were split into two groups: the first
being the pre-processing parameters and the second the manufacturing parameters. Seven
different proportions between Q (filament flowrate) and f (feed rate) were selected. It was
observed that with increasing the ratio between Q and f, the surface quality became more
consistent, but worsened when the ratio reached a value greater than the reference value
of 0.585.

Yap et al. [38] used the additive manufacturing technique of material jetting to create a
methodology that analyzes the capability of this process regarding the ideal quality and the
dimensional accuracy of the manufactured part, utilizing three specific benchmarks. On
the other hand, Tyagi et al. [39] made a thorough analysis of the material jetting technique,
investigating the fundamentals of the process, as well as the characteristics and properties
of the produced parts, especially the influences on mechanical properties, emphasizing that
the orientation used is crucial to obtain better mechanical properties.

In relation to the powder bed fusion (PBF) technique, a heat source is used to melt the
material in powder form, and thus giving rise to three-dimensional objects layer by layer,
and with highly complex geometries [40–42]. This technology is often used to produce
parts for the aerospace industry [43]. The selective laser sintering (SLS) process is the main
technique behind this process [20], and the most suitable when it is desired to produce
on a large scale [44]. Based on this, Nar et al. [45] characterized the surface topography
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of the LS PA12 specimens. Compared to the injection molding technique, SLS produces
surfaces with high roughness, due to the nature of the powder used, and this can affect
their performance in its various features.

Another technique of additive manufacturing is called sheet laminating, and as the
name implies, metal sheets are joined to form the product. UAM (ultrasonic additive
manufacturing), a hybrid technique, is included in this class [46]. Figure 3 exemplifies this
process [47].

 

Figure 3. Representative image of the UAM process. Reproduced from [47]. Creative Commons CC
BY license: https://creativecommons.org/licenses/by-nc-nd/4.0/; accessed on 21 October 2022.

Hehr et al. [48], in their work, thoroughly analyzed the entire history of the UAM
process, in the case of the technological developments achieved and the areas in which it is
most used. Knowing that the technique uses ultrasonic energy with the function of bonding
the metal layers, the authors explained in a chronological way all the advances of the
technique, as well as the characterization methods and how they influence the mechanical
properties obtained.

Still in relation to additive manufacturing, another technique used is called vat poly-
merization. In this technique, UV or laser light is used in the photopolymerization of a
liquid photopolymer, which solidifies, layer by layer, forming the product in 3D [49,50].
Revilla-León et al. [51], analyzed the influence of the design (solid, alveolar, and hollow) of
the mold base with two different thicknesses (1 and 2 mm), in order to evaluate the accuracy
of the obtained mold. For this, a digital mold of each design was made, and the honeycomb
and hollow designs were further subdivided into the two thicknesses mentioned above.
Additionally, a comparison of the mold obtained via printing with the digital mold was
made. It was observed that the vat polymerization process can provide a good complement
to the extrusion material process, being used for the manufacture of surgical instruments
and in the dental field as well [52].

Based on this, it is known that nowadays, additive manufacturing is an industrial
area with a last-generation of metal or composite printing machinery, used in an under-
development sector that often uses cheap plastic filament printers to reduce production
costs [14]. However, the continuous growth and studies around additive manufacturing
demonstrate that it may have a significant place in the future of the industry, given the
possibility of manufacturing lightweight and resistant materials and products, thus being
able to be widely used in the aerospace as well as in the automotive industries, which
requires high dimensional accuracy. In addition, in medicine, there has been a great advance
when using this technology due to the possibility of producing bone prototypes and tailor-
made protheses. Furthermore, in 2012, at least four additional significant technologies
were observed in the additive manufacturing sector, which confirms its great growth and
development [53].
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As examples of recent advances, there is, according to the work of Khondoker et al. [54],
an extruder that can carry out the deposition of mechanically interlocked extrudates com-
posed of two immiscible polymers, which prints two filaments through a single nozzle, and
with this, a reduction in adhesion failures between the filaments is observed. Furthermore,
Cresswell-Boyes et al. [55] developed three-dimensional (3D) precise artificial teeth with
two different materials (polylactic acid and thermoplastic elastomer) through tomogra-
phy files generated from scans obtained by X-ray microtomography (XMT), using several
open-source programs. The next approach will be to replicate the properties of natural
teeth. In turn, Park et al. [56] demonstrated for the first time the multifunctional integration
of various semiconductor devices produced through additive manufacturing, with the
production of high-performance polymeric photodetectors and integrated multifunctional
devices. Figure 4 illustrates this work.

 

Figure 4. Structure of photodetector. Reproduced from [56], 2018, Wiley.

Therefore, additive manufacturing, according to Tofail et al. [57], is at a crossroads
between a promising but unproven process for producing functional parts. Therefore,
as observed by Pragana et al. [58], new applications have been developed in the field of
additive manufacturing to overcoming the limitations of the several developed processes.
Based on the factors that permeate this technology in development and growth, a brief
diagnosis of this context was carried out through a SWOT analysis/diagram, as shown in
Figure 5.

Figure 5. SWOT analysis regarding additive manufacturing.
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3. CNC Machining

With the increase of industrial competition and energetic costs, it is very important
for companies to reduce the production cycle and product prices, while ensuring the good
quality of the parts. This is one of the reasons why companies should use CNC machines,
since they can achieve high accuracy and short times in production/processing [59]. A
CNC machine can be defined as a manufacturing process that is controlled through a
computer with CAD and CAM systems, with the entire operation being carried out on the
machine [60,61]. Figure 6 illustrates this process.

Figure 6. Representation of the CAM-CAD process on a CNC machine.

As in any process, some advantages and limitations can be observed. The advantages
are good surface quality and dimensional tolerance, being ideal for high-end applications,
in addition to the ability to process complex profiles, which would be hard to produce
using conventional methods. In terms of limitations, there are the high cost of acquisition
of the equipment and the need of specialized operators [62–65].

Gray et al. [66] has compared 3-axis machining and 5-axis machining, concluding that
a 3-axis machine provided with an additional rotary/tilt table would improve the surface
finish. On the other hand, Sheen et al. [67] developed a method to reliably determine the
characteristics of the part to be machined between the upper and lower profiles. These
characteristics have been used to program the subsequent manufacturing sequence that
can be organized automatically with several generated cutting tool paths.

In the work by Senatore et al. [68], the recent search for cutting toolpaths on freeform
surfaces was performed. The authors aimed at increasing productivity through a parallel
plane milling strategy, determining an indicator to assist in choosing the best cutter suitable
for end milling free-form surfaces. Furthermore, in the work by D’Souza et al. [69], an
algorithm was designed to find the sequence of tools with the lowest cost in a 3-axis milling
machine for machining free pockets, and further, the method can be adjusted to suit the set
of tools available for milling.

4-axis machining has one more rotation for the X axis, called the A axis, which can
cause the part to rotate, thus being able to be machined on 5 sides, and being more
economical than 3-axis machining [70]. Axinte et al. [71] carried out a theoretical and
experimental analysis regarding the functional feasibility of a 4-axis MMT (miniature
multi-axis machine tools), reaching the conclusion that the micro-equipment can process
small parts with satisfactory precision. Ding et al. [72] based his work on the contour EDM
machining of free-form surfaces, thus developing a method capable of imposing tool paths
for rough milling 4-axis contour EDM with a cylindrical electrode.

Using a 3-axis CNC machining center and incorporating a 4th axis via a horizontally
oscillating rotary table, Ligten et al. [73] focused their work on producing aspherical
surfaces, which were produced on this machining center in less than 15% of the time needed
in the optical industries. Furthermore, it was observed in the work by Tang et al. [74] that
an obstacle occurs when trying to maximize the number of machined surfaces in a 4-axis
numerical control (NC) machine, and with that, the authors proposed a time algorithm
O((E+Iwb)2N), in order to minimize the number of setups needed to machine a part on a
4-axis NC machine.

Furthermore, post-processing technology is the crucial point for CNC automatic
programming technology, as it is directly influenced by the processing quality and the
production efficiency. Thus, Magambo et al. [75] created a post-processor for CNC systems,
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indicating that their use generates better production efficiency and reliability. On the other
hand, Baghi et al. [76] compared the effects of post-processing machining and annealing
at 850 ◦C on titanium (Ti64) parts manufactured via selective laser melting (SLM). It
is worth noting that each post-processing method acts in a certain way in relation to
orientation, whether vertical or horizontal, for example. The fish scale defect was verified
in samples that were only machined, being considered a failure of vertical samples, or even
anisotropy of elongation between the vertical and horizontal samples that reduced by 125%
on machined samples to 36% on annealed samples. Still in relation to post-processing,
Chen et al. [77] analyzed hypoid gears because their manufacturing process results in large
errors, since a simplified model of blades of cutting systems is used, and with this, a generic
approach to programming and CNC post-processing was proposed that can be applied
directly in the manufacture of these gears with great efficiency and superior quality.

Machining with 5 or More Axis

5-axis machining, in addition to the X, Y, and Z axes, has two rotary axes, which
greatly improves the machining efficiency and accuracy. This process is commonly used to
machine blades, rotors, dies, molds and propellers, among others [78–80]. As a result, it
is considered the most important piece of equipment related to cutting in the industries,
which allows the production of final components with much more complex shapes, and
which would be impossible to obtain in a 3- or 4-axis machining [81]. Figure 7 exemplifies
a 5-axis tool with table tilt A-C and X, Y, and Z axis, showing the flexibility presented by
these systems.

Figure 7. 5-axis tool with table tilt A-C and X, Y, and Z axis. Adapted from [78], 2021, Elsevier.

In the study by My et al. [82], a mathematical model was proposed that would be able
to analyze and compare the kinematic performance of six configurations of 5-axis machines.
Xu et al. [83] emphasized the great need to avoid changing the tool orientation in 5-axis
machining. Thus, a smoothing method oriented to kinematic performance was proposed
in the work.

Using a recent methodology called double-flank milling, Bizzarri et al. [84] investigated
the fabrication of screw rotors, since the methodology was applied in 5-axis flank machining,
and it was observed that for symmetrical profiles, double-flank milling is possible, and
it works as a designed tool. Using this same methodology, Bo et al. [85] demonstrated a
customized tool for machining narrow and curved regions with high precision, and the
created algorithm was validated using commercial software.

Prabha et al. [86] used the Unigraphics NX6 CAD/CAM software, which is integrated
into 5-axis CNC machines, to machine steam turbine blades, and then make the mea-
surement through 3D coordinates, observing the great efficiency of the 5-axis machine
in relation to dimensional accuracy. On the other hand, Huang et al. [87] emphasized
the geometric errors occurring in a 5-axis machine, despite the precision of the machine,
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and defined two models: “Rotary axis component displacement” and “Rotary axis line
displacement”, which, analyzed through the machining of five axes, has presented dis-
crepant results. Therefore, the accuracy of 5-axis machining is the determining factor for
success in processing and manufacturing parts and products [88]. Furthermore, it has a
great advantage in terms of its flexibility and efficiency [89].

In 6-axis machining, one more rotation is added. Indeed, adding one more axis
expands the variety of movements and transitions, reducing cutting time. Therefore, the
6-axle machine is used for machining very complex geometries, such as turbines or engine
blocks [90]. Moriya et al. [91], through 6-axis control non-rotating cutting tools, processed
curved V-shaped microgrooves on a curved surface. Due to the high difficulty of machining
sharp corners using 3- to 5-axis machining, Japitana et al. [92] created a method for this
process through 6-axis machining with ultrasonic vibration cutting, thus being able to
create sharp corners on a protruding surface. Krimpenis and Noeas [93] also referred to
the advantages of the machining process associated with additive manufacturing in the
microfabrication, providing an insight into how these processes can be integrated.

Yuanfei et al. [94] designed a 6-axis CNC system through open architecture based on
an industrial personal computer (IPC) and digital motion controller (DMC), thus analyzing
the CNC design as well as the developed software. In turn, Carpiuc-Prisacari et al. [95]
used a 6-axis machine to perform an analysis on the propagation of mixed-mode cracks; for
this it was necessary to initialize a crack, and its propagation through rotation, traction and
shear was obtained by the 6-axis machine. Based on robotic machining with six degrees of
freedom, Huynh et al. [96] modeled several flexible industrial robots with six axes to be
used with milling operations, with torsion springs and dampers positioned on each axis to
assist in flexibility, since the lack of joint stiffness is a possible limitation. Milling operations
on aluminum and steel corners were simulated, the latter being unsatisfactory because the
results did not correspond to the experimental results.

5-axis CNC machining becomes even more critical when machining difficult-to-
machine materials, where the vibrations generated and the tool moving simultaneously in
different axes can cause stiffness problems, causing imperfections in the machined surface.
Indeed, the machinability of the material to be machined strongly impacts the process
results and machine behavior [97,98].

Thus, it is observed that the machining of parts has a very broad market, but with
some limitations, such as waste of material, for example. Figure 8 illustrates the SWOT
analysis for this process, emphasizing that the tool and CNC market represents a large
share of the global market, and this aspect is of great importance for the process.

Figure 8. SWOT analysis regarding machining.
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4. Hybrid Manufacturing Processes

Nowadays, due to the development of new materials with better mechanical proper-
ties, less specific weight and better performance, the machining industry is faced with an
enormous challenge to machine those materials, and thus, new processes had to be coupled
and applied to satisfy this need. This is the case in hybrid manufacturing processes [1,99].
The concept of hybrid manufacturing is basically defined as the manufacturing process that
joins two or even more manufacturing methods in a single piece of equipment (Figure 9),
which has a great effect on the overall performance of the process [1]. The typical example
of hybrid manufacturing is the combination of additive manufacturing and machining,
using powder bed fusion (PBF) or directed energy deposition (DED) as an additive process
with 5-axis machining [100]. This process is especially important when it comes to materials
that are difficult to machine. However, many studies still need to be carried out, especially
when dealing with complex geometries in 5-axis machining [101].

Figure 9. Different combinations of processes that can be performed using hybrid manufactur-
ing, with powder bed fusion (PBF) or directed energy deposition (DED). Reproduced from [100].
MDPI Open Access Information and Policy: https://www.mdpi.com/openaccess; accessed on 21
October 2022.

Soshi et al. [102], in their work, manufactured a prototype of a mold normally produced
by injection through a hybrid process involving DED technology as an additive process,
followed by milling for surface finish and subtractive process. What could be observed
in relation to the cooling performance of the mold is the uniformity of this cooling in
relation to the traditional process and more stable temperature throughout the cycle, thus
improving the cooling performance. In turn, Chen et al. [103] proposed an algorithm
capable of calculating the machinability of the material and the product, determining as
well the minimum number of alternations between additive and subtractive processes to
form a highly complex part and guarantee an ideal cutting tool path in the subtractive
operation. The algorithm was called Top-Down_Sequential_Maximization; however, only
3-axis machining was used by default.

Flynn et al. [104] addressed the issue of additive and subtractive hybrid machines
through a careful review of the literature, considering the DED method in conjunction with
CNC machining, with this being proposed in a future vision that forms a closed circuit. Li
et al. [105] developed a 6-axis hybrid additive–subtractive manufacturing process, using
a robotic arm with six degrees of freedom, together with a platform for manufacturing
parts, and observed an improvement in the surface quality of the part, reduction of material
waste and production time. In addition, this enables the need for a support, given the
flexibility found in the six axes. Figure 10 illustrates the configuration used.
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Figure 10. Configuration used in the study for the hybrid additive–subtractive manufacturing process.
Reproduced from [105], 2018, Elsevier.

Following this lead, Yamazaki et al. [10] developed a hybrid manufacture system
integrating the additive method LMD (laser metal deposition), with turning and milling
tools, through the Mazak Hybrid multi-tasking machine and exposed application examples
for this process, such as the oil industry. With this, it was possible to notice a huge advantage
over the standard manufacturing process.

Chen et al. [106] implemented planning algorithms capable of combining additive
technology with subtractive technology. In this case, in the first stage a subtractive tech-
nology was used to create the beginning of the product’s geometry, followed by additive
manufacturing, and ending with a machining process for surface finishing. The additive
process used was the DED method and a 5-axis machine, more specifically the 3+2-axis
machine. Newman et al. [107] worked with a structure called iAtractive, based on which a
system called Re-Plan was created for process planning, and with it analyzed the capacity
for the integration between additive and subtractive processes through case studies. With
Re-Plan, it was possible to perceive that according to the geometry and complexity of the
part, the material is added or removed, and even the material of an existing part can be
reused to form a product with a new identity.

From a perspective considering the energy expenditure of the process and environmen-
tal damage, Yang et al. [108] analyzed the energy consumption performance when using a
6-axis robotic arm as a subtractive process, after manufacturing via additive manufacturing
using the fused deposition modeling process. Several case studies and scenarios were used,
and the result obtained was quite complex. Regarding future work, it is intended to carry
out a mathematical and numerical analysis between the configuration of the robot arm and
the energy consumption.

Liou et al. [109] combined the laser deposition process and a 5-axis CNC milling
system through process planning and visualization, aiming at integrating all the pro-
cesses. Additionally, Grzesik [110] highlighted additive–subtractive hybrid manufacturing
through the techniques of LMD (laser metal deposition) and multi-axis CNC machining.
Furthermore, Ren et al. [111] used the hybrid machining technique with DED and 5-axis
machining to repair dies, targeting the corroded and worn surface. In addition, several
other authors have based their studies on hybrid manufacturing, and Table 1 summarizes
some pertinent works.
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Table 1. Summary of studies about hybrid manufacturing, coupling addictive processes and machining.

Author/Year Technique Material Description

Cococcetta et al.
(2021) [112]

3D printed + Dry, MQL
and Cryogenic machining CFRP

Analysis of printing and machining parameters and
cooling/lubrication conditions in the production of printed CFRP
thermoplastic compounds, from the comparison of three
post-processing methods: dry, minimum quantity lubrication
(MQL) and cryogenic machining.

Tapoglou et al.
(2020) [113] DED + Milling 316L Steel

Production of 316L stainless steel parts using the DED technique
with subsequent machining, from defining the best parameters for
material deposition, to analyzing the machinability of the deposited
material.

Hällgren et al.
(2016) [114] PBF + HSM Aluminium

Analysis of the cost of serial production of parts if print speed
increases, if machine cost or part mass is reduced, using GMP
techniques such as additive manufacturing and high-speed
machining (HSM).

Kaynak et al.
(2018) [115] SLM + FM/VSF/DF 316L Steel

In order to improve the surface quality of the parts manufactured
via selective laser melting (SLM), three post-processing techniques
were performed: finishing machining (FM), vibrating machining
surface finishing operations (VSF) and drag finishing (DF). The
surface was analyzed to meet quality requirements, and it was
verified that the DF method resulted in a less rough and more
consistent surface finish.

Bai et al. (2020)
[116] SLM + Milling 6511 Steel

Analysis of the production of 6511 martensitic stainless steel parts
through selective laser melting (SLM) and end milling, optimizing
the process parameters, and taking into account the residual
stresses arising from the phase transformation of the
martensitic steel.

Kaynak et al.
(2018) [117] SLM + Machining Inconel 718

Study of surface finish through machining, including surface
roughness, microhardness and XRD analysis of Inconel 718 alloy,
produced via SLM, verifying that the roughness had a decrease of
90% after post-processing with machining.

Salonitis et al.
(2015) [118] Laser Cladding + HSM Steel

Quality verification of a steel tube manufactured via laser cladding
after the high speed machining process, which reduced residual
stresses and distortion from the additive manufacturing process.

Pal et al. (2016)
[119] DMLS + Machining SS PH1

Characterization of the mechanical properties of the PH1 stainless
steel product produced via direct metal laser sintering
(DMLS) in conjunction with machining process parameters and
post-processing.

Careri et al.
(2021) [120] DED + Machining Inconel 718

Evaluation of surface finish, microstructure, microhardness and
residual stresses from the manufacture of parts in Inconel 718 by
DED, followed by two possible post-processing: machining + heat
treatment or heat treatment + machining, verifying that the best
production strategy was AD + M + DA.

Heigel et al.
(2018) [121] PBF + Machining Stainless

steel

Production of stainless steel cylinders through the laser powder
bed fusion process, followed by machining, and analysis of residual
stresses from the processes.

Speidel et al.
(2021) [122] PBF + EJM Ti-6Al-4V

Due to the poor surface quality due to unmelted powder from the
powder bed fusion process, this study analyzed the application of
electrochemical jet machining in order to produce a good surface
finish and increase the functionality of the part.

W. Grzesik
[123] General General This work provides a recent and brief overview of hybrid

machining.

As noted, hybrid manufacturing brings numerous advantages and benefits. However,
some challenges are still encountered, as depicted in Figure 11 [100].
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Figure 11. Schematic figure illustrating the challenges of hybrid machining. Reproduced from [100].
MDPI Open Access Information and Policy: https://www.mdpi.com/openaccess; accessed on 21
October 2022.

As a challenge to be faced, the recycling of metallic powder can be considered, since
it can be harmful to human health, especially nickel or cobalt compounds, and must be
removed from the machine after the addition operations are carried out, so that they do
not affect machine components in order to avoid damage and breakdown [7]. In addition,
the protection of the machine, safety and reliability of the process must be considered,
since due to the heat generated during the additive process, it can result in the melting of
some areas, which must have adequate protection [98]. Additionally, when talking about
the challenges faced when implementing hybrid production, it is important to emphasize
the training of qualified technicians so that they are able to understand and apply both
techniques, and the correct disposal of waste, with a focus on handling the waste, dust
and recycling liquid waste, such as lubricating oils and cutting fluids. Another problem
faced is precisely in the use of these cutting fluids, since laser technology was developed
regarding a fluid-free environment, and on the other hand, in machining this is widely
used and practically essential or mandatory for some materials to be machined [7,98].

As hybrid manufacturing is a process that is still under development and expansion,
many challenges are encountered and need to be resolved, both in relation to scientific
and research parameters, as well as the technical parameters for its implementation on an
industrial scale [124]. In this sense, some questions must be answered, such as, for example,
what would be the best processing sequence, how the microstructure and properties of the
part would behave after the cycles, or even how the software used would be able to detect
collisions after adding more material [125].

However, according to Dilberoglu et al. [126], it is expected that in the future the
use of hybrid production systems will be increased with additional improvements, as the
implementation of this technology has attracted the attention of researchers in modern
industries. Thus, based on the current scenario, and with the analysis carried out in this
work, the following SWOT matrix for hybrid manufacturing resulted (Figure 12).
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Figure 12. SWOT analysis corresponding to hybrid manufacturing.

Through this review work, it was possible to verify that there is a lot of work to be
done in the field of hybrid manufacturing, which incorporates some developments carried
out in each of the integrated processes (additive manufacturing and machining). This was
evident through this study, which seeks to provide a structured, broad and integrated view
of the contributions that have been made lately by several researchers in each of the areas.
Additionally, it was possible to see how other researchers have taken advantage of these
developments, and taking the knowledge acquired in each one of the considered processes,
to use it in the integration of the two processes.

There is still a lot of work to be developed in the area of hybrid production. The
interaction of the additive and subtractive processes does not have to be sequential and
carried out in this order, although the additive process needs to be the first, but it can be
reused later if there are problems with accessing the tools in certain areas. Indeed, the
parts tend to have an increasingly complex shape, which also requires increasingly refined
techniques for their manufacture. CAM software has not yet been developed efficiently for
an interleaved use of processes, and this interleaved use may be absolutely necessary to
realize different geometries. This is certainly a subject that will be of interest to researchers
in the near future. Another issue to be aware of is the level of internal stresses left on the
parts after machining. Although the volume of chips to be removed is generally small,
finishing operations generally raise the temperature, which may influence the mechanical
properties of the material being worked. Thus, there may be overlapping stresses in parts
of the parts, which can lead to deformations that may interfere with the functionality and
expected lifetime of the machined part. Thus, the induction of stresses and their level are
also subjects that will certainly be investigated in the near future.

5. Conclusions

Additive manufacturing is undoubtedly an effective and emerging method for the
manufacture of complex and difficult parts to be produced by other methods; however,
a major limitation of the processes involved is the poor surface quality and dimensional
accuracy, requiring a subtractive method to achieve the required surface quality and
shape tolerance.

Thus, hybrid manufacturing has gained great prominence, bringing many benefits to
modern industry. It guaranteed, through the integration between additive and subtractive
processes, the production of parts that would previously be difficult to be produced with
only one of the individual techniques, either due to the high hardness of the material, or
because of the high complexity and dimensional tolerance.
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One of the great advantages of this process is the high flexibility and versatility, as
well as the reduction of waste, a problem highly faced by conventional machining. In
addition, the possibility of using only one machine during the entire process eliminates
transport times and process inventories. As a limitation, we can highlight the residual
stresses present in the additive manufacturing process, which can result in distortions in
the part, requiring further heat treatment.

In addition, in terms of challenges for this technology to be implemented, we can
mention the recycling process of metallic powder, reliability and safety in the process,
and training. Indeed, the proper disposal of waste, as well as the use of cutting fluids in
machining remains an environmental issue, since the additive manufacturing technology-
using laser was developed applying environmentally friendly means, free of these fluids.

Based on this, this work has shown through SWOT analysis and a broad bibliographic
review the studies and developments, as well as the great growth of this process, thus
contributing to the study and analysis of the development of new design of parts, which
previously would be impractical, and today are already a promising reality. Moreover, the
combination of both technologies helps in overcoming the traditional issues related to the
surface finishing of additively manufactured parts, providing the surface quality usually
required in many applications. In this way, it is expected that in the future there will be a
greater integration of hybrid machines in production lines, so that they can produce parts
that are closer to the final product shape without the need for post-processing.

In the future, it is expected that the efforts to integrate the two technologies will
evolve positively in the sense of increasing the rigidity of the equipment, the versatility
of the transition from one technology to the other, and the complementarity in terms
of work in both technologies. In fact, it is possible to take advantage of the knowledge
acquired in terms of surface quality left by the additive manufacturing and try to minimize
surface defects, thus minimizing the machining work to be carried out later. Furthermore,
5-axis machining makes it possible to take better advantage of topological optimization,
making more complex shapes in a single fixture, thus increasing the accuracy obtained.
The training needs are evident, as the requirements at this level start with the design of
the parts, and end with obtaining the final parts in the equipment. Thus, there will have to
be a greater integration of knowledge between those who develop the products and those
who make them possible through the programming and operation of hybrid equipment.
The improvement of these factors and a natural reduction of investment costs in the near
future, will be decisive for the rapid growth of this technology in the market.
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Abstract: Composite materials such as Fiber Metal Laminates (FMLs) have attracted the interest
of the aerospace and automotive industries due to their high strength to weight ratio, but to use
them as structures it is necessary to master the manufacturing and wiring techniques of these
materials. Therefore, this paper aims to address and summarize the drilling and milling processes
in FMLs based on a literature review of papers published from 2000 to 2023. Parameters used
in multi-material manufacturing and machining such as drilling and milling, tool geometry, tool
coating, lubricants and coolants published by researchers were analyzed, compared and discussed.
Machining process parameters related to sustainability were also analyzed. A SWOT analysis was
carried out and discussed to identify opportunities for improvement in the machining process.
There are opportunities to develop the surface treatment of aluminum alloys, such as testing other
combinations than those already used, testing non-traditional surface treatments and manufacturing
modes, and developing sustainable techniques during the FML manufacturing process. In the area of
tooling, the opportunities are mainly related to coatings for tools and changing machining parameters
to achieve an optimum finished part. Finally, to improve the sustainability of the process, it is
necessary to test coated drills under cryogenic conditions to reduce the use of lubricants during the
machining process.

Keywords: fiber metal laminate; drilling; milling; coolant; tool wear; tool geometry; sustainability

1. Introduction

Composite materials have been gaining visibility for the last few decades due to
their advanced properties in comparison to the other material families, specifically in the
aeronautic industry, but also with a growing interest in the automobile industry. This
tendency began after the Second World War with innovations for military applications,
where these materials brought a significant weight reduction in structural design and
presented excellent fatigue properties and corrosion resistance as well [1,2].

Fiber-reinforced polymers (FRPs) are heterogeneous composite materials which com-
bine lightweight, stiff and brittle reinforcing fibers, such as aramid, glass and carbon
(known, respectively, as AFRPs, GFRPs and CFRPs) bound together by a polymeric ma-
trix (thermoplastic or thermoset) [2]. The fibers, the reinforcing phase, contribute to the
improvement of the mechanical properties of the laminated composite, whereas the matrix
transfers the load to the inner fibers and at the same time it protects them from external
damage and provides the composite material with its high fracture toughness [3].

In spite of this, there was a need to improve even further the properties of these materi-
als so they could sustain the harsher conditions existent in aircraft, a requisite satisfied with
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the appearance of the fiber-metal laminates (FMLs) [4]. These are, by definition, hybrid
structures which combine alternate phases of FRPs in the form of plies with thin sheets
of a metal alloy, usually aluminum (FRP/Al) or titanium (FRP/Ti) [5,6]. An example of a
FML with the fibers incorporated in epoxy resin is observable in Figure 1, which presents a
three/two lay-up, since three metal layers alternate with two reinforcement ones.

 
Figure 1. Fiber metal laminate configuration (adapted from [7]).

Nowadays, several types of FMLs exist, depending on the chosen metal to use or even
the polymer, based on the intended application for the new material. For example, if these
are composed of elastomer interlayers, their designation becomes FMEL, for fiber-metal-
elastomer laminates [8]. On the other hand, considering just the metal counterpart, the
most common FMLs are the CARALL (Carbon Reinforced Aluminum Laminate), GLARE
(Glass Reinforced Aluminum Laminate) and ARALL (Aramid Reinforced Aluminum
Laminate) [9–12]. Apart from the metal and reinforcement constituents, as well as the
lay-up configuration in which the metal layers can be outside or inside the multi-material,
the direction of the laminate must also be considered, namely, if it is a unidirectional hybrid
laminate or a cross ply (woven), as shown in Figure 2.

 

Figure 2. Classification of FMLs [13].

Through this union, FMLs combine the durability and easiness of fabrication associ-
ated with metal alloys with the outstanding specific properties and excellent fracture and
fatigue resistance of high-performance composite materials [14,15]. Furthermore, metals
lack fatigue strength and corrosion resistance, whereas composites have a low bearing
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strength and impact strength, in addition to their problem of reparability [16]. Hence, the
combination of both materials overcomes the existing negative issues individually. The
result is a high-strength, lightweight material with improved thermal, mechanical and
tribological properties [17].

Regarding the manufacturing of multi-materials, this is a difficult process, due to the
different properties of the materials to be joined and relatively weak adhesion between
them [18–21]. Surface treatments can also be executed to enhance the adhesion at the
metal-composite interface [22–25]. An adequate surface treatment of the metallic layer is
indispensable to guarantee a good mechanical and adhesive bond between the composite
laminates and metal surfaces. This treatment can be mechanical, through an abrasion to
produce a macro-roughened surface and to remove undesirable oxide layers; chemical,
with the immersion of the substrate in an acid solution; or electrochemical, with a coupling
agent or dry surface, such as plasma-sprayed coating or ion-beam-enhanced deposition [1].
After the treatment, metal sheets may also be annealed, in order to relieve mechanical and
thermal stresses, another step to facilitate the adhesion [26].

Several methods can be employed to achieve the intended configuration, with the
most prominent being the fusion, chemical bonding (bond dual materials using structural
adhesive) [27–29], physical and mechanical bonding, such as screwing or riveting (SPR) [21]
and friction-based joining processes [30]. Figure 3 presents some of the processing methods
used in the fabrication of Carbon Fiber Reinforced Metal Matrix Composites (CF/MMCs).

Figure 3. Processing methods for fabrication of CF/MMCs (adapted from [17]).

The shown techniques can be of diverse natures. In the solid-state processing, the
composites are formed as a result of bonding between the metallic matrix and carbon
fiber due to mutual diffusion occurring between the two in solid states at high tempera-
ture/pressure. The liquid-based metallurgy methods include processes such as casting and
gravity or vacuum infiltration. This technique has as benefits short processing times, high
fiber contents and low cost; however, the carbon fibers are likely to separate and float on the
surface due to the significant density differences. Finally, the deposition processing consists
of depositing the matrix on the fibers through various methods, followed by consolidation
of the final product [17].

Alternatively, other fabrication methods also exist, such as forming techniques [31,32],
where the cured fiber and resin matrix layers are deformed elastically, and the metal layers
are deformed plastically by deep drawing, with a combination of optimized inner glass
fiber patches and non-cured FMLs [33,34] or vacuum infusion, where there is no need of an
autoclave or press [35,36].

In the case of CFRP/Al and CFRP/Ti stacks, firstly, the metal surfaces are treated for
an optimal adhesion between the alloy and epoxy resin. After that, they are cured in a hot
press, in order to achieve their final configuration, with the adhesive impregnated fibers
prepregs successfully joined with the metallic layers [1].
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The multi-material is of the utmost importance to the construction of aircraft due to its
enhanced properties, surpassing the other families of materials in specific applications [37].
The CFRP composites are applied in the fabrication of major structural members of aircraft,
such as floor beams, frame panels and a significant portion of the tail sections [38]. More-
over, 25% of the Airbus A380 airframe consists of composites, from which 22% are carbon-
or glass-fiber-reinforced plastics and 3% are GLARE [39]. The application of GLARE in
the upper fuselage shell of the Airbus A380 resulted in 15–30% weight savings over alu-
minum panels alone with significant improvement in fatigue properties [40]. Considering
the Boeing Commercial Airplanes, 30% of the Boeing 767’s outer structure is made from
composites, and the Boeing B-787 contains almost 57% of its primary structure built only
from composite materials, which confers it its wide range of flexibility. In the same way,
the blades used in the cooler section of compressor and fan cases, usually employed in
aero engines, are manufactured from CFRP, which reduced the assembly total weight by
180 kg and operational costs by 20% [41,42]. Furthermore, CARALL is also used in heli-
copter struts to absorb shocks, as well as plane seats. This FML shows an extreme fatigue
fracture development resistance and outstanding pressure intensity and energy absorp-
tion [43]. Its high stiffness and strength with good impact properties also give CARALL
laminates a great advantage for space applications [1].

Not only does the aeronautic industry benefit from the use of these materials, but the
automobile sector is also adopting the same practice [44,45]. The reasons behind this are
mostly the reduction in fuel consumption and the CO2 emissions of future car generations.
The combination of high-strength steel alloys and CFRP prepregs in an FML is a promising
approach to producing lightweight car structures with a high stiffness-to-weight ratio [33].
In an automotive chassis, for example, it is beneficial to use CFRP where the chassis needs
to be light and stiff aluminum where the deformation needs to be controlled [46]. Due to
the high damping and good vibration resistance of FRP, metal-FRP hybrid components
can also be used to improve the noise, vibration, and harshness (NVH) performance of
automotive parts, which enhances the driving experience [47].

Based on a literature survey between 2000 and 2023, the main contribution of this
manuscript is to provide information in a structured way about composites and manufac-
turing and machining operations of various materials, mainly in the field of drilling, and
how the process can be performed in a sustainable way. The major novelty brought by this
study is to group this information to perform a SWOT study, performing the critical analysis
of the results already existing in the literature to prospect opportunities for improvements
in the manufacturing of FML, in the machining process making it as sustainable as possible.
Thus, in a structured and organized manner, it is intended to facilitate reader access and
guide to what can still be studied in depth to contribute to creating a robust database on
the topic in question.

2. Methodology

2.1. Literature Review

To develop this review, scientific databases such as Clivarate/Web of Science and
Scopus were searched for selected papers related to FML and their production steps. In
both scientific databases, the advanced search by title, abstract and keywords was used. The
chosen search range was between 2000 and 2023. The selection of publications started with
the first level of keywords used: Fiber Metal Laminates (FML), process, fabrication, and
machining. The following keywords were associated with topics related to manufacturing
steps and material characterization, such as CFRP/Al stacks, CFRP/Ti stacks, cooling,
damage, defects, drilling, milling, surface treatment, tools, microscopy, tomography and
their comparison.

Using the Web of Science search tools, the publication selection started with the com-
bination of the keywords FML and process (6504 papers found), FML and manufacturing
(3014 papers found), FML and fabrication (2439 papers found) and FML and machining
(856 papers found). The number of papers decreases when a specific keyword is used. If
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the keyword FML is changed to “CFRP/Al stacks and machining”, the number of papers
decreases drastically to 37. Using the Scopus search tools, the combination of the keywords
CFRP/Al stacks and processing or CFRP/Al stacks and machining yielded 4445 papers and
3104 papers, respectively, indicating that this research platform has more specific papers
related to the topic discussed here. As mentioned above, the number of papers decreases
when a specific keyword is used. In this case, when the keyword “CFRP/Al stacks” is
changed to “FML and machinability”, the number of papers decreases drastically to 24.
The diagram presents the route followed to reach the best literature information about the
FML machining process (Figure 4).

Figure 4. Route to reach best literature information about FML machining process.

Using the keyword “FML and machining”, the first three publishers with more publi-
cations on the subject are Elsevier, Springer Nature and Sage, and using the keyword “FML
and process”, the first three publishers with more publications on the subject are Elsevier,
Springer Nature, and Wiley, as can be seen in Figure 5a,b.

Another relevant piece of information extracted from the database was related to
the countries that most published on the subject of FML machining, and it can be seen in
Figure 6 that China leads the publications, followed by the USA and India, with Brazil
being in the 13th position.

The literature review is divided into three main sections: (i) multi-material, (ii) ma-
chining tools and (iii) process sustainability. The first section discusses the multi-material
manufacturing process, focusing on CRFP/Al stacks and CRFP/Ti stacks, followed by
the main machining processes: drilling and milling, addressing the most used coatings
and substrates for use in multi-material drilling/milling processes. The same section will
also cover process parameters and the main lubrication methods used in multi-material
machining. Finally, the main process failures according to quality levels and acceptance
criteria will be presented, as well as how to analyze these process failures. The second
section examines the types of tools used in the machining processes in terms of geometry,
the presence or absence of coatings, and the tool wear. Finally, in the third section, the
importance of studying the sustainability of the process is presented regarding the recycling
or reuse of the chips produced for the different thermoplastic and thermosetting composite
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materials, and regarding the products used for cooling during the machining process,
considering the gains in operational efficiency.

Figure 5. Number of papers produced per publisher using the keyword (a) publishers with more
publications on the subject and (b) FML and process.

 
Figure 6. Number of papers by country produced on the FML and machining area.
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2.2. SWOT Analysis

The SWOT analysis reinforces the vision of the strategic context, helping in the knowl-
edge of characteristics on the theme that may not be apparent, in addition to also helping
to understand its importance in the market. It is one of the tools that allows a broad view
of the theme under study, considering the internal analysis of the process (Strengths and
Weaknesses), which can be controlled, and the external analysis (Opportunities and Threats)
are elements that cannot be controlled, but their understanding is essential to create the
strategic plan of the process [48,49]. The SWOT analysis is carried out to identify where the
multi-material machining process turns the threats into opportunities.

The information to carry out the SWOT analysis was extracted from the biblio-
graphic review of the multi-material machining process and corresponding critical analysis.
From the information collected, a list of strengths and weaknesses, opportunities, and
threats was created by comparing the different sources of information. After compil-
ing the lists, the most relevant items were prioritized, for an effective analysis of about
3 to 5 items per category that were highlighted as relevant. The items were crossed to
check the relationships between them and were rated from 0 to 3, where 0 is no rela-
tionship, 1 is a weak relationship, 2 is a moderate relationship and 3 is a strong relation-
ship. Based on the SWOT matrix, improvement actions will be established for the topic,
identifying opportunities, weaknesses, sustainability and threats to the multi-material
machining process.

3. Multi-Material Machining Processes

3.1. Multi-Material Process Preparation

The manufacturing process for FMLs is similar to that for polymer composites, using
an autoclave process. To produce an FML, six steps must be followed: (i) sheet metal
surface preparation, (ii) material deposition: prepreg and metal layers, (iii) mold cleaning
and vacuum bag preparation, (iv) curing process, (v) stretching process, and (vi) inspection,
usually imaging techniques, and mechanical testing [1].

All these steps must be carefully followed to obtain an FML with excellent mechanical
quality, which depends on the correct choice and execution of the material preparation
methods. A weak interfacial interaction between the prepreg and the metal can lead
to a delamination process in composite structures, which is a major defect. The correct
choice of surface treatment is then required to improve the bonding energy between the
materials [47].

Adhesive bonding processes such as chemical, coupling agent, dry, electrochemical
and mechanical surface treatments can be used as single or combined methods to produce
an FML. All these surface treatments change the surface topography and increase the
surface roughness, as well as the interaction between the metal and the bonding site.

Some surface treatments were used as a single method. Kwon et al. [21] used a single
method, sanding, a mechanical surface treatment, using three types of sandpaper and
different sanding times. They concluded that longer sanding times increased surface
energy and improved mechanical adhesion between metal and composite. Drozdziel-
Jurkiewicz et al. [22] investigated some aluminum and titanium surface treatments using
mechanical, chemical and electrochemical methods to achieve high adhesion at the metal-
composite interface. These surface treatments improve the interfacial fracture toughness
of the FML, increase the bond strength and provide high adhesion at the FML interface.
The study showed that chromic acid anodization is still the most effective in improving
the expected bond strength. In their studies, Thirukumaran et al. [20] used the first step,
mechanical abrasion, to create a roughened surface at the macro level and remove an
unwanted oxide layer. They then tested the chemical process, also known as acid etching,
using two chemical solutions: potassium dichromate and ferric sulfate. The treatment with
ferrous sulfate, which contains SO4

2e ions, had a better performance, promoting pitting,
which increased the roughness and favored good adhesion between the substrate surfaces,
as indicated by the higher tensile strength values.
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Laser and plasma techniques are also used for the surface treatment of aluminum
sheets to produce FML. Dieckhof et al. [50] treated AA2024 and AA5028 sheets and found
that both techniques allowed the formation of a structured anodic oxide layer, which
improved corrosion protection and interfacial adhesion. Park et al. [51] prepared the metal
surface by mechanical abrasion, followed by phosphoric acid anodization and alkaline acid
etching techniques. They also observed that the rough substrates were essential to improve
the bond strength of the metal sheet-prepreg interface. In addition, they understood that
selecting different autoclave pressures can influence the quality of the FML, reducing the
void content and avoiding premature failure of the FML. Furthermore, Cheng et al. [52]
optimized the production of pores on an aluminum substrate. They chemically treated
the metal surfaces with three different electrolytes, all containing SO4

2e ions combined
with oxalic acid and/or ferrous sulfate. To improve the interfacial adhesion between the
composite and the metal sheet, they also used CNTs for interfacial bridging and final bond
strength. They concluded that a rougher substrate surface potentially helps to improve
wetting, contact area, and mechanical occlusion of the bonded joint.

Analyzing the surface treatment process in aluminum alloy found in the literature, the
combination of mechanical and electrochemical methods is the best used to reach excellent
surface preparation. All the papers analyzed showed that a good surface preparation favors
an adequate roughness of the sheet metal surface, contributing to an optimal mechanical
interlock and excellent interfacial adhesion, thus guaranteeing an FML of sufficient quality
so that it can be machined without suffering delamination processes.

3.2. Numerical Simulation Applied to FML Machining

The numerical simulation technique is an economical option used during the devel-
opment of a product or process. In the numerical simulation, the cost of equipment and
man-hours is lower compared to the equipment used in lubrication processes, finishing,
and the qualification of the finished product, as it includes the cost of acquisition, main-
tenance, and man-hours per machine. In this way, numerical simulation helps to reduce
costs if it is carried out before experimental tests, reducing the number of tests, and making
the choice of parameters more reliable. In addition, numerical simulation can be used to
help understand the mechanism of the machining process by predicting cutting forces and
temperature effects.

In the aeronautical field, the FML machining process requires a proper design of the
processing parameters to avoid the occurrence of various problems and to minimize defects
dependent on the process temperature variation, which can be detrimental to the integrity
of the parts. These aspects become more critical in dry machining, such as matrix burning,
fiber extraction and delamination.

In their work, Parodo et al. [53] monitor the temperature measured on the tool and
the workpiece during dry drilling of Al/GFRP (GLARE) and Al/CFRP (CARALL). The
influence of cutting speed on the temperature trends was analyzed. In addition, a numerical
model was developed to analyze the process of temperature evolution during drilling.
The numerical simulation also indicated that the temperature fields are dictated by the
thermal properties of the carbon and glass fibers: temperature profiles within the CARALL
were found to be smoother than those observed in GLARE. Giasin et al. [40] studied the
machinability of GLARE laminate by experimental techniques and analytical simulation.
The chosen parameters were the effect of feed rate and spindle speed on the cutting forces
and hole quality. A 3D FE model was also developed to help understand the mechanism
of drilling GLARE. To evaluate the numerical model’s efficiency, the collected thrust force
and torque data were compared, and it was shown that the FE drilling model can predict
the cutting forces within acceptable levels. It was the first contribution to the simulation
of the drilling process of FMLs. Zitoune et al. [54] investigated the effect of machining
parameters and tool geometry on cutting forces, hole quality, and CFRP/Al interface using
experimental and numerical simulation. From the experimental study, it was found that
the tool-enhanced geometry induced less thrust force compared to the standard one. The
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numerical analysis was based on the linear fracture mechanics of the CFRP and the plastic
behavior of the aluminum with isotropic hardening. The results showed the critical thrust
force responsible for the delamination of the last layer as a function of the aluminum
thickness and, on the other hand, the maximum shear force responsible for the separation
of the CFRP/Al interface was predicted as a function of the aluminum thickness.

Kim et al. [41] presented a method for predicting a cutting force model to optimize the
feed direction. In this study, they used a CFRP with six different absolute fiber orientation
angles. The fiber cutting angle significantly affects the cutting characteristics of the material
and can be easily changed by varying the feed direction. By changing the feed direction
angle, which is a simple adjustment in the milling process, this method effectively reduces
the cutting force in material milling. In addition, since a predictive cutting force model is
used, it is possible to derive the optimum feed direction under different cutting conditions
with minimal experimentation.

Numerical simulation of the drilling process is relatively new; therefore, it is an area
in the machining process that can be explored. It was observed that many of the authors
investigate the influence of tool geometry on cutting forces and the delamination process
of the material. However, a smaller number of authors study the temperature change in
the profiles and how this can affect the properties of the material, the tool or can even be
useful to study new types of lubricants that are more sustainable.

3.3. Multi-Material Machining Processes

Conventional machining processes such as drilling, milling, turning, and water jet
cutting can be applied to composites, as long as the correct tool design and operating
conditions are used. An FML is difficult to machine due to its anisotropic properties,
inhomogeneous structure, and high abrasiveness of its constituents. These operations
typically result in damage to the laminate such as fiber debonding, spalling, matrix cracking,
fiber failure or pullout, and very fast wear of the cutting tool [55,56].

In the aerospace industry, the FML is used because of its light weight and stability
at elevated temperatures. In these composite structures, large numbers of cut-outs and
holes need to be produced. As mentioned above, FMLs are basically composed of a sheet
of metal, aluminum, or titanium, and composite, carbon or glass fiber reinforcement, and a
thermoset or thermoplastic matrix. Composites require high speed and low feed, drilling
titanium requires low speed and high feed, while drilling aluminum requires a balance
between speed and feed. Accordingly, the great challenge to drilling the FML is the right
choice of parameters processes because of the materials’ constituent properties that also
vary with the environmental conditions [57].

Kumar et al. [58] compared the machinability of conventional drilling of hybrid
titanium/carbon-fiber-reinforced polymer/titanium (Ti/CFRP/Ti) stack laminates in a
single shot under dry and cryogenic conditions. The results indicate that the low tem-
perature affects the hole quality but increases the thrust force due to the increase in the
hardness of the Ti sheet at low temperatures. Azwan et al. [59] investigated the effect of
different drilling parameters on FMLs, such as the drilling speed, feed rate and thickness of
the FMLs on the strength of composite materials. They concluded that drilling at a lower
spindle speed and a lower feed rate generates higher workload than at a higher speed, for
the same feed rate. The thicker FML induces an higher workload compared to the one
with less thickness. Zitoune et al. [60] studied the influence of cutting variables on thrust,
torque, hole quality and chip during the drilling of a CFRP/Al stack. They observed that
the magnitude of thrust force and torque during the drilling of Al compared to CFRP is
doubled at a low feed rate. Hole circularity and surface roughness increase with increasing
feed rate. The aluminum layer also has a better finish compared to the CFRP one.

Another machining process to produce holes commonly used in aircraft part finishing
is milling. The milling process uses rotary cutters to remove material by advancing a cutter
into a part. This method is used as an alternative to drilling these joints with conventional
twist drills, named after helical milling, where a milling tool rotates in a helical path and
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creates the hole [61]. Helical milling has also been investigated for making holes in FMLs,
with several advantages such as lower cutting forces, lower heat generation and easy chip
evacuation [62]. The main difference between drilling and helical milling is that in the
former, the hole diameter is determined by the tool diameter, whereas in the latter, the hole
is defined by a combination of the tool diameter and the helical path, resulting in greater
flexibility in the hole diameter [63].

One of the compounds used in the aerospace industry that is difficult to machine is a
unidirectional CFRP and Ti6Al4V, due to the hardness characteristics of titanium sheets
and the abrasive characteristics of CFRP. They observed diameter variations, which may be
due to the different Young’s moduli of titanium and CFRP, as well as variations in surface
roughness caused by material-specific chip formation mechanisms [61]. Hemant et al. [64]
evaluated the helical hole milling process in GLARE laminates. Although the material
and parameters are different from those used by [61], similar process dissimilarities were
observed, with variations in hole diameter depending on the material layer, production
of discontinuous powdery chips and surface roughness. Therefore, to obtain an excellent
quality finished product, the milling process parameters need to be adjusted to produce
holes of uniform diameter throughout their depth, continuous chips in the metal zone, low
surface roughness and a composite layer without delamination.

3.3.1. Comparison of Drilling and Milling Processes Parameters

The different properties of the constituent materials in FMLs are a challenging task
when hole-making is needed. Improper selection of the process and process parameters
can result in poor surface quality, inadequate dimensional quality, dimensional inaccuracy,
or even component failure [65].

However, there are several interrelated factors. The most crucial factors which affect
the machinability of the material are cutting forces, tool geometry, materials, coatings, chip
formation, analysis of tool wear, hole metrics such as the hole size and circularity error,
surface roughness and burrs formation [66]. Bolar et al. [65] compared two hole-making
techniques used in CARALL: drilling and milling. In their study, the two hole-making
techniques were evaluated using various performance measures including thrust, radial
force, chip morphology, surface roughness, machining temperature, hole diameter accuracy
and burr size. Comparing the results, the authors found some advantages of the helical
hole milling process in terms of lower thrust and radial force. The intermittent cutting
and convenient chip evacuation and heat dissipation helped to lower the temperature and
prevent some material damage. The discontinuous aluminum chips produced by the helical
milling process proved to be beneficial, with the holes showing a superior surface finish.
However, excessive axial feed in helical milling resulted in tool deformation and chatter,
leading to surface quality degradation. Further analysis of the machined surface using
microscopic inspection showed that the delamination process occurred when conventional
drilling was used. On the other hand, the helically milled hole was free of such defects
and showed no signs of delamination. They also found that the formation of oversized
holes after the drilling process was incredibly significant. Finally, the exit burr’s height
was much lower with helical milling due to the lower thermal impact and lower thrust.
Considering all the aspects presented here, it is safe to say that helical milling is a suitable
alternative for machining holes in FMLs.

Another study comparing drilling and milling was carried out by Barman et al. [63].
In their work, they evaluated the two-hole machining process in titanium alloy Ti6Al4V ma-
terial. They carried out the machining tests considering the thrust force, surface roughness,
hole diameter and machining temperature. The morphology of the chips produced and
burr formation were also investigated. The magnitude of the force components (thrust and
radial force) and the cutting temperature was lower in the milling process, which produced
discontinuous powdery chips that evacuated easily without damaging the machined hole
surface. The final quality of the holes and the diameter are better in the helical milling
process, which produced burr-free holes, contrary to drilling. A similar study using helical
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milling and drilling techniques to machine AISI D2 tool steel was previously carried out
by Iyer et al. [67]. They found that helical milling produced H7-quality holes with good
surface roughness compared to drilling. Another comparative study on helical milling of a
larger thickness CFRP/Ti stack and its individual layers was conducted by Wang et al. [5].
Their experimental results showed that as the number of holes increased, the cutting forces
increased due to tool wear and its dependence on the material type. Indeed, the abrasive
nature of the CFRP resulted in an increase in cutting force. The hole edge quality is good
while machining the titanium alloy, and low delamination is registered at the tool entry and
exit points in the material, indicating that if quality problems of the holes appear, it refers
to the milling of CFRP. Hole size was inversely proportional when comparing a single layer
to a stack. In the drilling process, with CFRP, smaller hole sizes can be achieved compared
to the titanium plate; however, oversized CFRP holes and undersized titanium alloy holes
are observed when helically milling stacks.

Therefore, there is the agreement in the literature when comparing the drilling and
milling processes. All results showed similarity regardless of the material used, Ti/CRFP
stacks, Al/CRFP stacks, Ti metal alloy, CRFP or steel, indicating that the best process and
the one that promotes less material damage is the helical milling process.

3.3.2. Lubrication Processes during Machining

During the machining process, a large amount of cutting heat and friction heat can be
generated due to the abrasive nature of the material and tool wear, which usually makes
the temperature elevate rapidly. Temperature is one of the most important factors affecting
the machined hole surface quality, especially for the CFRPs. When drilling CFRPs, the
temperature can reach about 150~250 ◦C, leading to a risk of thermal degradation of matrix
resin, carbonization of thermosetting matrices, the fusion of thermoplastic matrices, and
sometimes, burning of the carbon fibers [68]. In addition, the thermal effects can affect
the quality of machined holes. These, however, can be minimized using coolants supplied
either directly or indirectly to the cutting tool-workpiece interaction zone, to remove part of
the generated heat. Nevertheless, the use of coolants adds extra costs for handling, disposal,
and environmental impact [69].

The coolants generally used in machining processes are water-oil emulsion, a mixture
of a soluble oil cutting fluid and mineral oil lubricant [70], micro-lubrication, also known as
minimum quantity lubrication (MQL) [71], cryogenic coolants CO2 [72] and liquid nitrogen
(LN2) [73,74], air cooling [62] and vegetable oil [75], among others.

Shyha et al. [70] analyzed the hole quality/integrity after drilling of titanium/CFRP/
aluminum stacks under flood cutting fluid water/oil emulsion of 7–8% volume solution and
spray mist, a mixture of soluble oil cutting fluid and mineral oil lubricant. Some significant
improvements in the machining process were observed. Burr height was generally less
than 500 μm, except when spray mist was used. Delamination of the CFRP laminates
was significantly reduced due to the support provided by the Al and Ti layers. Surface
roughness was significantly lower when using through-spindle cutting fluid compared to
spray mist application, especially on the Al section. Spiral-shaped continuous aluminum
chips were prevalent, while both short and long helical chips were found with the titanium
material when cutting under wet regime. In contrast, the CFRP layer typically produced
dusty black composite particles suspended in the soluble oil of the coolant emulsion.

Kumar and Gururaja [76] investigated the cryogenic cooling effects during the drilling
of Ti/CFRP/Ti stacks. The parameters such as thrust, torque, delamination, burr height
and surface roughness were considered to investigate the effects of liquid nitrogen (LN2) as
a coolant. The results are compared with those obtained from dry drilling of Ti/CFRP/Ti
stacks, indicating that torque, top surface of metal composite interface, exit burr height and
surface roughness decreased when drilling was performed under a cryogenic environment.
Nonetheless, thrust force and damage to the lower surface of the metal composite interface
are increased under LN2 cooling conditions. Biermann and Hartmann [72] analyzed a
cryogenic process cooling with CO2 and found that the chosen coolant improved burr
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formation in drilling compared to dry machining and resulted in higher sustainability
comparing to machining with cooling lubricant. Many authors have investigated the
influence of the application of cryogenic liquid nitrogen cooling and minimum quantity
lubrication (MQL) during GLARE machining. Giasin et al. [77] observed that the use of
MQL and cryogenic liquid nitrogen cooling increased the cutting forces; however, both
reduced the surface roughness of machined holes, adhesion and built-up edge formation on
the cutting tool compared to dry drilling. Examination of the microhardness of the top and
bottom aluminum sheets near the hole edges after machining showed that it increased when
both coolants were used. Pereira et al. [62] reported some benefits of air-cooling application.
It was used to cool the cutting point and to remove the chips, obtaining better results
in terms of cutting forces and temperature. The cutting temperature reduction in helical
milling was 30%. When drilling the CFRP, the cutting heat becomes lower by increasing
the revolution speed. Chips pulverized into small sizes reduce cutting temperature by
absorbing heat on the cutting of CFRP composite plate. However, the powder-like chip is
bad for the machining center, even promoting corrosion and wear of part of the equipment.

Lubricants and coolants play an important role in the machining process to prevent
delamination damage in the material during the drilling process, especially in FMLs, be-
cause the difference in modulus of elasticity between composite and metal causes different
machining deformations. The main defects observed after machining and their discussion
are presented below.

3.3.3. Machined FML Defects and Analysis Techniques

Drilling holes in both CRFP and FML can result in material damage as the drill passes
through the material. Several types of defects are associated with drilling operations,
both at the entry and exit of the hole: dimensional defects, surface roughness and surface
integrity problems of the hole wall. Defects induced by machining process conditions
include matrix cracking, fiber fracture, debonding, delamination and fiber pull-out. Poor
hole quality is the cause of nearly 60% of all scrapped parts [78]. As drilling is often one of
the last machining operations, the damage that occurs at this stage results in huge economic
losses when near-finished parts have to be scrapped. Understanding and detecting the
type, size and location of defects that can occur during drilling operations is important
for economical and sustainable process improvement [79]. This damage always occurs
combined in hole-surrounding areas.

The great issue in FML drilling operations is the quality of the hole: several defects
occur related to the process, mainly on the entry and exit sides of the hole, as well as
dimensional and surface roughness issues of the hole wall. The detection of these defects is
not trivial, especially when non-destructive methods are used. Several methods have been
applied to evaluate the hole quality, such as Computed Tomography (CT)/X-ray Tomog-
raphy Analysis [79–81]; C-Scan [82], Scanning Electron Microscopy (SEM), Stereoscopic
Optical Microscopy (SOM), and Energy Dispersive Spectroscopy (EDS) [83]. Nguyen-Dinh
et al. [84] analyzed the surface integrity of composites using x-ray tomography after trim-
ming process. The application of the X-ray technique has enabled the measurement of
the craters’ volume compared with surface techniques, such as surface roughness and 3D
optical topography. They observed several damaged zones with formation of craters in the
material surface after trimming process, indicating material pull-out (Figure 7).
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Figure 7. X-ray tomography images showing machining damage for cutting speed of 150 m/min and
feed speed of 500 mm/min at cutting distance of 1.68 m with various depth of scanning of (a) 12 μm,
(b) 60 μm, (c) 140 μm and (d) 152 μm [84].

Pejryd et al. [79] used X-ray computed tomography to detect defects caused by drilling
holes in a CFRP. Surface defects and surface properties such as fiber debonding and surface
roughness could be easily investigated. Figure 8a shows a typical surface image of a
drilled hole based on the reconstruction of the X-ray images. Figure 8b illustrates one
way of highlighting the glass fiber material. This technique allows other components to
be identified by color. In this case, a red color is used to clearly distinguish it from the
surrounding material.

 

Figure 8. (a) A 3D model reconstructed from CT scan of the drilled hole, outer surface. The hole has
a nominal diameter of 9.5 mm and (b) CT image of the inner wall of a 9.5 mm diameter hole, with
glass fiber material highlighted in red [79].

Wang et al. [85] compared the holes’ quality of CFRP/Al and CFRP/Ti-6Al-4V by
Scanning Electron Microscopy (SEM). To reduce the damage, a two-step process of helical
milling process was proposed and compared with that of conventional drilling. In the first
step, milling was executed starting on the composite part, and then, in the second step,
milling started on the metal part. In the conventional drilling process, they noticed that the
damage is superior when the tool entry starts on the composite part, showing many uncut
fibers (Figure 9a). The cutting action of the second step eliminates the damage caused by
the first step, but the surface next to the hole showed fiber pull-out (Figure 9b). The images
showed that the damage induced by the helical milling process in both steps is irrelevant.
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(a) 

 
(b) 

Figure 9. Scanning Electron Microscope (SEM) images comparing hole quality of both conventional
and helical milling methods (steps 1 (a) and 2 (b)) [85].

The minimization of delamination damage is of great importance, because it is a
critical parameter that determines the acceptance or rejection of composite components. To
achieve this proposal, Bertolini et al. [73] analyzed the hole quality of an Al/CFRP stack
obtained by different drilling processes: ultrasonic (UD) and cryogenic (CD) and compared
with dry drilling/regular drilling (RD) using the SEM technique. The feed rates used were
0.05 mm/rev, 0.1 mm/rev and 0.15 mm/rev. The FML was composed of two layers: one of
5 mm thick aluminum alloy considered the entry face, and the second one composed of a
4 mm thick CFRP sheet, considered the exit face. They were evaluated solely at the exit,
since the entrance appears defects free (Figure 10).
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Figure 10. Entry delamination on the aluminum sheet at varying feed and drilling strategies [73].

Figure 11 shows the exit face where the delamination process occurred to a greater
or lesser extent depending on the variable feeding and drilling strategy. Severe exit de-
lamination occurred solely when drilling tests were conducted under CD, regardless of
the adopted feed. This phenomenon can be correlated to the thrust force increase thanks
to the hardening of the material as a consequence of the liquid nitrogen application. It is
acknowledged that the higher the thrust force, the greater the exit delamination, because
the deflection of the FML’s last ply concerns a larger zone.

Figure 11. Exit delamination on the CFRP sheet at varying feed and drilling strategies [73].

These techniques already guarantee by themselves the analysis of the damage caused
by the machining process, but when combined with other image analysis techniques cited
here, they improve the accuracy of the analysis, complementing the information and being
a determining factor for adjusting process parameters.
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To reduce damage during the machining process, it is important to choose the correct
tool and tool wear. Therefore, Section 4 deals with this subject in order to provide as much
information as possible on the possible tools and tool wear used for multi-material machining.

4. Machining Tools

There are several different types of tools used in the machining operations on compos-
ites and multi-materials, depending on crucial factors, namely, the process and the material
to be machined. According to these, a set of variables has to be chosen, such as the tool
material, geometry or need for a coating, from which a large range can be employed. These
factors will result in determined cutting forces and torques, which will impact the base
material, considering its final roughness or the existence of delamination, and the tool, in
particular its wear mode, in a specific way.

In order to optimize the machining process, the desirable mechanical properties for a
cutting tool material are small grain size, to produce a sharp cutting edge, good toughness,
to keep the sharp cutting edge without chipping or deformation under the dynamic action
of the cutting forces, and high hot hardness, to provide a great resistance to abrasive wear
under elevated cutting temperatures. In terms of thermal properties, since the temperature
rises abruptly during the process, the tool needs to possess a good thermal conductivity
to remove heat from the cutting zone, thermal stability, to maintain integrity at cutting
temperatures and low chemical affinity to the workpiece material [57].

The preferable tools in the literature for drilling composite-metal stacks are carbide
tools such as tungsten carbide, due to their high strength and wear resistance compared to
HSS/HSS-Co tools. These also are among the ones most used, alongside Poly-Crystalline
Diamond (PCD) tools [86].

4.1. Tool Geometry

When referring to the geometry of the tools, each machining operation has a specific
type of geometry, the most fit to perform a specific kind of work. In the drilling case, there
are two important angles to be considered, namely, the point angle and the helix angle.
The standard helix angle for most drills is 30◦; however, in spite of most drills coming
with a 118◦ drill point angle, when it comes to drilling composites, it is recommended to
use a drill bit with a point angle between 130◦ and 140◦, values also used in aluminum
drilling. A cutting tool with large helix angle, usually higher than 24◦, allows a quick
chip evacuation, whereas large point angles improve chip removal and reduce burr for-
mation. The increment of these two parameters, seen in Figure 12, also minimizes surface
roughness [87]. Additionally, this figure presents the various drill geometries for specific
drilling operations.

Figure 12. Different tool geometries used in drilling: (a) standard twist drill, (b) step drill, (c) Brad
point drill bit, (d) straight flute drill bit (dagger) and (e) multifaceted drill bit (adapted from [54]).
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The step drill is one of the drilling strategies to avoid material damage around the
hole, for example delamination, as it first inflicts a primary hole, with a smaller diameter,
and then it drills the intended size, so as the contact with the substrate is smoother [88].

Apart from the already exposed geometries, tools with special designs have been
proposed to decrease the probability of delamination and obtain better productivity. In this
matter, double helix tools minimize axial forces by utilizing two opposite helix angles [89].
Double point and multi-facet drills were also developed, producing lower thrust forces,
due to an additional cutting edge [90]. In the case of milling, the multi-tooth milling cutter
could significantly minimize milling defects for CFRP and decrease cutting forces [91].

When there is a need to measure the temperature reached in drilling processes, a
thermocouple can be inserted into the drill bit lubricant-cooling fluid holes, as shown in
Figure 13. The thermocouples do not necessarily have to be positioned in the same place
for every case, meaning that one device may be in the sharp edge and other in the flank of
the drill. This is a more complex procedure, but this way a more complete analysis of the
temperature reached by the tool can be achieved, with information from different areas,
each of which is subjected to a specific stress and, therefore, temperature [92].

 

Figure 13. Thermocouples in the drill (adapted from [93]).

This set-up allows the measurement of the temperatures arising in the tool during
the drilling. Thermocouples may also be inserted inside the multi-material: one in the
composite laminate and other in the metal sheet. Although in the last years, alternative ap-
proaches to measure the temperature during the machining processes have been proposed,
less invasive and relying on no-contact methods, such as infrared pyrometers or infrared
cameras, the thermocouples are still the most effective method [53].

4.2. Tool Coatings

Two of the most prominent types of coating methods are the Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD). In the case of the latter, which uses higher
temperatures on the process, the coating is synthesized from a mixture of different gases,
depending on the type of coating being deposited [94]. On the other hand, the PVD
technique intensively improves the wear resistance of different tools, effectively increasing
their lifespan [95].

Studies show that the correct application of a coating is more effective than an uncoated
tool in drilling multi-materials [96]; however, this is only true for higher feed rates and
cutting lengths, severe conditions, as coated tools possess a much higher cost, so these
are only applied when strictly necessary. Coated carbide tools such as PVD coated Boron-
Aluminum-Nitride (BAM) tools have a better performance compared with uncoated tools
in terms of tool wear at severe drilling conditions. In spite of this, prolonged tool life came
with the price of rougher finished surfaces due to roughness of the BAM coating [86].

Figure 14 shows three different types of coatings which are common for rotary tooling
such as drilling, being two monolayer (TiN and TiAlN) and one multilayer (AlTiN/TiAlN).
The latter combines two layers for better heat and wear resistance [87]. From a study
performed with these three coatings, the TiAlN drills produced the largest thrust and
cutting forces, with the AlTiN/TiAlN resulting in the lowest values. Additionally, this
coating presented a better self-lubricating effect due to its multilayer structure, which also
increases its hardness, resulting in a better performance achieved during drilling [97].
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Figure 14. Drilling tools with different coatings (adapted from [87]).

Diamond CVD coatings are many times chosen as well, due to their enhanced charac-
teristics when compared to the remaining options, although sometimes they experience
some lack of adhesion. Nevertheless, when these problems are overcome, diamond coatings
provide a longer lifetime when put side by side with other coating materials [98]. Its high
thermal conductivity contributes to a temperature decrease in the cutting tool surface, and
a low thermal expansion coefficient mismatch allows obtaining a good adhesion between
the CVD diamond film and the ceramic substrate, as a result of a lower interface residual
stress at room temperature. It also contributes to an enhanced surface hardness, which
leads to a decrease in the tool wear [99]. Diamond-like carbon (DLC) coatings are also often
used in the literature as an alternative to a diamond film [100].

4.3. Types of Tool Wear

The abrasive nature of multi-materials, with consequences for the substrate in the
drilling process, such as fiber pull out, particle fracture, delamination and debonding at
the fiber or particle and matrix interface, causes severe tool wear [55]. This is one of the
reasons a tool coating is employed several times, so it can be possible to extend the tool life
as much as possible, thus improving the process and reducing the associated costs [55].

It has been found that the tool wear increases the cutting force values [101]. This can
be explained due to the loss of the tool’s capacity to perform the intended job, as the contact
surface with the substrate is reduced and its roughness increased, which is translated into
higher cutting forces and less cutting quality. The types of wear suffered by tools during
machining processes include adhesive, abrasive, fatigue and corrosive wear [57].

The adhesive wear, represented in Figure 15, can be produced by two different ways:
directly, with high-speed chip particles impacting the tool, creating a micro blasting effect
that reduces the cutting angle and the rigidity of the tool, and indirectly, by the incor-
poration of fragments of the substrate material to the tool [57]. When these fragments
are removed, they can drag out tool particles, which leads to its wear by the loss of tool
material, but also by the abrasion process caused by the friction of those particles with
the tool rake face when they are dragged by the chip [84,102]. This abrasion action acts
mainly on the flanks and outer corners of the drill bit in an irregular pattern, rounding
its cutting edges and possessing various forms, such as crater wear, chisel edge wear and
chipping [103–105]. Fatigue wear is the result of an excessive number of cycles performed
by the tool, and the corrosive ones occur by a chemical reaction, degrading the tool material
and thus keeping it from performing a proper cut.
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Figure 15. Adhesive wear in a drilling tool: (a) edge chipping in the flank face, (b) chipped zone in
the rake face, (c) chipped zone in the flank face and (d) flank wear and edge rounding [105].

Sometimes, a phenomenon that can occur is the clogging of the drill flutes with chips
coming from the substrate, which prevents the drill from working correctly and therefore
threatens the final quality of the product [57]. In this case, as well as with certain stages
of adhesive wear, cleaning the drill with sodium hydroxide is required, with the aim
to eliminate these negative aggregations and accordingly return the drill to its normal
shape [106]. For the milling process of multi-materials, tools with diamond inserts possess
good results, due to their high hardness [101]. The same method is applied in the drilling
of FRPs, with diamond-mounted points to reduce the wear at the cutting edges, due to
their high abrasive wear resistance [107].

5. Process Sustainability

Progress towards sustainable development is increasing in all industrial sectors.
Within the integrated life cycle management strategy, the manufacturing phase is one
of the key performance phases due to resource consumption, emissions, and other negative
impacts. To minimize environmental, ecological, and social damage, sustainable manufac-
turing design must take into account the three dimensions of sustainability: environmental,
economic and social [108].

The machining process is an important part of the manufacturing process; therefore, it
is expected to have a great impact by improving sustainability performance. Among the
elements of machines, conventional coolant application has been considered as a critical
limiting factor to achieving better sustainability performance [109].
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The machining process of high-tech materials requires oil-based cooling/lubrication,
which is one of the main non-sustainable elements, leading the R&D process in the search
for alternative cooling and/or lubrication mechanisms [110]. To achieve better sustain-
ability performance, alternative approaches to conventional flood cooling such as dry
machining, minimum quantity lubrication (MQL) and cryogenic machining have been
applied. Comparing MQL and dry machining, a similar result is observed; MQL does
not remove the heat generated in the cutting zone sufficiently. Cryogenic machining not
only reduces the disposal of large quantities of lubricating oil used in machining, but also
increases tool life by 60% [109].

Some authors have studied these three cooling methods and compared their find-
ings. Nagaraj et al. [111] compared MQL and cryogenic cooling methods to drill a CFRP
composite. They concluded that cryogenic drilling gives better results than dry drilling in
terms of drilled hole diameter and roundness, and sequentially they considered the MQL
method as the next best alternative to dry drilling. Sharma et al. [112] presented a review
to understand the influence of different types of coolants, mineral oils, vegetable oils, and
nanofluid-based cutting fluids with the help of the MQL technique. They concluded that
MQL reduced cutting temperature and produced metallic color chips, showed a reduction
in dimensional deviation, improved tool life, produced better surface quality and showed
an approximately 40% increase in material removal rate compared to aqueous flood coolant.
To facilitate the analysis of the sustainability of the machining process, Hegab et al. [113]
developed a detailed and general assessment model for machining processes. The four
life cycle stages (pre-manufacturing, manufacturing, use and post-use) are included in the
proposed algorithm. Energy consumption, machining costs, waste management, environ-
mental impact, and personal health and safety are used to express the overall sustainability
assessment index. They applied the model to three literature case studies and found that it
was able to predict optimal parameters in close agreement with the experimentally mea-
sured results. Lv et al. [114] applied a model of the energy efficiency, carbon efficiency, and
green degree in five types of machine tools selected for the typical machining processes
(turning, milling, planning, grinding and drilling). After a careful analysis, they observed
the increase in the back engagement will increase the material removal rate, thus, its impact
degree is small, and increasing spindle speed and feed rate will reduce processing time,
energy consumption, and emission, thus presenting a positive correlation, reaching an
energy efficiency of 30%.

To achieve a sustainable machining process and estimate earnings, it is necessary to
establish new models that reduce this complexity in the design and management stage,
allowing the development of task manufacturing to promote sustainability in the processes
involved while maintaining technical, economic and quality feasibility.

6. Critical Analysis and Discussion

This manuscript brings an accessible joining of most relevant improvements made in
the last two decades regarding the multi-material machining operations. Through several
tables containing the state-of-the-art of different themes and respective SWOT analyses
comparing the different research performed around the globe, this article serves as an
aggregated encyclopedia, so that less time is needed to consult the necessary information
on this theme. In order to show the opportunities for each of the main areas related
to the machining process on FML and high-hardness materials, SWOT analyses have
been developed. The first important issue explored in this paper relates to the FML
manufacturing process. To obtain an FML with excellent mechanical properties, it is
important to choose the right surface treatment in order to improve the adhesion between
layers of dissimilar materials. To present the SWOT analysis, four papers were compared:
Roth et al. [8], Drozdziel-Jurkiewicz and Bienia [22], Dieckhoff et al. [50] and Park et al. [51].
These authors were chosen due to the new approach of surface treatments on metal sheets
to produce FMLs. The SWOT analysis of the surface treatment applied to FML stacks
production is presented in Figure 16.
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Figure 16. SWOT analysis showing the impact of surface treatment on the adhesion of dissimilar
materials during the production of FML stacks.

The most common surface treatments are mechanical abrasion and chemical treatment
or a combination of them. Generally, these treatments create a rougher surface promoting
mechanical interlock, chemical interlock, or both. Thus, it is important to have a deep
analysis about what parameters can influence the interfacial adhesion. Combination of
surface treatments improves the bonding energy between the dissimilar materials. A
mechanical surface treatment, followed by a chemical one, creates deeper valleys that
improve mechanical interlock between the polymeric matrix and metal. Some chemical
binders are also used to improve the chemical bonding between metal and composite. New
surface treatment techniques, such as laser and plasma techniques with a sustainable bias,
should be tested to replace conventional, less sustainable techniques, in order to protect the
environment and reduce costs.

In a conventional manufacturing process using an autoclave, the void content can be
reduced, and the mechanical properties can be improved, but the production costs are high
using this manufacturing process. The thermoforming process can produce a high-quality
workpiece with lower cost when compared with the autoclave process.

The second SWOT analysis is related to drilling and milling processes in high hardness
materials (Figure 17). The results of two papers found in the literature, Barman et al. [63]
and Bolar et al. [65], were discussed to elaborate the SWOT analysis of drilling and milling
processes. The authors chose to compare the efficiency of these machining processes in the
titanium alloy Ti6Al4V and in CARALL. These papers were chosen because they address
and compare the drilling and milling techniques of these materials.

 

Figure 17. SWOT analysis obtained by comparing between drilling and milling processes in FML.

The helical milling process has superior response to high-hardness materials when
compared to the drilling process in all parameters studied by the authors, such as machin-
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ing forces, chip morphology, machining temperature, surface roughness, hole size and
burr size. The drilling process is in danger of becoming obsolete compared to milling,
so it is necessary to renew the drilling process, such as the development of new tools,
new coatings, lubricants and coolants, as well as a more detailed study of the drilling
process parameters.

The last one is a SWOT analysis on the use of lubricants/coolants in FML machining.
The results of three papers found in the literature, Bertolini et al. [26], Kumar et al. [76]
and Giasin et al. [78], were discussed. The authors chose to compare the efficiency of dry
and cryogenic conditions during the FML drilling process of three different FML materials:
GLARE, Ti/CFRP/Ti and Mg-based FML, respectively. All three papers indicated that
cryogenic cooling is the best compared to MQL or dry cooling (Figure 18). Cryogenic
cooling is also eco-friendly, as MQL and dry cooling are, but its advantages are better than
the others. It promotes a hole quality in terms of lower average hole size, circularity error,
perpendicularity error, and burr height due to a significant reduction in machining tem-
perature and a substantial reduction in surface roughness. Although the use of cryogenic
drills has shown satisfactory results, it is important to consider the type of drill selected in
terms of geometry and coating, as well as the process parameters. In cryogenic machining,
cutting forces and torque were more pronounced compared to dry and MQL environments.
Poor choice of process parameters can lead to material failure during machining, such as
delamination at the metal/composite interface, resulting in material waste and increased
process costs.

 

Figure 18. SWOT analysis of lubricants and coolants obtained by comparing between MQL, dry and
cryogenic cooling.

Despite all the gathered information related to the subject in analysis, studied in detail
and deepened as much as possible, this paper still possesses some limitations. Due to the
considered restrictions imposed in its realization, such as the chosen databases, selected
keywords, and delimited time period, there may have been eventual scientific articles that
were not used for being outside these limits. Therefore, if a study was carried out before
the 21st century, it was not included in this review. Nevertheless, the intention was to
reassemble the data in the most up-to-date way possible, without making the mistake of
aggregating information that is already outdated and surpassed by more recent studies,
according to the established boundaries.

7. Conclusions

FMLs, or Metal Fiber Laminates, are the most sought-after materials in the aerospace
and automotive industries, because they combine the mechanical properties of metallic
materials, high mechanical resistance and composite materials, as well as presenting a
high strength to weight ratio. Nevertheless, the continuous use of these materials in these
industries requires mastery of production and finishing techniques.
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To this end, it is essential to know how to select the most appropriate surface treatment
process for the production of an FML. In the literature review, it was observed that there are
conventional and non-conventional techniques, but the conventional techniques combined
mechanical treatments by abrasion followed by electrochemical treatment of anodizing
using potassium dichromate and ferric sulphate. These are still the ones that present the
best results due to the production of pitting caused by the presence of sulphate ions.

By comparing the machining processes, drilling and milling, the quality of the finished
part and the response of process parameters such as machining forces, chip morphology,
machining temperature, surface roughness, hole size and burr size, it has been concluded
that helical milling is by far the best process for machining FMLs or high-hardness materials,
and may make drilling obsolete for application in these materials.

Lubrication and coolant applied during the machining process are critical factors in
providing quality holes. Data from the literature have been compared and it has been found
that the best lubricants/coolants are cryogenic, followed by MQL, and finally dry cooling.
These three methods are designed to be sustainable, to produce no waste that pollutes the
environment, to be non-toxic and to be affordable.

The tooling used also greatly influences the final quality of the hole. Literature data
showed that the best drills to be used are double helix tools containing a CVD diamond-
based coating in order to minimize axial forces.

Finally, the SWOT analysis discussed three main topics: surface treatment applied to
the production of FML stacks, drilling and milling in FML and lubricants and coolants. The
SWOT analysis confirmed what had already been analyzed and discussed in the literature.

Applications based on FMLs will grow substantially in the near future, due to the
differentiating characteristics of these materials, both in terms of resistance and toughness
as well as their light weight, which makes them particularly useful in mobility applications
or where requirements of transport and assembly are demanding. In addition to all already
referred, they are sustainable materials, as they present increased durability and due to
their lower weight, they can contribute to a lower emission rate when used in mobility
applications. The use of thermosetting matrices still represents a challenge in terms of
recycling. Since a substantial increase in the consumption of these materials is foreseen,
processing techniques need to evolve, hence, the pertinence of this work for researchers
who are just starting out in this field of knowledge.
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Abstract: Nickel-based superalloys, namely INCONEL® variants, have had an increase in applica-
tions throughout various industries like aeronautics, automotive and energy power plants. These
superalloys can withstand high-temperature applications without suffering from creep, making them
extremely appealing and suitable for manufactured goods such as jet engines or steam turbines. Nev-
ertheless, INCONEL® alloys are considered difficult-to-cut materials, not only due to their superior
material properties but also because of their poor thermal conductivity (k) and severe work hardening,
which may lead to premature tool wear (TW) and poor final product finishing. In this regard, it is of
paramount importance to optimise the machining parameters, to strengthen the process performance
outcomes concerning the quality and cost of the product. The present review aims to systematically
summarize and analyse the progress taken within the field of INCONEL® machining sensitively over
the past five years, with some exceptions, and present the most recent solutions found in the industry,
as well as the prospects from researchers. To accomplish this article, ScienceDirect, Springer, Taylor
& Francis, Wiley and ASME have been used as sources of information as a result of great fidelity
knowledge. Books from Woodhead Publishing Series, CRC Press and Academic Press have been
also used. The main keywords used in searching information were: “Nickel-based superalloys”,
“INCONEL® 718”, “INCONEL® 625” “INCONEL® Machining processes” and “Tool-wear mecha-
nisms”. The combined use of these keywords was crucial to filter the huge information currently
available about the evolution of INCONEL® machining technologies. As a main contribution to this
work, three SWOT analyses are provided on information that is dispersed in several articles. It was
found that significant progress in the traditional cutting tool technologies has been made, nonetheless,
the machining of INCONEL® 718 and 625 is still considered a great challenge due to the intrinsic
characteristics of those Ni-based-superalloys, whose machining promotes high-wear to the tools and
coatings used.

Keywords: nickel-based superalloys; INCONEL® 718; INCONEL® 625; INCONEL® machining
processes and tool-wear mechanisms

1. Introduction

With the increasing requirement to achieve the best thermal efficiency in the field
of aeronautics [1,2] and energy power plants steam turbines [3], applications in which
aluminium and steel would succumb to creep [4] as a result of thermally induced crystal

Metals 2023, 13, 585. https://doi.org/10.3390/met13030585 https://www.mdpi.com/journal/metals
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vacancies [5], nickel-based (Table 1) alloys became a very attractive solution for high-
temperature operation [6–9]. Ni-Cr-Fe superalloys (Figure 1, blue zone), better known as
INCONEL® (trademark registered by the International Nickel Company of Delaware and
New York [10]), are materials resistant to oxidation, caustic and high-purity water corrosion,
and stress-corrosion cracking (SCC) [11], optimal for service in extreme environments
subjected to high mechanical loads [12], within numerous applications and characteristics
(Table 2).

Table 1. Some physical properties of nickel (adapted from [7]).

Characteristic Value Units

Z 58.71 AMU
Crystal structure FCC [-]
Lattice constant @ 25 ◦C 0.35238 nm

ρ 8908 kg/m3

Tm 1453 ◦CTC 353
cp 0.44 kJ/kg K
α 13.3 × 10−6 K−1

k
@ 100 ◦C 82.8

W/m K@ 300 ◦C 63.6
@ 500 ◦C 61.9

ρR @ 20 ◦C 6.97 × 10−8 Ωm
Bmax 0.617

TBr 0.300
HC 239 A/m
E 206.0

GPaG 73.6
ν 0.30 [-]

Caption: Bmax—saturation magnetization; Br—residual magnetization; cp—specific heat at constant pressure;
E—Young’s Modulus; FCC—face-centred cubic; G—shear modulus; HC—coercive force; TC—Curie temperature;
Tm—melting temperature; Z—atomic mass; α—thermal expansion coefficient; ρ—volumetric mass density;
ρR—electrical resistivity, ν—Poisson’s coefficient.

Figure 1. Fe-Ni-Cr ternary phase diagram [13] (Caption: wt%—element weight percentage).

A brief insight is provided with the most known alloys, including the INCONEL®

600, a Ni-Cr alloy that offers high levels of resistance to several corrosive elements. In
high-temperature situations, INCONEL® 600 will not succumb to Cl-ion SCC or general
oxidation, but it can still undergo corrosion by sulphuration deterioration in the high-
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temperature flue gas. This was a research topic by Wei, et al. [14]. INCONEL® 600 also
suffers from severe hydrogen embrittlement at 250 ◦C [15]. Nonetheless, this alloy is recom-
mended for use in furnace components and chemical processing equipment [16]. Moreover,
INCONEL® 600 is also effectively used in the food industry and nuclear engineering due
to its constant crystalline structure in applications that would cause permanent distortion
to other alloys [17].

Table 2. Summary of applications and characteristics of some nickel-based superalloys (adapted
from [18,19]).

Superalloy
Sub-Grouped

Material
Industry Applications Characteristics

Ni-based
alloys

INCONEL® (587,
597, 600, 601, 617,
625, 706, 690, 718,
X750, 901)

Aircraft motors, nuclear
reactors, gas turbines,
spacecraft, pumps, furnaces,
heat-treating equipment,
petrochemical processing
equipment, chemical
processing, submarine, and
manufacturing industry.

600: Solid solution
strengthened;
625: Acid resistant, good
weldability;
690: Low cobalt content
for nuclear applications,
and low resistivity;
718: Gamma phase (γ′)
double prime solution
strengthened with good
weldability.

INCONEL® 722
Acids in the chemical
industry -

INCONEL® 751 -
Increased Al content for
improved failure strength
in the 870 ◦C range.

INCONEL® 792 -

Increased Al content for
improved
high-temperature
corrosion properties,
especially used in gas
turbines.

INCONEL® 903 Petrochemical tubing. -

INCONEL® 939 - γ′ prime strengthened
with good weldability.

The INCONEL® 601 alloy, similarly to INCONEL® 600, resists various forms of
high-temperature corrosion and oxidization [20]. Nevertheless, this Ni-Cr alloy has an
addition of aluminium which results in higher mechanical properties, even in extremely
hot environments. INCONEL® 601 can prevent the significant strains (ε) that would appear
under operating loads when exposed to high-temperature environments. The applications
go from the use in furnaces to heat-treating equipment like retorts, baskets and gas-turbine
components [21] to petrochemical processing equipment. The INCONEL® 625, which will
have a special focus during this study, is a rare alloy that gains strength without having
to undergo an extensive strengthening heat treatment [22]. It is a Ni-Cr-Mo alloy with an
addition of Nb. The Nb reacts with Mo, causing the alloy’s matrix to stiffen and increase
its strength [23]. Like most INCONEL® alloys, the INCONEL® 625 has high resistance to
several corrosive elements [24], withstanding harsh environments that would severely affect
the performance of other alloys. This alloy is particularly effective when it comes to staving-
off crevice corrosion and pitting. The INCONEL® 625 is a versatile alloy that is effectively
used in the marine engineering, aerospace, chemical, and energy industries, among other
applications [25,26]. The INCONEL® 690 alloy, unlike others in the group, is a high Ni
and Cr alloy (Cr gives it particularly strong resistance to corrosion [15,27] that occurs in
aqueous atmospheres). Along with its ability to resist the corrosion caused by oxidizing
acids and salts, INCONEL® 690 can also withstand the sulfidation that takes place at

57



Metals 2023, 13, 585

extremely high temperatures (T). One of the most known INCONEL® alloys is the 718 alloy.
This alloy, along with the formerly mentioned 625 alloy, will also have a special focus.
INCONEL® 718 differs from other INCONEL® variants in structure and response, since
it is designed for operation at T ≤ 650 ◦C [28]. The 718 alloy is obtained by precipitation
hardening [29,30]. It contains substantial levels of Fe, Mo, and Nb, as well as trace amounts
of Ti and Al [31]. It has good weldability, which is not matched by most INCONEL®

alloys [32], and combines anti-corrosive elements with a high level of strength and flexibility.
It is particularly resistant to post-weld cracking, maintaining its structure in both high-
temperature and aqueous environments as well, being most widely used in different
industries, such as petrochemical, aeronautics, energy, and aerospace [33]. INCONEL®

alloys tend to form a thick and stable passivating oxide layer to protect the surface from
further attack, retaining strength over a wide T range, making INCONEL® an attractive
material for high-temperature applications [34]. The strength at high-temperatures of
INCONEL® alloys may be developed by solid solution strengthening or precipitation
strengthening, depending on the alloy [35]. In those processes, small amounts of niobium
combine with nickel to form the intermetallic compound Ni3Nb or γ-prime, which consists
of small cubic crystals that inhibit slip and creep effectively at elevated T [36].

Concerning the roles of major phases or composition elements that contribute to the
INCONEL® alloys, an overview is presented in Table 3 on the effects of Ni-alloying to
better comprehend the compositions presented in Table 4.

Table 3. Major roles of solutes in different types of INCONEL® alloys [26].

Element Fe-Base Co-Base Ni-Base

Cr
Improves hot corrosion and
oxidation resistance.
Solid-solution hardening.

M23C6 and M7C3 carbide
precipitation (MxCy metallic carbide).
Improves hot corrosion and oxidation
resistance.
Promotes Topologically Close-Packed
(TCP) phases, also called
Frank–Kasper phases.

M23C6 and M7C3 carbide precipitation.
Improves hot corrosion and oxidation
resistance.
Moderate solid-solution hardening.
A moderate increase in γ′ volume fraction
(vt%).
Tends to stabilize the Ni2Cr phase in alloys
containing more than 20% Cr.
Promotes TCP phases.

Al
Induces γ′ precipitation.
Retards formation of
hexagonal η-Ni3Ti phase.

Improves oxidation resistance.
Forms intermetallic β-CoAl.

Moderate solid-solution hardening.
Induces γ′ precipitation.
Improves oxidation resistance.

Ti γ′ precipitation.
TiC carbide precipitation.

TiC carbide precipitation.
Formation of Co3Ti intermetallic.
Formation of Ni3Ti with sufficient Ni.
Reduces surface stability.

Moderate solid-solution hardening.
γ′ precipitation.
TiC carbide precipitation.
Retards the precipitation of Ni2(Cr, Mo)
phase particles.

Mo
Solid solution hardening.
Forms M6C carbide
precipitates.

Solid solution hardening.
Forms Co3Mo intermetallic
precipitates.
Promotes TCP phases.

High solid-solution hardening.
A moderate increase in γ′ vt%.
M6C and MC carbide formation.
Promotes formation of Ni2(Cr, Mo) phase
particles.
Promotes σ and μ-TCP phases.

W Solid solution hardening.
M6C carbide precipitation.

Solid solution hardening.
Formation of Co3W intermetallic.
Promotes TCP phases.

High-solid solution hardening.
A moderate increase in γ′ vt%.
M6C carbide formation.
Increases ρ.
Promotes the formation of Ni2(Cr, Mo, W)
particles.
Promotes σ and μ-TCP phases.

Ta
γ′’ precipitation.
Forms TaC carbide
precipitates.

M6C and MC carbide precipitation.
Formation of Co2Ta intermetallic.
Reduces surface stability.

High-solid solution hardening.
TaC carbide precipitation.
A large increase in γ′ vt%.
Improves oxidation resistance.
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Table 3. Cont.

Element Fe-Base Co-Base Ni-Base

Nb
γ”precipitation.
NbC carbide precipitation.
δ-Ni3Nb precipitation.

M6C and MC carbide precipitation.
Formation of Co2Nb intermetallic.
Reduces surface stability.

High-solid solution hardening.
A large increase in γ′ vt%.
NbC carbide formation.
γ′’ precipitation.
δ-Ni3Nb precipitation.

Re - -
Moderate solid-solution hardening.
Increases γ/γ′ lattice mismatch.
Retards coarsening.

Fe Not applicable. Improves workability.
Decreases oxidation resistance.
Promotes σ and Laves TCP phases.
Improves workability.

Co - Not applicable.
Raises γ solidus T.
A moderate increase in γ′ vt% in some alloys.
Raises γ′ solvus T.

Ni
FCC matrix stabilizer.
Inhibits TCP phase
precipitation.

FCC stabilizer.
Decreases hot corrosion resistance. Not applicable.

C Carbide formation.
Stabilizes FCC matrix.

Carbide formation.
Decreases ductility.

Carbide formation.
Moderate solid-solution Hardening.

B

Improves creep strength and
ductility.
Retards formation of
grain-boundary η-Ni3Ti

Improves creep strength.
and ductility

Moderate solid-solution hardening.
Inhibits carbide coarsening.
Improves grain-boundary strength.
Improves creep strength and ductility

Zr

Improves creep strength and
ductility.
Retards formation of
grain-boundary η-Ni3Ti.

ZrC carbide formation.
Improves creep strength and ductility.
Reduces surface stability.

Moderate solid-solution hardening.
Inhibits carbide coarsening.
Improves grain-boundary strength.
Improves creep strength and ductility.

Hf - -

Improves creep strength and ductility.
Improves grain-boundary strength.
HfC formation.
Promotes eutectic γ/γ′ formation.

V
Improves notch ductility at
elevated T.
Improves hot workability.

- Imparts extra passivation to some alloys in
certain liquid media.

Table 4. Chemical composition of relevant INCONEL® alloys.

INCONEL® 182 [37] 600 [38] 601 [39] 625 [40] 690 [38]
713C
[41]

718 [42] X750 [43] 800 [44] 825 [45]

wt%

Ni 62 Bal. 62.6 60.76 Bal. 71.76 53.98 71.32 35 38.25
Cr 15 15.2 23.05 21.69 29.9 12.7 18.11 16.22 23 22.70
Fe Bal. 11.0 - 4.21 11.6 1.6 Bal. 8.04 39.5 31.08
Mo - - - 8.62 - 4.6 3.00 - - 2.77

Nb & Ta 2.0 - - 3.38 - 2.2 5.44 0.9 - -
Co - - - - - 0.06 - 0.01 - 0.04
Mn 5.5 0.23 0.1 0.31 0.25 0.04 - 0.21 - 0.12
Cu 0.5 - 0.1 - - - - 0.03 - 2.78
Al - - 1.4 0.53 - 5.9 0.53 0.68 0.15–0.6 0.05
Ti 1.0 0.3 - 0.21 0.3 0.71 1.01 2.47 0.15–0.6 0.65
Si 1.0 0.29 0.37 0.40 0.33 0.08 - 0.08 - 0.36
C 0.06 0.022 0.025 0.04 0.025 0.188 - 0.04 ≤0.1 0.04
S 0.02 0.025 - - 0.025 0.006 - - - 0.02
P 0.02 0.086 - - 0.01 0.005 - - - 0.01
B - - - - - 0.014 - - - -
W - - - - - 0.06 - - - 0.36
Zr - - - - - 0.14 - - - -
V - - - - - - - - - 0.06
N - 0.024 - - 0.02 - - - - -

Caption: Bal.—Balance.
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As it was possible to find out, some of the consequences of alloying Ni with cer-
tain chemical elements make INCONEL® alloys [46] a difficult-to-machine material [47]
(Figure 2) and difficult to metal shape [48], identically to stainless steel [49,50]. As opposed
to other alloys, like Al-alloys [36,51], Magnesium (Mg) alloys [51], steel alloys [52] or Ti-
alloys [51], INCONEL® alloys do not benefit from better-established wear mechanisms
between the pair tool-workpiece.

Figure 2. Relationship between mechanical properties and machining challenges with INCONEL®

(adapted from [19]).

Table 5 presents the most relevant and used models of the better-established wear
mechanisms referred to, based on physics and experiments for heat partition coefficient
Rchip, for common materials like aluminium and low carbon mild steels.

Table 5. Predictive models based on physics and experiment for heat partition coefficient Rchip [53].

A Predictive Model for Heat
Partition Coefficient Rchip

Equation Establishment Basis

Loewen—Shaw [54] RL−SH =
qF · lc

λT
·A−Δθp max+θ0

qF · lc
λT

·A+qF · 0.377·lc
λW ·

√
vch ·lc
4·αW

Dry-cutting process of AISI 1113 steel with K2S
cemented carbide tool (cutting speed,
vc = 30–182 m/min).

Shaw [55] RSH = 1

1+
(

0.754· λT
λW

)
/A·

√
vch ·lc
2·αW

Dry-cutting process of AISI 1113 steel with
high-speed steel (HSS) tool/K2S cemented
carbide tool (vc = 30–182 m/min).

Kato—Fujii [56] RKF = 1
1+ λT

λW
·
√

αW
αT

Surface grinding process of stainless
steel/carbon steel with Al-oxide wheel.
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Table 5. Cont.

A Predictive Model for Heat
Partition Coefficient Rchip

Equation Establishment Basis

List—Sutter [57] RL−SU = 1

1+0.754·
λT ·√vch ·lc

λW ·√αW
2
π ·[ln( 2w

lc )+
1
3 · lc

w + 1
2 ]

Dry-cutting process of AISI 1018 mild steel
with uncoated carbide tool (vc = 23–60 m/min;
undeformed chip thickness (hch) range
0.26–0.38 mm).

Gecim—Winer [58]
RG−W =

0.807·λW ·
√

vch ·lc
αW

λT+0.807·λW ·
√

vch ·lc
αW

Based on the thermal behaviour of the
two-dimensional, transient T distribution in
the vicinity of a small, stationary, circular heat
source equation of the average T of the moving
and stationary heat sources between a
frictional contact.

Reznikov [59] RR = 1
1+1.5· λT

λW
·
√

αW
αT

Based on the Green function to analyse the
chip deformation and friction work along the
tool rake face.Berliner—Krajnov [60] RB−K = 1

1+0.45· λT
λW

·
√

π·αW
vch ·lc

Tian—Kennedy [60] RT−K = 1

1+ λT
λW

·
√√√√ 1+

vch ·lc
αT

1+
vch ·lc

αW

Consideration of Peclet numbers for the tool
and workpiece materials in sliding tribological
contact.

Caption: A—area shape factor; lc—tool-chip contact length; qF—frictional heat flux generated in SDZ; Rchip—heat
partition coefficient into the moving chip from the secondary deformation zone (SDZ); vch—chip moving speed;
αT—tool thermal diffusivity; w—tool-chip contact area; αW—workpiece thermal diffusivity; Δθp max—maximum
tool-chip interface temperature rise due to heat generation in PDZ; θ0—environment temperature; λT—tool
thermal conductivity; λW—workpiece thermal conductivity.

It is suggested to consult the work of Zhao, et al. [53] to better understand the addi-
tional variables described in Table 5.

Figure 3 explains how superficial hardness is affected in INCONEL® alloys when
machined after cold work processes, compared to some more stable materials like Cu, Al
and mild steel. Machining (or surface) cold working may result from mechanical machining
(milling, lathing, grinding) [61] or surface treatment (sandblasting, shot-peening), and may
introduce residual tensile or compressive stresses into the surface of materials. Compressive
stresses generated by shot-peening processes prevent the occurrence of stress corrosion
cracks. In the case of plastic strain, tensile stresses appear instead, and the resulting stress
levels may be extremely high [62]. A curious detail patent in Figure 3 is the similarity
behaviour between INCONEL® 718 and 625 alloys after the 20% cold reduction.

Figure 3. Effect of cold work on hardness for different INCONEL® alloys and comparison with other
materials [1].
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As a consequence of low k [36] of nickel-based alloys, which significantly influences
heat distribution during the machining process, the surface integrity is affected when
applying traditional cold forming techniques, due to the rapid work hardening (Figure 3)
in the chip formation region [63]. This phenomenon leads to plastic deformation of either
the INCONEL® workpiece or the tool, on subsequent machining passes [64], eventually
resulting in built-up-edge (BUE) formation [31] (Figure 4) and consequentially in premature
tool failure [65]. For this reason, age-hardened INCONEL® alloys, such as the 718 alloy,
are typically machined using an aggressive but slow cut with a hard tool, minimizing the
number of passes required [66].

Figure 4. Schematic diagram of BUE formation in micromachining processes [67].

The BUE phenomenon occurs because of an accumulation of hot debris generated by
the chip-start cutting process and deposited on the tool surface during machining, leading
afterwards to adhesion and abrasion TW. From an experimental point of view, some authors
noted that the BUE is significantly affected by the state of stress around the tool cutting
edge and happens under extreme contact conditions at the tool–chip interface as high
friction, high pressure, and high sliding velocity [68]. INCONEL® alloys are well known to
abrade tools and develop BUE [69], especially the 718 alloy. Also during the machining of
INCONEL® 625, heat concentration is likely to occur at the cutting edges, resulting in early
tool failure and consequent BUE [70].

2. Method of Research

The research and information compiling method are illustrated in the flowchart of
Figure 5, which is simple to visually interpret and track down all the inherent steps in the
making of this specific paper. In the flowchart, all the consulted databases and most used
keywords are found (in the topic of this document), to find information about conventional
and non-conventional machining and tool-wear mechanisms of INCONEL® alloys.

Additionally, will be provided three attachments containing abbreviations, symbols
and units used within the article.
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Figure 5. Research method accomplished to achieve a better redacting result to the review paper.

3. Literature Review

3.1. Conventional Manufacturing Processes

The machining process of chip-start cutting is a technological process able to transform
a wrought stock into a component, using a cutting tool. The surplus material from the
wrought stock, or just stock, is removed in the form of chips; a consequence of the mechani-
cal action of a cutting wedge with higher hardness than the material of the component that
is meant to manufacture. In the following literature review, Milling, Turning, Drilling and
Boring will be the discussed processes, in which chip-start cutting is a key and common
factor to all these traditional processes.
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Figure 6. Evolution of the sliding velocity along the tool-material interface [71].

Making use of Figure 6, and taking into account that the chip-start cutting process is
very much equal to the machining of INCONEL® 718 and 625, Bonnet et al. [72] described
the different friction parts on the rake face in the machining of steel. Directly behind the
cutting edge, the chip velocity rapidly shrinks to zero. For a certain contact length, the chip
material has a sliding velocity of zero, which starts to increase for the rest of the tool–chip
interface, before the chip loses contact with the tool [72].

Due to the friction created around the chip creation process, three distinct heat zones
are created within the vicinities of the cutting wedge. In Figure 7, the three different
thermal affected regions between the tool-workpiece are visible. In Figure 7a there is a
thermo-mechanical deformation of the primary shear region (or primary deformation zone,
PDZ) where the majority of the energy is converted into heat due to the internal friction of
the material to be cut. In Figure 7b there is a tool-material interface region, or SDZ, of the
tool rake surface and the chip rear face where heat is generated by the rubbing between the
chip and the tool and finally. In Figure 7c the contact between the flank of the tool and the
already machined surface takes place, called tertiary deformation zone (TDZ).

Figure 7. Regions of heat generation during metal orthogonal machining (adapted from [73]):
(Caption: ϕ—shear plane angle; γ0—Rake angle, Ff—Feed force, Ft—tangential force).

A novel approach to improve the efficiency of the traditional chip-start cutting process
is laser-assisted machining (LAM), illustrated in Figure 8, which consists of preheating the
material to cut and lowering the superficial hardness to facilitate tool cutting. This solution
is common to turning, milling and grinding. Kim and Lee [74] also worked on a machining
preheat approach for the INCONEL® 718 alloy, which includes a magnetic induction coil
instead of a laser.
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Figure 8. (a) Schematic of LAM indicating heat-losses by convection and radiation, (b) Schematic of
LAM turning, (c) LAM milling, and (d) LAM grinding (adapted from [75]) (Caption: Vf—feed velocity).

3.1.1. Milling

Milling is the nomenclature given to the machining process that uses rotary cutting
tools to remove excess material from the wrought stock. Nowadays, with the use of CNCs,
milling can be done at a maximum of six degrees of freedom (DOF).

Figure 9. Chip formation showing (A) chip formation showing cutter tooth entry angle in down-
milling and cutter tooth exit angle in up-milling, (B) maximum chip thickness, hmax, and (C) chip
length, Lc [76].

Traditional milling tends to have lower ap values and higher ae values compared to
more advanced milling techniques. However, this would cause a concentration of all heat
generated in a small portion of the cutting edge, which in this case is the tip of the tool. It
would require more axial passes too. This problem can be well managed in aluminium
and steel alloys, but not with refractory materials like INCONEL® alloys. Many milling
approaches can be tackled to enhance INCONEL® machining, such as up and down-
milling, studied by Hadi et al. [77] in INCONEL® 718 machining, illustrated by Figure 9.
Another interesting and efficient technique [78] that enriches milling INCONEL® 718 and
625 is trochoidal milling, illustrated by Figure 10, which consists of making the centre of
the cutting tool walk a “helical horizontal” path. This procedure not only prevents tool
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jamming due to workpiece heat-dilation, but it also enables cutting bigger ae dimensions,
with lower ap, improving heat-spread over the entire tool with more radial passes.

Figure 10. Example of a geometric model of trochoidal milling [79].

Table 6 presents the latest experimental challenges and developments in the machining
of INCONEL® with the milling process.

Table 6. Critical challenges and developments in the milling process of INCONEL®.

Author Challenges Remarks

Guimaraes, et al. [64]

Evaluation of how the machining processes deteriorate
the surface integrity to extend the service life of the
INCONEL® 625 components as long as possible. The
influence of tool geometry, feed rate (f ), and tool
rotational speed (s) on surface integrity were evaluated
for the milling process.

The results indicate that s has the greatest influence on
specific cutting pressure (β). The parameters s and f were
the main factors that affected the thickness of the cold
worked zone. The results suggest that Ra after machining
is driven by mechanical-thermal loadings and causes
beneficial results related to corrosion resistance and
compressive residual stress.

Pleta, et al. [80]

Assessment of the INCONEL® 718 trochoidal milling
process and optimization for manufacturing scenarios.
To accomplish this goal, the modelling of the cutting
forces (Fc) must be investigated with semi-mechanistic
methods. Furthermore, machining parameters are
investigated as to how they relate to the improvement of
tool life and Fc utilizing the Taguchi method.

It is found that TW increases the depth of the machining
affected zone as does increasing hch. Nutational rate (

.
ϕ)

and rotational rate (
.
θ) have the largest interactions with

both Fc and tool VB. It was found that hch and TW
increased the depth of the plastically deformed and
elongated grains in both the radial and axial orientations.

Shankar, et al. [81]

This investigation has designed a tool condition
monitoring system (TCM) while milling INCONEL® 625
based on sound and vibration signatures. The
experiments were carried out based on response surface
methodology (RSM).

The process parameters such as s, f, ap and
vegetable-based cutting fluids were optimized based on
Ra and flank wear (VB). It was determined that the sound
pressure and vibration signatures have a direct relation
with VB. The statistical features values were extracted
from the experimental data and the cutting tool VB was
predicted with a mean square error (MSE) of 8.4212%.The
Ra of the machined surface varies from 0.081–0.273 μm.
The VB of the cutting tool varies from 0.0187–0.0254 mm.
Based on the desirability function, s = 221 rpm,
f = 0.02 mm/rev and ap = 0.17 mm were identified as
optimal process parameters. The average values of sound
pressure for a brand-new, normal life (or useful life), and
dull tools are 0.01955, 0.2513 and 0.4858 Pa, respectively.
Similarly, the vibration signal range for a brand new,
normal life (or useful life), and dull tools is 0.029–0.4394 g,
0.0780–1.32 g and 0.120–5 g.
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Table 6. Cont.

Author Challenges Remarks

Alonso, et al. [82]
Slot milling operations were performed to investigate the
influence of s and machining direction in INCONEL® 718
alloy.

It was observed at higher s, lower values of Ra and lower
torque (M) values were obtained. Moreover, the main
novelty of this work is the influence of the anisotropy of
Wire and Arc Additive Manufacturing (WAAM)
INCONEL® 718 alloy on its machinability. Milling along
the extruder travel direction offers better dimensional
tolerance values with lower cutting M, being the more
efficient way.

Boozarpoor, et al. [83]

Turn-milling technology was utilized to machine
cylindrical samples of INCONEL® 718 alloy. The effect of
process factors such as tool rotational speed (or spindle,
s), workpiece rotational speed (vc), f and eccentricity (e)
on surface roughness (Ra) and tensile residual stress was
analysed.

The results showed that f is the most influential
parameter that determines the value of Ra and residual
stress. Furthermore, by considering production rate as a
constraint, it was logically discussed that a setting of
1000 rpm cutter-speed, 300 rpm work rotational speed,
0.12 mm/rev feed rate and 0.2 mm eccentricity can
guarantee maximum production rate as well minimum
Ra and tensile residual stress.

Anburaj and Pradeep
Kumar [70]

Face milling was carried out on INCONEL® 625 and
twenty-seven iterations (L27) were conducted using
Design of Experiments (DOE), including three levels of
vc and f z with constant ap. The study included three
lubrication conditions such as dry-machining, normal
coolant (wet) and cryogenic CO2 (l) coolant. The output
responses such as cutting temperature (Tcut), cutting feed
force (Fx), cutting normal force (Fy), cutting axial force
(Fz) and Ra were evaluated.

The results were optimized using the TOPSIS technique
with ANOVA tests, as the results of the highest closeness
coefficient (Ci) value indicated the cryogenic CO2 (l)
coolant environment, and the input optimized
parameters were vc = 80 m/min and f z = 0.05 mm/tooth.
Other parameters such as Tcut = 57.38 ◦C, Fx = 201.5 N,
Fy = 251.1 N, Fz = 335.9 N, and Ra = 0.159 μm were found
optimal parameters, in the 19th iteration having obtained
Ci = 0.928835.

3.1.2. Turning

Opposed to milling, the turning process takes place in a lathe for components with
a revolution axis, i.e., turbine shafts. The workpiece spins in a lathe while the fixed tools,
with or without inserts, remove the surplus material. It is patent in Figure 11 the normal
movement of the tool while turning a sort of shaft and some intrinsic characteristics of
the inserts used. Some of the main problems in turning INCONEL® 718 and 625 are
the specific cutting energy (SCE) and rapid augment of surface hardening upon cutting
material. Moreover, since shafts must comply with certain geometric specs for the better
functionality of the component, Ra is a key factor to be studied, varying vc, f and ap.

Figure 11. (a) Turning example; (b). Insert A-type (view of basic side cutting edge angle, rake angle,
and secondary angles for chip breakage) [84].

Table 7 presents the latest experimental challenges and developments in the machining
of INCONEL® with the turning process.
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Table 7. Critical challenges and developments in the turning process of INCONEL®.

Author Challenges Remarks

Waghmode and
Dabade [23]

Examination and observation of the response
parameters like Fc and Ra on input parameters
such as vc, f and ap. Experimentation was
conducted as per Taguchi’s L9 orthogonal array
during INCONEL® 625 alloy turning operation.
The results are analysed using the ANOVA
method.

ANOVA suggests that the ap has a 55.05% contribution
to Fc. In thrust force (Fz), the contribution of ap is
55.83% which is the parameter with the most influence.
As ap increases, Fz increase. The main contribution for
the feed force is provided by the ap, with 83.39%.
Parameters f and ap highly affect Ra, having 20.61 and
51.68% contribution, respectively. As f increases, Ra
increases too. With parameter vc, it shows an inverse
trend.

Kosaraju, et al. [25]

A multi-objective optimization based on the
Taguchi-based Grey Relation Analysis (TGRA)
method was employed to find the optimal levels of
turning INCONEL® 625 parameters for the
objective of lower Fc and better Ra under
dry-cutting conditions.

From the statistical analysis, the results show that f is
identified as the most significant parameter for the
turning operation according to the weighted sum of Fc
and Ra. The optimal combination of control factors
and their levels are vc = 75 m/min, f = 0.103 mm/rev
and ap = 0.2 mm.

Vignesh and
Ramanujam [75]

Evaluate the influence of laser-assisted high-speed
machining (LAHSM) on the Fc (Fz in Figure 8), Ra,
TW and the chip morphology during the
INCONEL® 718 turning process.

LAHSM optimal parameters were vc = 80 m/min,
f = 0.08 mm/rev and laser power, PLaser = 1300 W. Fc,
Ra and TW values were better over the conventional
turning process ones, leading to a reduction of Fc by
24.5%, Ra by 56% and TW by 29%.

Raykar, et al. [85]

High-pressure cooling (HPC) of cutting tools can
be very effective when machining difficult-to-cut
materials like INCONEL® 718. An analysis of
microhardness and degree of work hardening
(DWH) is carried out to evaluate the machinability
of the INCONEL® 718 alloy while turning in a
high-pressure coolant environment.

Microhardness has a sudden change between
30–120 μm bellow the machined surface. After this
region, the microhardness value is similar to the bulk,
which is found at 270–300 μm below the machined
surface for all samples. The microhardness near the
machined surface is found to be 1.11× the bulk
microhardness. Microhardness variation is unaffected
by the changes in the process parameters since none is
statistically significant at a 95% confidence level. A
significant microhardness value is noticed at a depth
of 90 μm.

Infante-García,
et al. [86]

The increase of the undeformed chip cross-section
and the high SCE of INCONEL® 718 give rise to
load peaks during machining. Different tests
involving multipass finishing turning have been
carried out to study the magnitude of the load
peaks for different cutting conditions.

Initial results have shown a significant peak in the
machining loads, predicted by Altintas force law [87].
This peak is related to the tool tip radius and the
cutting parameters, after the second and successive
passes. The main factor that contributes to that is the
increase of undeformed chip cross section during a
short interval. Thus, the progression of TW is
significantly influenced. The machining load at the
end of a turning pass can significantly increase during
a short interval. Consequently, this effect may
influence TW progression leading to premature
tool failure.

Makhesana, et al.
[88]

The turning tests to INCONEL® 625 are conducted
under dry, MQL, and nanofluid-MQL (nMQL)
environments and the machining results are
compared considering Ra, chip morphology, TW,
Tcut, Pin and microhardness

Sunflower oil blended with MoS2 resulted in 56, 42,
and 22% improved Ra compared to dry, MQL, and
nMQL (Graphite) conditions, respectively. Also, the
efficiency of nMQL with graphite and MoS2 is
evaluated by slower TW progression. Also, MQL,
nMQL with MoS2, and nMQL (graphite) resulted in
lower Tcut by 18, 35, and 25%, respectively, compared
to dry turning. The effective performance of nMQL is
credited to the better penetration ability of the applied
lubricant. Furthermore, the MQL application with
compressed air facilitated chip removal and heat
dissipation during machining.
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Table 7. Cont.

Author Challenges Remarks

Airao, et al. [89]

Examination of the machinability of the
INCONEL® 718 alloy in conventional and
ultrasonic assisted turning (UAT) under dry, wet,
minimal quantity lubrication (MQL), and CO2 (l)
strategies. The experiments are performed in an
in-house developed ultrasonic-assisted turning
(UAT) setup, keeping all the machining parameters
constant.

The CO2 (l) reduces edge chipping, nose wear,
adhesion, and abrasion wear. The conventional
turning under CO2 (l) reduces the VB by 32–60% and
power consumption (Pin) by 5–31% compared to dry,
wet, and MQL strategies. Similarly, the UAT under
CO2 (l) reduces the VB by 32–53% and Pin by 11–40%
compared to dry, wet, and MQL strategies. The UAT
reduces Ra compared to conventional turning when
used under MQL and CO2 (l). The CO2 (l), in
conjunction with ultrasonic vibration, significantly
reduces SCE and TW without compromising Ra.
Moreover, this combination also helps in enhancing
the chip breakability and reducing ε concentration.

3.1.3. Drilling

Drilling is a cutting process where a drill bit is spun to cut a circular hole in a com-
ponent. In INCONEL® applications, drilling is important to create micro holes that will
permit the cooling of gas turbines, as illustrated by Figure 12 and studied by Venkatesan
et al. [90] on the hole quality assessment in INCONEL® 625 alloy parts.

Figure 12. Gas turbine blade cooling schematic [91].

The INCONEL® 718 alloy has many challenges in deep-hole-drilling as well since the
process is prone to drill jamming due to material expansion inside the holes. Table 8 presents
the latest experimental challenges and developments in the machining of INCONEL® alloys
with the drilling process.
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Table 8. Critical challenges and developments in the drilling process of INCONEL®.

Author Challenges Remarks

Neo, et al. [92]

The traditional carbide-tipped gun drills often get
worn at an accelerated rate and require repetitive
re-sharpening or replacement when drilling
INCONEL® 718 alloys. This occurrence lowers
productivity and increases costs. Furthermore, it is
also a challenging task to meet the stringent
hole-straightness requirement of 1/1000 mm for
deep-hole drilling (DHD).

In contrast to traditional carbide-tipped gun drills,
the developed PCBN-tipped gun drill can operate at
higher vc and reduce drilling forces, drilling M, and
TW. Furthermore, the surface quality of drilled holes
is much better than those drilled by traditional
carbide gun drills. For a stable drilling condition, it
is also recommended to perform deep-hole drilling
with the developed PcBN gun drill on INCONEL®

718 at vc ≥ 50 m/min.

Venkatesan, et al.
[90]

Drilling micro-cooling holes in turbine blades on
INCONEL® 625 is one of the noteworthy
applications of micro-drilling, and few are the
investigations on the hole quality assessment and
drill bit tool life. The multi-response optimization of
test parameters in micro-drilling conditions is
presented, using the approach on the Taguchi L27
design. Micro-drilling is performed in a 2 mm plate
thickness of INCONEL® 625 with an uncoated
micro-drill.

After each drilling test, the hole diameter, circularity
error, overcut, taper ratio, cylindricity and hole
damage factor are measured, and the results are
examined. The deviation in hole diameter,
cylindricity, circularity error, roundness, overcut,
taper ratio, and hole damage factor obtained is
increased to 5.5, 87.2, 50.5, 5.7, 77.4, 20.0 and 5.4%,
respectively, from 1st to 25th hole. Better hole quality
features with the least deformed layer thickness and
low burr formation at entry, and exit, are
consistently achieved with s = 21,000 rpm and
f = 6 mm/min for a given tool diameter. The
optimized parameters are a tool diameter of 0.8 mm,
(the most suitable tool diameter for hole quality and
productivity in micro-drilling), s = 21,000 rpm and
f = 10 mm/min. Chip clogging, entrance burr, and
exit burr are obtained before the tool failure. These
new findings have brought out a highly beneficial
database for aerospace industries without losing the
quality of the hole in production.

Sahoo, et al. [93]

Use of cryogenically treated drill bits in INCONEL®

718 alloy machining. Drill bits are conditioned under
two different environments i.e., cryogenically treated
with single-tempered drill bits, and cryogenically
treated with double-tempered drill bits. The Taguchi
method was used for trial design and optimization
of factors along with the Whale optimization
algorithm.

Results show that f is the most contributing
parameter to maximize Fz, while s is the most
contributing parameter to maximising M. Also, tool
condition is the most contributing factor to
minimising Ra. By maximizing the Fz, up to 184 N,
and M, up to 0.72 Nm, during drilling operation on
INCONEL® 718, using cryogenically treated and
single tempered drill bit, it was found that the
optimal parameter settings were s = 215 rpm and
f = 0.106 mm/rev. Ra was minimized to 3.77 μm. It
was also seen that cryogenically treated and the
single-tempered drill bit was more influential in
attaining maximum Fz and M, while cryogenically
treated and the double-tempered drill bit was more
influential in attaining minimum Ra.

3.1.4. Boring

Boring is the manufacturing process in which previously drilled holes are enlarged
by a single-point cutting tool. Not much information is available about the boring process
on INCONEL® alloys whereby it is only presented in the study carried out by Ratnam
et al. [94], whose challenges involved the investigation of the machining parameters’ effect
on Ra, TW, Fc on the cutting tool and workpiece vibration during dry boring of INCONEL®

718 with TiCN-Al2O3-TiN coated inserts using response surface methodology (RSM). It was
found that the use of accelerometers, radioactive sensors and piezoelectric actuators does
not make it possible to measure rotating objects’ vibrations. On the other hand, the LDVs
are capable to measure rotating objects’ vibrations with a simple experimental arrangement.
Parameters s and f were found to have a significant influence on Ra. The parameter
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ap was found to be significant on VB, Fc, and workpiece vibration amplitude (VA). The
optimal machining parametric combination was obtained using the desirability function.
Cutting condition parameters such as s = 360 rpm, f = 0.14 mm/rev and ap = 0.4949 mm
was obtained for VA = 38.7 μm, minimum F = 117.8 N, VB = 0.3 mm and minimum
Ra = 2.55 μm. The proposed RSM approach was an easy method to obtain maximum
information with a smaller number of experiments. and successfully used by different
authors in the improvement of process parameters.

3.2. Non-Conventional Manufacturing Processes—Electrical Discharge Machining (EDM)

This review also presents some new insights into a non-conventional process, which
is Electrical Discharge Machining (EDM). The process is a non-conventional machining
method that allows the production of pieces with complex shapes, and it can be used
in materials such as INCONEL® 718 and 625. This particular manufacturing technique
removes material from the wrought-stock thanks to melting and vaporising cavities using
electrical discharges that come from a scrolling wire [95], as illustrated in Figure 13.

Figure 13. Schematic representation of the EDM experiment setup (adapted from [96]).

Table 9 presents the latest experimental challenges and developments in the machining
of INCONEL® alloys with EDM.

Table 9. Critical challenges and developments in the EDM process of INCONEL®.

Author Challenges Remarks

Mohapatra, et al.
[39]

Comparative study of the chemical and mechanical
properties of INCONEL® 718, 625, 825 and 601. Evaluation
of the machinability of different grades of alloys using
EDM.

An increase in the peak current resulted in improved material
removal rate (MRR) by keeping the gap voltage (Vg),
pulse-on time (Ton), duty factor (τ) and dielectric circulation
flushing pressure (Fp) fixed at a constant value, for the
different INCONEL® grades. An increase in Ra is observed
by incrementing the peak discharge current (Ip). In the case
of surface crack density (SCD), with an increase in Ip, SCD
ends to decrease, again followed by an increasing trend; and
then finally remained constant.

Manikandan, et al.
[97]

INCONEL® 625 is one of the hard-to-machine materials
extensively used in high-temperature applications. It has
better strength and lower k, compared with more common
materials, which leads to poor machinability by traditional
processes. To overcome such kind of disadvantages,
unconventional manufacturing methods have been
developed and proposed to be suitable substitutes, such as
WEDM.

This work details a single-aspect optimization problem of
WEDM of INCONEL® 625 with the help of Taguchi analysis.
In this investigation, the MRR and Overcut (OC) were
deemed as the performance characteristics, and the Taguchi
response showed that the best parameter combination to
maximize the performance of Ra is Ton = 30 μs, Toff = 15 μs
and Ip = 3 A. The best set of process parameters for attaining
better OC is Ton = 30 μs, Toff = 5 μs and Ip = 1 A. Contour
plots were also explored to reveal the combined influence of
process parameters on the preferred performance measures.
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Table 9. Cont.

Author Challenges Remarks

Hussain, et al. [98]

Cost reduction in machining through increased MRR using
optimum machining process parameters. An experimental
study is presented for optimizing process parameters Ton,
Ip and Toff to maximize MRR for subtracting material from
INCONEL® 625 work part using Taguchi DOE and its
analysis.

A Taguchi orthogonal array L9 is applied for experimental
design and analysis. Optimized values of performance
factors obtained by analysis are Ip = 12 A, Ton = 160 μs, and
Toff = 35 μs. The maximum MRR, of 24.48 mm3/mm, was
obtained with optimum values of performance parameters.
Under these conditions, it was found that, R2 = 98% which
reflects a high confidence level in the experiment. It is also
found that both Toff and Ip have a considerable impact on
MRR. This is because higher values of Ton and Ip enhance the
amount of energy discharge on the workpiece, which leads to
increased material melting and vaporisation.

Liu, et al. [95]

Enhancing the machining process of INCONEL® 718 using
zinc-diffused coating brass wire electrode and
Taguchi-Data Envelopment Analysis-based Ranking
(DEAR).

MRR, kerf width (Kw), and Ra were considered as the quality
measures. In the WEDM process, the brass wire electrode
worked as expected and the optimal arrangement of input
factors was found as Ton = 140 μs, Toff = 50 μs, SV = 60 V, and
WT = 5 kg, which are the most relevant factors with a
Ci = 0.989.

Rahul, et al. [99]

INCONEL® 718, 625, 825 and 601 machinability was
experimentally analysed during the execution of EDM. The
experimental design was planned according to a
5-factor/4-level L16 orthogonal array. The following
process variables were considered: Vg, Ip, pulse-on time
(Ton), duty factor (τ) and Fp. Machinability was assessed in
consideration of MRR, electrode wear rate, Ra and surface
crack density (SCD) at the already worked surface. The
satisfaction function approach integrated with the Taguchi
method was attempted to determine optimal parameter
settings.

The MRR efficiency was found to vary from:
1.3389–29.3128 mm3/min for INCONEL® 625;
1.1844–31.5995 mm3/min for INCONEL® 718.
Ra was found to vary from:
4.7–11.5333 μm for INCONEL® 625;
6–12.3667 μm for INCONEL® 718.
Optimal parameters setting determined as: [Vg = 80 V,
Ip = 7 A, Ton = 200 μs, τ = 75%, Fp = 0.6 bar] for
INCONEL® 625
[Vg = 70 V, Ip = 7 A, Ton = 500 μs, τ = 80%, Fp = 0.6 bar] for
INCONEL® 718.
A significant carbon enrichment due to the
thermo-mechanical effect of EDM was noticed on the
machined surface of INCONEL® 718 and 625, during EDM
operation, attributed to the formation of carbides and grain
refinement, which increased micro-strain as well as
dislocation density. The increase in Ip resulted in improved
MRR (while keeping Vg, Ton, τ and Fp constant) for different
INCONEL® alloys. Ra was observed to increase as Ip
increased.

Farooq, et al. [100]

Several developments in WEDM have been reported, but
the influence of Fp attributes has not been thoroughly
investigated. The influence of four process variables,
namely servo voltage, Fp, nozzle diameter (ØN), and
nozzle–workpiece distance (WD), were analysed on
INCONEL® 718 concerning geometrical errors (angular
and radial deviations), spark gap (SG) formation, and Ra.
In this regard, detailed statistical and microscopical
analyses are employed with mono and multi-objective
process optimization by employing the TGRA method.

Process parameters are more influential on radius deviation
as compared to angular error. At Fp = 4 kg/cm2, the radius
deviation is around 4%, which increased to 5.4% at
Fp = 12 kg/cm2. A low Fp value agglomerates debris, which
resulted in a coarser surface due to the re-solidification, with
a Ra = 2.12 μm. However, with the increase of Fp to
12 kg/cm2, the surface quality improved and resulted in
Ra = 1.93 μm. An increasing trend is observed where SG
increased with the magnitude of Fp. Using Fp = 4 kg/cm2

resulted in SG = 107 μm. With the increase up to
Fp = 12 kg/cm2, values of SG = 111.5 μm were attained.
Similarly, an increase in ØN from 4 mm to 8 mm not only
increased SG from 108.5 μm to 110 μm but also increased
angular error from 0.255% to 0.6%. The high ØN increased
the entry of dielectric flow, which hindered the stability of the
thermo-electric erosion process near corners. The Fp and ØN
parameters showed a significant effect on the Ra. The
optimized parametric settings are SV = 50 V, Fp = 4 kg/cm2,
ØN = 8 mm, and WD = 10 mm. The confirmatory experiment
reduced the process’s limitations to an SG = 109 μm spark
gap, 0.956% angular error, 3.49% cylindricity error, and
Ra = 2.2 μm.
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3.3. Tool Wear

With the tool operation in machining, wear starts to be a key factor in quality and
productivity, namely with INCONEL® alloys, such as 718 and 625. To identify a worn
milling tool, the ISO 8688-2 [101] standard predicts that a tool presenting either VB = 300 μm
or VBmax = 500 μm on the flank is considered a worn tool [69]. For turning tools or inserts,
the ISO 3685 standard is the one to consult [102]. Taking into account a novel lubrication
method, Bartolomeis et al. [69] observed that the tool wear behaviour mechanisms during
EL conditions were abrasion and microchipping on the cutting edge, due to the tendency
of INCONEL® 718 to develop BUE.

Figure 14 packs the initial causes of wear, the various wear mechanisms that lead to
different types of wear and the final consequences from the tool-wear due to INCONEL®

machining. As a complement to Figure 14, Table 10 presents the typical TW mathematical
models, used to characterize the numerous TW mechanisms. It is suggested to consult the
work of Wang et al. [37] to better understand the additional variables described in Table 10.

Table 10. Typical TW mathematical models (adapted from [37]).

Authors TW Model Comments

Taylor [103] C = vc · Tn
tool or Ttool =

C
vp

c · f q ·ar
p

Taylor’s empirical tool life model.

Archard [104] V = k · P·L
3·σS

= k · P·L
H Abrasive wear model.

Usui [105,106] dw
dt = A1 · σn · vs · e−

B1
T Diffusive wear model.

Takeyama [107] dw
dt = G(v, f ) + D · e−

Q
RT Abrasive and adhesive wear model.

Childs [108] dw
dt = A

H · σn · vs Abrasive and adhesive wear model.
Schmidt [109] dw

dt = B · e−
Q
RT Diffusive wear model.

Luo [110] dw
dt = A

H · Fn
vc · f · vs + B · e−

Q
RT

Abrasive, adhesive, and diffusive
wear model.

Astakov [111,112] hs = dhr
dS =

100·(hr−hr−i)
(1−li)· f

Surface wear model.

Attanasio [113,114]
{

dw
dt = D(T) · e−

Q
RT

D(T) = D1 · T3 + D2 · T2 + D3 · T + D4

Diffusive wear model, presenting the
T-dependent diffusive coefficient.

Pálmai [115] dW
dt = vc

W ·
[

Aα + Ath · e−
B

vc x+K·W
] TW model, considering the effects of

wear-induced cutting, force, and T rise
on TW.

Halila [116,117] W = N · I
∑

i≥i min j=1
PR

r (Ri) · Pφ
r

(
φj

)
· R2

i ·P
2·Ht ·tan(φj)

· vc
TW model is dependent on the material

removal rate.

3.4. Tool Materials

As previously mentioned, due to poor k from INCONEL® alloys, which lead to a
substantial increase of T in the three heat-zones when machining, the used tools are more
prone to premature wear since the heat generated will end up creating BUE, which will
rapidly degrade coatings and the tool material itself. The TW mechanisms, which include
abrasive wear, adhesive wear, and plastic deformation, are following described. Severe TW
is one of the key reasons for machining inefficiency [118].
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Figure 14. The wear causes, wear mechanisms, wear types, and wear consequences in the cutting of
Ni-based superalloys [118].

Figure 15. (a) Hot hardness characteristic curve of CBN, Ceramic and Carbide tool materials com-
pared with the γ′ structure of INCONEL® 718, (b) Thermal conductivity of tungsten carbide (WC),
INCONEL® 718 and different coatings for carbide tools against T (adapted from [119]).
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Tool materials, depending on their application, may vary as hard metal, high-speed
steel (HSS, and its variant HSS-Co), cermets, ceramics (where carbides are inserted), PcBN
and many more. Table 11 presents the latest experimental observations and performance of
non-coated tools in the machining of INCONEL® alloys.

Table 11. Machinability performance during non-coated tools assisted machining of INCONEL®.

Author
Machining Type

Material
Tool Material and

Cutting Conditions
Remarks

Infante-García,
et al. [86]

Turning
INCONEL® 718

PcBN inserts

vc = 300 m/min
f = 0.07, 0.1 and
0.15 mm/rev
ap = 0.15, 0.25 and 0.5 mm

A significant peak in the machining forces, predicted by the Altintas
force law [87], is related to the tool tip radius and the cutting
parameters, after the second and successive passes. The rapid
development and magnitude of the peak loads influence the tool
wear progression, as a premature notch developed along the cutting
edge, observed after the test with ap = 0.5 mm and f = 0.15 mm/rev.
The low machinability of INCONEL® 718, along with the brittleness
of PCBN tools, leads to a premature failure of the cutting tool when
this phenomenon is not considered in conventional turning.

Breidenstein,
et al. [120]

Turning
INCONEL® 718

PcBN inserts.

Vc = 200 m/min
f = 0.1 mm/rev
ap = 0.2 mm

The ISO 3685:1993 [102] standard was used as a reference for the VB
measurement. Pulsed laser ablation (PLA) using ns-laser leads to a
transformation of cBN to hBN in all considered laser parameter
combinations. The cutting tool hardness is significantly decreased by
the hBN formation, from over 3400 HV down to 1700 HV, However,
not all laser parameters reduce hardness by the same amount. Tools
with laser-prepared cutting edges achieve comparable tool wear to
reference tools when applying appropriate laser parameters. There is
an indication that the transformed hBN acts as a solid lubricant,
which leads to a decrease in the cutting forces.

Rakesh and
Chakradhar [121]

Turning
INCONEL® 625

Uncoated inserts ISO ref:
CNMP120408

Level 1
vc = 40 m/min
f = 0.05 mm/rev
ap = 0.2 mm
Dry machining

Level 2
vc = 50 m/min
f = 0.1 mm/rev
ap = 0.4 mm
MQL

Level 3
vc = 60 m/min
f = 0.16 mm/rev
ap = 0.6 mm
nMQL

Level 4
vc = 70 m/min
f = 0.2 mm/rev
ap = 0.8 mm
Cryo N2 (l)

Level 5
vc = 80 m/min
f = 0.25 mm/rev
ap = 1 mm

The ISO 3685:1993 [102] standard was used as a reference for the VB
measurement. Among all four cooling conditions, the minimum Ra,
VB, and main Fc were obtained for cryogenic machining using N2
(l)-air mixture as a coolant. This result indicates that cryogenic
coolants are well-suitable for the machining of INCONEL® 625 alloys.
The lowest Ra = 0.481 μm was obtained under cryogenic machining
with the parameter setting of vc = 60 m/min, f = 0.15 mm/rev, and
ap = 0.6 mm. Reductions of 38.49%, 34.56% and 30.08% in Ra were
achieved with cryogenic machining when compared to dry, MQL and
nMQL, respectively, under the same parameters. The minimum value
of VB was observed at the lowest levels of cutting parameters,
irrespective of the cooling conditions. Also, the lowest VB = 85.52 μm
was noticed under cryogenic machining, when machining with
parameter settings of vc = 60 m/min, f = 0.05 mm/rev and
ap = 0.6 mm. The VB reductions by cryogenic machining, when
compared to dry, MQL and nMQL, are 20.32%, 11.42%, and 8.81%,
respectively.
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Table 11. Cont.

Author
Machining Type

Material
Tool Material and

Cutting Conditions
Remarks

Zhang, et al.
[103]

Turning
INCONEL® 718

WC insert

vc = 80, 160 and
240 m/min
f = 0.005, 0.01 and
0.015 mm/rev
ap = 0.15, 0.2 and 0.25 mm

A high-speed ultrasonic vibration cutting (HUVC) method has been
proposed for the precision machining of INCONEL® 718. The TGRA
L9 array method was used for analysis. Owing to the limitations of
the cooling pressure and duty cycle, the useful highspeed stable
region for INCONEL® 718 was vc = 80–300 m/min. In this range,
compared to the conventional effective cutting region, the cutting
efficiency was significantly improved. The HUVC-Taylor’s equation
developed in this study aimed to provide a comprehensive
understanding of the most recently proposed high-speed ultrasonic
precision machining methods and provided guidance for appropriate
practical applications in the future. The impact effect due to the
tool-workpiece separation was a factor that needs to be suppressed.
This effect was the core reason for the failed region in
ultra-high-speed machining. In this regard, developing the
impact-resistant tool could be seen as the next meaningful work for
further cutting speed enhancement.

Hoier, et al. [122] Turning
INCONEL® 718

WC-Co

vc = 30 m/min
f = 0.075 mm/rev
ap = 1 mm
t = 16.2 min

VB was measured according to the instructions of the ISO 3685:1999
standard [102] It was characterized using white-light interferometry
(WLI), scanning electron microscopy (SEM), and electron backscatter
diffraction (EBSD). Wear topography and surface-induced plastic
deformation were evaluated. Abrasion marks and grooves on
different length scales indicate that VB was caused by abrasion
during sliding contact of the tool with the workpiece. Examination of
worn WC grains employing EBSD proved to be a suitable method to
assess the contribution of plastic deformation to TW in metal cutting.
This method is of particular interest to developing a deeper
understanding of relative wear rates associated with the machining of
different workpiece classes and alloys. The parameter VB = 185 μm is
below the maximum limit imposed by the standard.

3.5. Tool Coatings

Some tool materials have enough hardness to cut through INCONEL®, as it is shown
in Figure 15, although others require a coating to protect the core material from abrasion
when machining. The binomial substrate/coating is selected, as a function of specific
requisites, from each application which often demands from the cutting tool antagonistic
characteristics like tenacity and hardness. The usage of coated tools is highly advantageous
from a production point of view, not because it is only possible to escalate vc or s values,
but also to promote better quality to the fabricated components, and some of them can be
multilayer, in which each layer has its unique function. The preferred manufacturing
processes to make coated tools are metallurgical powder processes, chemical vapour
deposition (CVD) or even physical vapour deposition (PVD).

Figure 16. Scheme of how different types of coatings look when applied on the substrate [123].

Figure 17. Crack propagation behaviour for each of the common coating structures [124].
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Figure 18. The hardness of different coating materials with a lower limit and suitable performance
range [125].

A schematic of how different coatings can appear in a tool is presented in Figure 16,
whereas Figure 17 demonstrates how crack propagation occurs inside the coatings due
to TW. Figure 18 shows the lower limits and the hardness performance range of some of
the most used tool coatings. Examples of preferred coatings to machine INCONEL® 718
include TiAlN, TiAlCrN, TiCN, TiN/AlTiN, and TiAlCrSiYN/TiAlCrN [126].

Table 12 presents the latest experimental observations and performance of coated tools
in the machining of INCONEL®.

Table 12. Machinability performance during coated tools assisted machining of INCONEL®.

Author
Machining Type

Material
Tool Coatings and Cutting

Conditions
Remarks

Zhao, et al. [53] Turning
INCONEL® 718

TiAlN coated carbide tool.
WC uncoated tool

vc = 40, 80 and 120 m/min
f = 0.1 mm/rev

Irrespectively of the tool type, the tool-chip contact length was
decreased with the increase of vc. The tool-chip contact length
and crater wear for the PVD AlTiN coated carbide tool was
decreased compared with that of the uncoated carbide tool in dry
orthogonal cutting of INCONEL® 718. A PVD AlTiN coated
carbide tool decreased by 5.94 μm or 5.26% the hch, compared
with an uncoated tool at vc = 120 m/min. The maximum Tcut for
the PVD AlTiN coated carbide tool decreased by 14.00 ◦C or
2.11%, 25.00 ◦C or 3.64%, and 39.00 ◦C or 5.47%, compared with
that for an uncoated WC tool in dry orthogonal cutting of
INCONEL® 718 at vc = 40, 80 and 120 m/min, respectively. For
uncoated carbide tools, the relative error (
Σ|δ|) from the predictive model-RG-W, compared to the
measured T at vc = 40, 80 and 120 m/min was 31.83%. Σ|δ| from
other predictive models were 56.16% (model-RL-SH), 53.54%
(model-RSH), 96.06% (model-RK-F), 157.62% (model-RL-SU),
119.32% (model-RG-W), 41.52% (model-RR) and 96.87%
(model-RT-K). For PVD AlTiN coated carbide tools, Σ|δ| from the
predictive model-RR, compared with the measured T at vc = 40,
80 and 120 m/min was 52.61%. Σ|δ| from other predictive
models were 147.44% (model-RL-SH), 159.99% (model-RSH),
76.48% (model-RK-F), 63.00% (model-RL-SU), 128.72%
(model-RG-W), 136.25% (model-RB-K) and 76.22% (model-RT-K).
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Table 12. Cont.

Author
Machining Type

Material
Tool Coatings and Cutting

Conditions
Remarks

Montazeri, et al.
[126]

Turning
INCONEL® 718

Uncoated carbide tool,
TiAlN-coated carbide tool,
Al-Si coated carbide tool.

vc = 50 m/min
f = 0.1 mm/rev
ap = 0.15 mm

Results showed that the proposed soft Al-Si coating can provide a
solution to the outlined machining challenges of INCONEL® 718.
The tool life of the Al-Si coating was more than 6× higher than
that of the uncoated tool and around 3× higher than the TiAlN
coating, and the Fc of the soft Al-Si coating was around 1/2 that of
the uncoated tool. These improvements can be attributed to
better lubricity and frictional behaviour in the tool-chip interface
due to the superior lubricity of the Al-Si coating, which resulted
in lower adhesion and BUE formation, less contact pressure at the
cutting zone and lower friction.

Agarwal, et al.
[127]

Milling
INCONEL® 718

TiAlN-coated carbide insert

s = 501, 902 and 1203 rpm
f = 0.25 mm/tooth
ap = 1 mm
Emulsion Flood-Cooling
(EFC)

The proposed method was implemented in the form of an
automated computational program, and a series of experiments
were performed to analyse the progression of the VB area of the
tool over the volume of material removed. Based on the
outcomes of the present study, it has been realized that the image
processing method presented in this study can accurately and
efficiently evaluate the VB width and wear area. Also, the
proposed methodology was able to replicate the well-known
curve of the VB area versus the volume of material removed.

Liu, et al. [128] Turning
INCONEL® 625

PVD-TiAlN coated carbide
tools

vc = 25–175 m/min
f = 0.02–0.3 mm/rev
ap = 0.5 mm
expected t ≥ 10 min

The turning experiment of INCONEL® 625 with a
PVD-TiAlN-coated carbide tool exceeded t = 10 min. It was
found that the main TW morphologies of the tool were the BUE,
crater wear, chipping, tipping, and fracturing. The main TW
mechanisms were abrasion, adhesion, and oxidation. Adhesion
wear under low vc yielded a BUE wear morphology, whereas
adhesion wear and oxidation wear under high vc resulted in
crater wear. As vc and f further increased, the tool began to peel,
tip, or even fracture. A two-dimensional TW map based on vc
and f was drawn. In the wear map, three tool failure limits, i.e.,
BUE limit; crater wear limit; and chipping, tipping, and fracture
limit were determined. A safety zone was planned to determine
the optimum cutting parameter range. A method of optimizing
the cutting parameters by combining the wear map, tool wear,
and Ra of the machined workpiece was proposed. The optimum
cutting parameters were vc = 60 m/min, f = 0.1 mm/rev, and
ap = 0.5 mm. A complete tool life experiment was performed
with the optimized cutting parameters and a tool life distribution
model obeying a normal distribution was established. When
reliability was 0.9, the recommended tool-life was 70 min.

Criado, et al. [129] Turning
INCONEL® 718

TiAlN + TiN coated carbide
insert.

vc = 250–300 m/min
f = 0.1–0.15 mm/rev
ap = 0.15 mm

TiN-coated PcBN insert

vc = 50–70 m/min
f = 0.1–0.15 mm/rev
ap = 0.25 mm

Carbide tools have a longer tool life than PcBN tools, but PcBN
tools higher allow speeds between 4x and 6x. In terms of
machined surface per edge, it has been proven that, at
f = 0.15 mm/ver, more machined volume is obtained, while for
f = 0.1 mm/rev, the machined surface quality is maintained in
the PcBN tools. For this reason, the viability of using PcBN tools
in finishing operations in INCONEL® 718 is demonstrated. The
best combination found for the PcBN tool was at vc = 250 m/min
and f = 0.15 mm/rev. It was found that the tool life increases at
low cutting speeds, although f does not affect it significantly. The
finished surface machined with the PcBN tool obtains a more
constant behaviour and excellent Ra during most of the
machining. However, no significant changes were observed
depending on the cutting conditions.

Saleem and
Mumtaz [130]

Milling
INCONEL® 625

PVD TiAlN2 coated carbide
inserts.

Level 1
vc = 35 m/min
f = 0.08 mm/rev
ap = 0.25 mm

Level 2
vc = 45 m/min
f = 0.2 mm/rev
ap = 0.5 mm

The Taguchi L8 array method was used in the analysis. ap is
found to be the statistically significant parameter for tool life with
a 95% confidence level. Tool life is most affected by ap followed
by f z with percentile contributions (PCR) of 45.43% and 18.425%,
respectively, with lower values of the parameters resulting in
better performance in general. A maximum tool life of 42.8 min
was achieved when machining was done employing f z = 0.08
mm/tooth and ap = 0.25 mm with vc = 45 m/min. A SEM
analysis indicates adhesion, BUE, attrition and chipping to be the
main wear mechanism in general.
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4. Discussion

After all that has been presented throughout this paper, a SWOT analysis was per-
formed to discuss present perceptions of the INCONEL® machinability (Table 13), tool-wear
(Table 14) and coatings utility to the tools (Table 15).

Table 13. SWOT analysis about INCONEL® machinability.

Positive Factors Negative Factors
In

te
rn

a
l

fa
ct

o
rs Strengths

Components with creep resistance in
high-temperature operation.

Weakness
Residual stress,
Microhardness,
Poor Ra,
High Fc.

E
x

te
rn

a
l

fa
ct

o
rs Opportunities

Making use of new non-conventional processes
that improve machinability, like EDM and
additive manufacturing (AM).
Automobile industry and turbine blade
manufacturing.

Threats
Machining cost-effectiveness due to
high t and TW.

Table 14. SWOT analysis of TW resultant from INCONEL® machining.

Positive Factors Negative Factors

In
te

rn
a

l
fa

ct
o

rs Strengths
PcBN, carbide tools, ceramics and cermets can
withstand high-temperature machining

Weakness
Hardness drops with T rising.

E
x

te
rn

a
l

fa
ct

o
rs

Opportunities
With laser assistance, hBN has better lubricity,
lower hardness, and higher tenacity than cBN.

Threats
BUE,
Abrasion,
Adhesion,
Debonding,
Diffusion,
Oxidation.

Table 15. SWOT analysis about cutting tools coatings.

Positive Factors Negative Factors

In
te

rn
al

fa
ct

or
s

Strengths
Coatings prolong the effective tool’s life.

Weakness
Hardness drops with T rising.
After a while, the coating starts to
debond from the substrate

Ex
te

rn
al

fa
ct

or
s

Opportunities
New coatings with better lubricity are being
researched and developed (R&D’d).

Threats
Some high-temperature
applications with INCONEL® are
not justifiable.
Preference for uncoated PcBN tools.
BUE,
Abrasion,
Adhesion,
Debonding,
Diffusion,
Oxidation.

5. Conclusions

Despite significant progress in the traditional cutting tool technologies, the machining
of INCONEL® 718 and 625 is still considered a great challenge because of the intrinsic
characteristics of those Ni-superalloys. It is notable, nevertheless, that there has been a
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pursuit to bring ease to conventional processes, resulting from the evolution of techniques
and tool materials, to get better machinability with the Ni-based superalloys. From another
point of view, by introducing non-conventional processes and assists like EDM, and hy-
brid techniques such as LAM and UAT, the evolution differential has a great potential to
bring down manufacturing costs. Likewise, the conventional processes have had several
improvements in the last five years, as reviewed along all states of the art, calling upon
Taguchi DOE methods for improving tool-wear and for improving Ra, either with a lubri-
cation environment or not. This is important for the own component’s wear resistance.
A constructive criticism is made of the usage of TGRA and DOE methods, which were
several times noticed to be used by different research in the states of the art of this paper. It
is efficient to take advantage of such powerful methods to evaluate a series of parameters
in an Lx array, and through the combination between them, to achieve the best result of Ra.
Nonetheless, it is known that one of the main challenges in tackling INCONEL® machining
is the high costs of the manufacturing processes, due to the elapsed time milling, and
turning, and this key factor has been neglected. With this review paper, it is suggested to
the forthcoming authors to take advantage of TGRA and ANOVA analyses, concerning the
achievement of low-cost solutions when machining INCONEL®, at the same time quality is
preserved by taking Ra parameter into account as it has been done so far. The present work
highlighted a large amount of information regarding INCONEL® 718 traditional machining
and applications, within the academic and scientific community, compared to its counter-
part INCONEL® 625. On the other hand, the INCONEL® 625 showed advancements in
non-conventional processes due to difficulties at the onset of chip cutting. Henceforward,
research work is planned with the prospect of delivering a review paper regarding the
evolution of lubrication environments, allied to the traditional machining of INCONEL®.
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78. Bo, P.; Fan, H.; Bartoň, M. Efficient 5-axis CNC trochoidal flank milling of 3D cavities using custom-shaped cutting tools.
Comput.-Aided Des. 2022, 151, 103334. [CrossRef]

79. Liu, D.; Zhang, Y.; Luo, M.; Zhang, D. Investigation of Tool Wear and Chip Morphology in Dry Trochoidal Milling of Titanium
Alloy Ti–6Al–4V. Materials 2019, 12, 1937. [CrossRef]

80. Pleta, A.; Nithyanand, G.; Niaki, F.A.; Mears, L. Identification of optimal machining parameters in trochoidal milling of Inconel
718 for minimal force and tool wear and investigation of corresponding effects on machining affected zone depth. J. Manuf.
Process. 2019, 43, 54–62. [CrossRef]

81. Shankar, S.; Mohanraj, T.; Pramanik, A. Tool Condition Monitoring While Using Vegetable Based Cutting Fluids during Milling of
Inconel 625. J. Adv. Manuf. Syst. 2019, 18, 563–581. [CrossRef]

82. Alonso, U.; Veiga, F.; Suárez, A.; Gil Del Val, A. Characterization of Inconel 718®superalloy fabricated by wire Arc Additive
Manufacturing: Effect on mechanical properties and machinability. J. Mater. Res. Technol. 2021, 14, 2665–2676. [CrossRef]

83. Boozarpoor, M.; Teimouri, R.; Yazdani, K. Comprehensive study on effect of orthogonal turn-milling parameters on surface
integrity of Inconel 718 considering production rate as constrain. Int. J. Lightweight Mater. Manuf. 2021, 4, 145–155. [CrossRef]

84. Amigo, F.J.; Urbikain, G.; Pereira, O.; Fernández-Lucio, P.; Fernández-Valdivielso, A.; de Lacalle, L.N.L. Combination of high feed
turning with cryogenic cooling on Haynes 263 and Inconel 718 superalloys. J. Manuf. Process. 2020, 58, 208–222. [CrossRef]

85. Raykar, S.J.; Chaugule, Y.G.; Pasare, V.I.; Sawant, D.A.; Patil, U.N. Analysis of microhardness and degree of work hardening
(DWH) while turning Inconel 718 with high pressure coolant environment. Mater. Today Proc. 2022, 59, 1088–1093. [CrossRef]

86. Infante-García, D.; Diaz-Álvarez, J.; Cantero, J.-L.; Muñoz-Sánchez, A.; Miguélez, M.-H. Influence of the undeformed chip cross
section in finishing turning of Inconel 718 with PCBN tools. Procedia CIRP 2018, 77, 122–125. [CrossRef]

87. Meyer, R.; Köhler, J.; Denkena, B. Influence of the tool corner radius on the tool wear and process forces during hard turning. Int.
J. Adv. Manuf. Technol. 2012, 58, 933–940. [CrossRef]

88. Makhesana, M.A.; Patel, K.M.; Krolczyk, G.M.; Danish, M.; Singla, A.K.; Khanna, N. Influence of MoS2 and graphite-reinforced
nanofluid-MQL on surface roughness, tool wear, cutting temperature and microhardness in machining of Inconel 625. CIRP J.
Manuf. Sci. Technol. 2023, 41, 225–238. [CrossRef]

89. Airao, J.; Nirala, C.K.; Khanna, N. Novel use of ultrasonic-assisted turning in conjunction with cryogenic and lubrication
techniques to analyze the machinability of Inconel 718. J. Manuf. Process. 2022, 81, 962–975. [CrossRef]

90. Venkatesan, K.; Nagendra, K.U.; Anudeep, C.M.; Cotton, A.E. Experimental Investigation and Parametric Optimization on Hole
Quality Assessment During Micro-drilling of Inconel 625 Superalloy. Arab. J. Sci. Eng. 2021, 46, 2283–2309. [CrossRef]

91. Cherrared, D. Numerical simulation of film cooling a turbine blade through a row of holes. J. Therm. Eng. 2017, 3, 1110. [CrossRef]
92. Neo, D.W.K.; Liu, K.; Kumar, A.S. High throughput deep-hole drilling of Inconel 718 using PCBN gun drill. J. Manuf. Process.

2020, 57, 302–311. [CrossRef]
93. Sahoo, A.K.; Jeet, S.; Bagal, D.K.; Barua, A.; Pattanaik, A.K.; Behera, N. Parametric optimization of CNC-drilling of Inconel

718 with cryogenically treated drill-bit using Taguchi-Whale optimization algorithm. Mater. Today Proc. 2022, 50, 1591–1598.
[CrossRef]

94. Ratnam, C.; Adarsha Kumar, K.; Murthy, B.S.N.; Venkata Rao, K. An experimental study on boring of Inconel 718 and multi
response optimization of machining parameters using Response Surface Methodology. Mater. Today Proc. 2018, 5, 27123–27129.
[CrossRef]

83



Metals 2023, 13, 585
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Abstract: Due to Inconel 718’s high mechanical properties, even at higher temperatures, tendency to
work-harden, and low thermal conductivity, this alloy is considered hard to machine. The machining
of this alloy causes high amounts of tool wear, leading to its premature failure. There seems to be
a gap in the literature, particularly regarding milling and finishing operations applied to Inconel
718 parts. In the present study, the wear behavior of multilayered PVD HiPIMS (High-power impulse
magnetron sputtering)-coated TiN/TiAlN end-mills used for finishing operations on Inconel 718 is
evaluated, aiming to establish/expand the understanding of the wear behavior of coated tools when
machining these alloys. Different machining parameters, such as cutting speed, cutting length, and
feed per tooth, are tested, evaluating the influence of these parameters’ variations on tool wear. The
sustained wear was evaluated using SEM (Scanning electron microscope) analysis, characterizing
the tools’ wear and identifying the predominant wear mechanisms. The machined surface was
also evaluated after each machining test, establishing a relationship between the tools’ wear and
production quality. It was noticed that the feed rate parameter exerted the most influence on the
tools’ production quality, while the cutting speed mostly impacted the tools’ wear. The main wear
mechanisms identified were abrasion, material adhesion, cratering, and adhesive wear. The findings
of this study might prove useful for future research conducted on this topic, either optimization
studies or studies on the simulation of the milling of Inconel alloys, such as the one presented here.

Keywords: tool wear; machining; milling; coatings; Inconel; nickel superalloys

1. Introduction

Inconel 718 nickel superalloys are well known for their superior mechanical properties,
retaining them even at elevated temperatures of up to 650 ◦C [1]. In addition to nickel, these
alloys also contain chromium, iron, and traces of niobium, molybdenum, titanium, and
aluminum. These elements are dispersed through the nickel γ matrix with a face-centered
cubic (FCC) lattice structure [2]. These Inconel alloys exhibit high strength, resistance to
thermal creep deformation, and high resistance to corrosion and oxidation phenomena.
Because of this, these alloys are applied in a wide variety of industries, such as defense, food
processing, automotive, and the aeronautical and aerospace industries [2]. They are heavily
employed in the latter industries, particularly to produce aircraft engine components
(mainly components that are subject to high service temperatures), making up for about
50% of the total weight of these components in aircraft [3], or even as explosive fasters for
space shuttles [4].
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Indeed, Inconel 718 has excellent mechanical properties at high temperatures when
compared with other types of alloys, even other nickel-based alloys [5]. However, these
high values at high temperatures, coupled with other properties, such as low thermal
conductivity and work hardening, make this alloy incredibly hard to process through
machining, which is the primary process used to produce engine parts and aircraft compo-
nents [6]. Furthermore, the final metallurgical structure of Inconel 718 contains a significant
number of hard carbides, mainly TiC and NbC, being responsible for the high abrasive
behavior registered during machining, causing severe tool wear [7]. This fact, coupled
with the tendency of Inconel 718 to adhere to the surface of cutting tools, only make the
machining of this alloy even more challenging. The machining of this alloy generates high
cutting forces and temperatures, with estimated mechanical stresses reaching peaks of
450 MPa and temperatures of up to 1100 ◦C, as reported by Agmell et al. [8]. These issues,
coupled with high abrasive damage and material adhesion to the tools’ surfaces, cause the
cutting tools to fail quickly, suffering considerable damage after a reduced machining time
or distance.

Machining remains a very relevant process, especially for the production of high-
precision and quality parts [9]. Over the years, researchers have encountered processing
problems when machining various types of materials, with this process suffering constant
evolution regarding the production of new tool technologies that can attenuate these
problems faced when machining hard-to-cut materials, such as (but not exclusively) Inconel
718. There have been various studies performed on the influence of machining parameters
(for various cutting processes, such as drilling, turning, or milling) [9,10]. These studies
have focused on the determination of the optimal parameters to produce various parts,
analyzing the produced machined surface’s quality, and the tool wear sustained by the
employed tools in various processes [11,12]. By analyzing these factors, conclusions can
be drawn regarding the best set of parameters to machine certain hard-to-cut materials,
offering a basis for future works and investigation into the processing of these materials.
Another important aspect when it comes to machining process control is the assessment
of the cutting forces developed during this process, as these forces provide valuable
information regarding the machining process’s performance and stability, offering some
insight into tool wear and even the machined surface’s quality [13,14]. Although these
empirical studies offer this basis, they are quite expensive and time-consuming. However,
they offer the opportunity to develop prediction methodologies for these processes. For
example, in the following study conducted by Zhao et al. [15], the authors studied the
influence of cutting parameters on the milling performance of C45E. They focused on
the tools’ edge optimization for reducing the developed cutting forces and sustained
tool wear during machining. The authors performed a simulation using DEFORM V13.0
software to predict the developed cutting forces and tool wear during the machining of this
material. Practical tests were also conducted to validate the obtained results. The authors
reported satisfactory results, obtaining a deviation in the measured cutting forces from the
simulations performed of about 20%. They also determined the influence of the machining
parameters, namely the spindle speed and feed rate, on the developed cutting forces and
sustained tool wear. These simulations are quite useful, providing valuable information
in a faster and more cost-efficient manner when compared with empirical tests. However,
special attention is needed when employing these methods, as the configuration of these
simulations is quite difficult and depends on previously acquired knowledge [16].

Regarding the mitigation of problems faced when machining hard-to-cut materi-
als, tool coatings or even novel tool geometries can be employed to reduce these prob-
lems [10,17]. Hard coatings offer many advantages in improving the wear resistance of
various surfaces, being employed not only on cutting tools, but also on other surfaces, such
as injection molds [18,19]. As such, cutting tools are no different, heavily benefiting from
these hard coatings. These coatings are usually obtained by CVD (chemical vapor depo-
sition) or PVD (physical vapor deposition), conferring different properties based on the
coating structure or even deposition method [17]. A recent deposition method shows some
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promise, which is PVD HiPIMS (High-Power Impulse Magnetron Sputtering), in which the
produced coating structure is more compact and possesses improved mechanical properties.
Moreover, this deposition method confers the tools a degree of compressive residual stress,
which has a positive impact on the machining performance of the coated tools [20]. This
happens mainly because these stresses confer the tools’ edges higher strength, producing
an overall better-machined surface quality. However, this makes the tools’ edges more
prone to wear. These novel coatings might prove useful when machining Inconel 718, as
they not only confer the tool increased wear resistance and improved mechanical prop-
erties, but can also contribute to better surface roughness production. There are studies
that have employed these tool coatings in the machining of Inconel 718, both PVD and
CVD, as well as uncoated tools. The use of uncoated tools for machining Inconel alloys
(namely Inconel 718) is not advised, especially at higher cutting speeds [21]. The main
wear mechanisms that these uncoated (WC-Co) tools present are adhesive and abrasive
wear, which are considerably higher when compared with those of coated tools tested at
higher feed values [22]. Akhtar et al. [23] evaluated the effect of machining parameters on
surface integrity in the high-speed milling of Inconel 718. In this study, the authors tested
coated and uncoated tools, more precisely, uncoated SiC whisker-reinforced tools and PVD
TiAlN-coated carbide tools. Despite the uncoated tools presenting overall lower wear, it
was observed that the produced surface roughness for the coated tools was lower, even
suggesting that the roughing operations could be conducted using these uncoated tools.
This can be attributed to the fine cutting edges commonly produced by the PVD-coating
process, as well as the use of TiAlN coatings, which are usually employed for high-speed
machining applications [17].

Despite the use of various tool coatings and tool materials, there are still a lot of
challenges related to high wear when machining Inconel 718. De Bartolomeis et al. [24]
presented a review article in which there was a collection of information regarding the most
desired properties for cutting tools when machining Inconel 718. These tools are preferred
to have high hardness under elevated temperatures, high strength and toughness, high
thermo-chemical stability, high wear resistance, and high thermal shock resistance. There
is high importance regarding the thermal properties of these cutting tools, as this alloy
has very low thermal conductivity. This usually results in very high cutting temperatures
in small punctual areas, primarily at the tool–chip interface [25]. As such, there are some
tool materials that show promising behavior when machining these types of alloys, for
example, cubic boron nitrides (CBNs), ceramic materials and coatings, such as TiC, TiAlN,
or ceramic tools, such as the ones presented in [23], and carbides. However, there are some
disadvantages associated with the use of each of these tool materials, such as abrasion and
changes in tool geometry for fine edges, or even diffusion phenomena when machining
with carbides [26]. These phenomena can be attenuated by introducing a coating layer, such
as AlTiN or TiAlN, to act as a chemical/thermal barrier [27]. Indeed, TiAlN-based coatings
have proven to be quite promising when machining Inconel 718, as the use of these coatings
under high-speed machining conditions can lead to the formation of protective Al2O3 films
between the coating and the Inconel 718, as reported in the study by Grzesik et al. [28]. In
short, due to the high mechanical strength and elevated temperatures developed in the
machining of INCONEL® alloys, the main wear mechanism reported so far is abrasion.
However, when the cutting edges are very sharp, the breakage of these edges commonly
occurs, dragging the coatings with it, as the fracture occurs essentially through the substrate.
Coatings that lead to the formation of oxides on the surface tend to improve chip flow,
thereby reducing wear phenomena. Some studies, as previously mentioned, have shown
that TiAlN coatings lead to the formation of an Al2O3 film on the surface, which has been
proven to be beneficial for reducing wear phenomena.

Another important aspect to improve the machining process of Inconel 718 and the
machining processes is the analysis of tool wear and wear mechanisms. The analysis of the
tools’ sustained wear after machining can yield relevant information regarding the process’s
productivity, for instance [29], which provides useful information on machining parameter
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adjustment and, of course, on the quality/suitability of the employed cutting tool [30,31]
and even coatings [10,17]. The analysis of the tools’ cutting behavior and wear enable
researchers to develop new strategies to machine these difficult-to-cut alloys; for example,
in the study by Fox-Rabinovich et al. [32], the authors proposed the use of a novel AlTiN/Cu
coating to improve the machinability of Inconel 718 superalloy. As previously mentioned,
machining tools used to cut Inconel 718 are subject to severe wear, primarily abrasive wear,
resulting in early tool failure. This novel tool coating had good self-lubricating properties
and reduced thermal conductivity, which resulted in an increase in tool life. The authors
assessed not only the tool life and wear behavior, but also analyzed chip formation in
the various studied tools. They compared the chips formed with coated and uncoated
tools, verifying that the undersurface of the chips created by the coated tools exhibited
a very smooth surface, indicating minimal abrasive wear. This information, obtained
from analyzing the machining process using different approaches, can be used to create
prediction models about tool wear, cutting forces, and even machined surface quality [33].
The configuration of these models is quite difficult and relies on practical/empirical data,
either by validation after implementation or by creating a database containing information
previously acquired by performing practical tests. There is a lack of these models for
milling operations, particularly when considering the machining of Inconel 718 [24].

The machining of Inconel 718 is quite a relevant and popular topic, with most of
the studies being performed on the turning of these alloys. However, there have been
few studies regarding the milling of these alloys, particularly for finishing operations [24].
Therefore, in the present manuscript, a comparative study on the production quality of
TiN/TiAlN-coated tools using different machining parameters is presented. The influence
of these parameters on the sustained tool wear and machined surface quality will be
assessed. Furthermore, the developed tool-wear mechanisms will be analyzed for each
of the devised test conditions. This coating was chosen due to the TiN sublayer that
confers high coating adhesion strength [17], which is commonly associated with improved
wear behavior [34]. Furthermore, these sublayers highly contribute to the coating’s crack
resistance [35] and, thus, to its wear resistance. Introducing layers such as these also
contributes to the coating’s oxidation resistance [36,37], which is important, given that the
machining of Inconel 718 causes high cutting temperatures in small areas, thus contributing
to coating and tool degradation [17,38]. Test results for uncoated tools will not be presented
in this study, as the use of a coated tool to machine this type of alloy is advised and is
well documented in the literature. Inconel 718 tends to adhere to uncoated tools’ surfaces,
causing severe abrasive and adhesive wear; therefore, the authors have opted to study the
mentioned tool coating.

Therefore, in this study, the authors hope that the presented findings will be used as
a basis for the optimization of the milling processes of Inconel 718, particularly finishing
operations. Furthermore, the findings reported in this study can be used for simulation
and predictive model configuration. Although this is considered quite difficult for the
milling process, as it is a very dynamic machining process, a considerable lack of studies
have been conducted on this theme [24]. Moreover, the milling of Inconel 718 alloy has
not been heavily explored in the recent literature, especially on finishing operations and
conditions [24]. Therefore, this study aims to help fill this gap in the recent literature, as
well as provide insight into the milling (finishing) operations of these alloys. Studies such
as these have proven to be quite useful when assessing the machinability of various alloys,
helping to adjust machining parameters and develop new strategies or even tools and
tool coatings [39,40]. As mentioned, the basis to develop simulations about the milling of
Inconel will prove to be quite useful. If they are properly calibrated, the simulations can
yield interesting and valuable results regarding the generated cutting forces, temperature,
and developed tool wear (even providing useful information regarding tool life). However,
to calibrate these simulations, studies such as this one are very important as they serve as
an experimental basis for these calibrations.
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This paper will be divided into three main sections. The following section will be
the materials and methods, where the used materials will be presented, as well as the
analyses performed and the equipment used for them. Then, in Section 3, the results of the
conducted tests will be presented, showing the machined surface quality results followed
by the presentation of the wear sustained by the machining tools. This wear analysis will
be quantitative and qualitative, showing wear measurements (regarding flank wear) as
well as characterizing the sustained wear mechanisms. In Section 3, the obtained results
will be discussed based on the current literature. Finally, in Section 4, the conclusions of
this work will be presented.

2. Materials and Methods

In this section, the various materials and methods used for the conduction of this work
will be presented, starting with the presentation of the machining tools and workpiece
material. The adopted methods regarding sample preparation and analyses will also be
presented.

2.1. Materials
2.1.1. Machining Tools

The employed tools are end-mills (INOVATOOLS, S.A., Leiria, Portugal) their substrate
is a cemented carbide WC-Co, grade 6110. The substrate presents an average grain size of
about 0.3 μm and uses 6% Co (percentual mass fraction) as a binder. Figure 1a depicts the
tools’ shape.

The tools’ substrates (INOVATOOLS, S.A., Leiria, Portugal) were supplied with the
tools’ final dimensions and geometry, as they were commercial tools sold by the supplier.
However, these tools were then coated with a coating developed in the laboratory. The
tools were coated with a TiN/TiAlN multilayer coating. After the machining of the tools’
substrates, they were subjected to a cleaning operation and then coated. The tool coating
was obtained using PVD CemeCom CC800/HiPIMS equipment (CemeCon, Wuerselen,
Germany) with four target holders. The adopted deposition parameters can be observed in
Table 1.

Table 1. Deposition parameters for the TiN/TiAlN tool coatings.

Deposition Parameters TiN Layer TiAlN Layer

Deposition time (min) 40 260
Reactor gases Ar+ + Kr + N2 Ar+ + Kr + N2

Target amount/composition 2/Ti 2/TiAl
Pressure (mPa) 580 580

Temperature (◦C) 450 450
Bias voltage (V) −110 −110

Target current density (A/cm2) 20 20
Holder rotational speed (rpm) 1 1

Coating deposition started with the opening of the shutters of the two pure titanium
targets, enabling the deposition of the first thin layer of TiN onto the tools’ substrates.
After this initial deposition, these shutters closed and the ones for the TiAl targets opened,
thus enabling the deposition of the outer TiAlN layer, which was thicker than the former.
These deposition parameters were selected based on previously conducted experiments on
similar substrates. After coating deposition, the tools were carefully packed, avoiding the
handling of the cutting area.

2.1.2. Workpiece Material

The selected workpiece material (Paris Saint Denis Aero Portugal, Grândola, Portugal)
was an austenitic nickel–chromium-based superalloy, Inconel 718. The workpiece material
was supplied as a round bar, having a 158 mm diameter. Regarding heat treatments, the
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material underwent a solution annealing process at 970 ◦C, followed by rapid cooling by
water quenching. Then, it underwent precipitation hardening at 718 ◦C for 8 h before being
cooled in a furnace until 621 ◦C. This temperature was maintained for 8 h, with the material
then being removed from the furnace and left to cool in air. The material’s mechanical
properties are presented in Table 2, and its respective chemical composition (%wt) is shown
in Table 3.

Table 2. Workpiece material’s (Inconel 718) mechanical properties determined at room temperature.

Material Property Value

Yield strength (MPa) 1188
Tensile strength (Mpa) 1412

Elongation (%) 15
Hardness (HBW) 441

Table 3. Workpiece material’s (Inconel 718) chemical composition (%wt).

Chemical Composition (%wt)

Ni Cr Fe Nb Mo Ti Al Co

53.89 18.05 17.78 5.35 2.90 0.96 0.51 0.20

Cu Si Mn B C P N Mg

0.10 0.080 0.078 0.039 0.023 0.010 0.0070 0.0017

In addition to the elements considered in Table 3, residual elements, such as Ag, Ca,
Pb, Bi, S, and O, were present; however. only trace amounts were found; thus, they were
not considered relevant to include in Table 3.

2.2. Methods
2.2.1. Sample Preparation

To characterize the tool-coating thickness and the sustained tool wear after machining,
the tools were subject to a preparation procedure. The mentioned analyses were performed
using SEM (FEI QUANTA 400 FEG, Field Electron and Ion Company, FEI, Hillsboro, OR,
USA). Regarding the tool coating analysis, firstly, an unused tool was cut (cross-section) in
a coated area using a STRUERS MINITOM (Struers, Inc., Cleveland, OH, USA) disc saw
equipped with a thin disc with electroplated diamond particles in its cutting area. After
cutting, the sample was mounted in thermoset resin and placed in a STRUERS PEDOPRESS
hot press (Struers, Inc., Cleveland, OH, USA). This mounting step was performed to enable
the sample’s preparation for SEM analysis. This preparation consisted of subjecting the
mounted sample to grinding and polishing processes using silicon carbide (SiC) sandpaper
with different grits in the following sequence: 220, 550, 800, and 1200 grit. After the grinding
process, the sample was rotated 90◦ to reduce undesirable abrasion marks. Following the
grinding process, the samples were subject to a polishing stage using two types of diamond
slurry, one with an average particle size of 3 μm and another with an average particle size
of 1 μm. Each polishing step was performed for about 15 min to reduce the abrasion marks
on the samples’ surfaces. A total of three samples for coating analysis were produced in
this manner.

The tools used in the machining tests were additionally prepared to enable the sus-
tained wear analysis, also using SEM. After machining, the tools were cut using the same
STRUERS MINITOM (Struers, Inc., Cleveland, OH, USA) disc saw equipment, this time
cutting the tools in an uncoated area. All the tools were cut in the same area, guaranteeing
that all samples had the same length; moreover, during the cutting of the samples, the
protection of the cutting area was ensured, preventing possible damage that would nega-
tively impact the subsequent analysis of the tool wear and wear mechanisms. This cutting
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procedure enabled a more detailed analysis of the top of the tools in the SEM equipment.
After cutting, all of the tools were subject to a cleaning procedure, more specifically, an
ultrasonic bath using acetone for 5 min.

2.2.2. Coating Thickness Analysis

Coating thickness was assessed by analyzing cross-sections obtained (using the process
described in Section 2.2.1) from the coated end mills. Thickness was measured using
an FEI QUANTA 400 FEG (Field Electron and Ion Company, FEI, Hillboro, OR, USA)
scanning electron microscope, provided with an EDAX Genesys Energy Dispersive X-ray
Spectroscopy microanalysis system (Edax Ametak, Mahwah, NJ, USA). The mounted
samples were analyzed in different areas of the cutting area, the coating thickness was
measured, and its average value was determined. The same range of magnifications was
used for all images obtained from the SEM analyses, allowing a better comparison between
samples. EDS analyses were also carried out to assess the coating’s chemical composition
(this analysis does not provide fully accurate values; however, its accuracy is sufficient to
be used to ascertain the chemical composition of these coatings, avoiding the use of more
expensive and time-consuming technologies). EDS analyses were performed using a beam
potential of 15 kV, which was sporadically reduced to 10 kV, to decrease the interaction
volume, thus reducing the noise in the obtained spectra.

2.2.3. Machining Tests

The tests were performed using a milling center—HAAS VF-2 CNC machining center
(HAAS Automation, Oxnard, CA, USA)—with a maximum speed of 10,000 rpm and a
maximum power of 20 kW. Because the workpiece material was supplied as a round bar
with a 158 mm diameter, a strategy was selected in which the tool would machine the
material’s surface in a spiral motion. The initial bar had a considerable height (of about
1 m); as such, it was necessary to cut this bar into sections so as to enable a stiffer machining
process. The bar was cut using a bandsaw, creating sections with a height of 32 mm. These
sections were then face-milled, guaranteeing a constant height of 30 mm (due to possible
deviations in height created by the bar’s cutting process).

Further, regarding the machining strategy, it was concluded that the best solution
would be for the tool to perform an initial plunge at the round bar’s center, then machining
from the center to the bar’s periphery. By adopting this strategy, the selected radial depth
of the cut would be kept constant from the beginning of the test to its end, thus preventing
undesired wear phenomena related to the change in this parameter throughout the test.

The machining tests were performed using cutting fluid (water-miscible) that was
projected externally (5% oil in water) relative to the tool. The machining parameters were
selected based on the tool’s substrate manufacturer (INOVATOOLS). The choice was made
based on the optimal parameters for optimal surface roughness production. The machining
tests were designed using a full factorial experiment design. The final selected machining
parameters can be observed in Table 4. In this table, the values for the cutting speed (Vc),
feed per tooth (fz), cutting length (Cut. Length), axial depth of cut (ap), and radial depth of
cut (ae), as well as the respective tool reference for each tested condition are shown. A total
of three tools per test condition were used to improve the quality of the obtained results
regarding the performance and wear sustained by the tested tools.

Two cutting lengths were selected to observe how the tool wear would progress
throughout the machining of the workpiece, which were 5 and 15 m. Two cutting speeds
were also selected, 100 and 125 m/min, to evaluate the influence of this parameter on tool
wear and production quality (machined surface roughness). Regarding feed per tooth,
this parameter is also known to have an influence on tool wear and production quality;
therefore, three values were tested, with the center value (100%) being 0.0700 mm/tooth.
As observed in Table 4, the values for ap and ae were kept constant, with the selected ae
value being 75% of the tool’s cutting diameter (tool diameter was 6 mm).
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Table 4. Selected machining parameters for the conducted tests.

Tool Ref.
Machining Parameters

Vc (m/min) fz (mm/tooth) Cut. Length (m) ap (mm) ae (mm)

S100F75L5 100 0.0525 5 0.08 4.5
S100F75L15 100 0.0525 15 0.08 4.5
S100F100L5 100 0.0700 5 0.08 4.5

S100F100L15 100 0.0700 15 0.08 4.5
S100F150L5 100 0.105 5 0.08 4.5

S100F150L15 100 0.105 15 0.08 4.5
S125F75L5 125 0.0525 5 0.08 4.5

S125F75L15 125 0.0525 15 0.08 4.5
S125F100L5 125 0.0700 5 0.08 4.5

S125F100L15 125 0.0700 15 0.08 4.5
S125F150L5 125 0.105 5 0.08 4.5

S125F150L15 125 0.105 15 0.08 4.5

2.2.4. Machined Surface Roughness Analysis

The analysis of the machined surface roughness provides valuable information regard-
ing machining tool performance, which can be related to tool wear and optimal machining
conditions to obtain the best possible surface quality. For this analysis, a Mahr Perthometer
M1 profilometer (Mahr, Gottingen, Germany) was used. This equipment was used to deter-
mine the surface roughness parameters according to the ISO 21920-1:2021 standard [41].
Each test was performed with a cut-off value of 0.8 mm and a measurement length of
5.6 mm, which was seven times the cut-off value. The first and the last measurement
segments of 0.8 mm were not considered due to errors resulting from the probe acceleration
and deceleration at the time of measurement. The machined material’s surface roughness
was evaluated in the tangential and radial directions (in relation to the machining direc-
tion). This was performed to evaluate the machining stability, as a considerable difference
between these values would indicate an unstable machining process. Furthermore, surface
roughness assessment was performed in various areas of the workpiece’s surface, namely
in the center and periphery, again to evaluate the stability of the cutting process.

Due to the workpiece’s dimensions and equipment availability, it was not possible to
perform surface roughness area analyses (using profilometers). As such, only the mentioned
equipment was used for surface roughness assessment.

2.2.5. Tool Wear Analysis

After being used for machining the workpiece, the tool wear sustained by the machin-
ing tools was assessed by performing SEM analysis, identifying the main wear mechanisms
as well as performing wear measurements on the tools’ top views (flank wear, VB), more
precisely, VB3 according to the standard ISO 8688-2:1986 [42]. This was performed in this
way due to the selected machining parameters. In fact, these caused primarily localized
flank wear near the tools’ chamfer. EDS analyses were also carried out during tool wear
assessment to characterize phenomena related to material adhesion to the tools’ surfaces.
The tools’ rake and clearance faces were also analyzed, characterizing and comparing the
sustained wear for all tested tools. Furthermore, the amount of lost tool material was
assessed by comparing the change in tool geometry with that of a tool that had not been
used for machining (new tool). In Figure 1, the reference for tool tooth/face identification
is displayed, showing the top view of an unused end-mill, as well as the scheme used for
measurement according to the standard [42].
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Figure 1. Reference used for tool wear evaluation during SEM analysis (a); types of wear on end-
milling cutters according to ISO 8688-2:1989 (en) (b) [42].

As seen in Figure 1a, the numbers depicted are used to identify the tools’ rake face (RF)
and clearance face (CF). As mentioned, the numbers refer to the tools’ teeth. Additionally,
as three tools per test condition were used, an identification number ranging from 01 to
03 was added to the end of each image reference. As previously mentioned, the selected
machining parameters caused a high amount of localized flank wear (VB3) and, as such,
the tool wear was assessed according to the standard [42]. The wear measurements were
performed in “Position 1”, depicted in Figure 1b.

After each machining test, every tool was subjected to a preparation procedure to
enable its analysis using the SEM equipment; this procedure was performed as described
in Section 2.2.1.
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3. Results and Discussion

3.1. Coating Characterization

In Figure 2, the coating’s constitution can be observed, as well as the measurements
performed to evaluate the total coating thickness.

Figure 2. (a) Coating SEM analysis: thickness measurements performed on the tool’s cross-section;
(b) Z1 corresponds to the EDS evaluation zone to characterize overall coating composition.

EDS analysis was performed to confirm the coating’s chemical composition in the
area indicated in Figure 2b. The spectrum obtained from this analysis can be observed in
Figure 3.

Figure 3. EDS spectrum obtained from the tool coating analysis.

Observing Figure 2, it can be noticed that there was a zone with a lighter tone near the
tool’s substrate material. This is the TiN layer deposited close to the substrate, with a view
to improving its adhesion and facilitating the deposition of further layers. However, in
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Figure 2, this layer is not clearly perceptible, and its composition could not be assessed by
direct EDS analysis due to the interaction of the surrounding elements with the ones in this
thin layer. As such, elemental mapping of the coated samples was performed, determining
that this layer was in fact, the TiN layer. The base image used for the element mapping can
be observed in Figure 4, while the element mapping that was performed can be observed
in Figure 5.

Figure 4. Base image of the coating’s cross-section used for element mapping.

Figure 5. Element mapping performed on the tool coating: (a) Al distribution, (b) W distribution,
(c) Ti distribution, and (d) Al, W, and Ti distribution overlapped.

As observed in Figure 5c, there seems to be a line near the substrate that has a higher
content of Ti when compared with the remaining coating. This is also evident in Figure 5d,
where the Al seems to be present mainly on the coating’s top layer, while the bottom layer
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(near the substrate) is mainly composed of Ti. As such, it was determined that this was the
layer composed of TiN.

Regarding the coating thickness, measurements were performed in various coated
areas of the mounted tool samples, enabling the determination of the average coating thick-
ness. These values are presented in Table 5, showing the average total coating thickness, as
well as the average TiAlN and TiN layer thicknesses.

Table 5. Average thickness values for the complete TiAlN/TiN coating and its layers.

Coating Average Thickness Value (μm)

TiN/TiAlN (total coating) 2.10 ± 0.16 μm
TiN layer 0.25 ± 0.023 μm

TiAlN layer 1.80 ± 0.12 μm

As seen from the figures presented in this subsection, this is a multilayer coating. The
TiN sublayer promoted the adhesion of the coating to the substrate, thus improving its
wear resistance and behavior when machining the workpiece. The method of employing
a sublayer (not exclusively TiN) brings many advantages related to tool wear behavior
improvement, as reported by many authors [43,44]. This sublayer, and in multilayered
coatings overall, confers the coatings improved crack resistance and adhesion strength.
This increases the coatings’ wear behaviors, causing overall less sustained wear [10,17].
Not only are these sublayers related to an improvement regarding the tools’ wear behavior,
as they confer the tools improved oxidation resistance, which might prove useful when
machining certain alloys, such as Inconel 718, as its cutting generates high punctual cutting
temperature [37,38], but also they result in a high temperature concentrated in a very small
zone in the tool–chip interface. The sustained tool wear and wear mechanisms will be
assessed in detail in Section 3.3 of the present paper.

3.2. Machined Surface Roughness Analysis

The average Ra values obtained for the performed tests can be observed in Table 6.

Table 6. Average mean surface roughness values (Ra) for the performed machining tests.

Tool Reference Average Ra Value (μm)

S100F75L5 0.409 ± 0.0588
S100F75L15 0.692 ± 0.0538
S100F100L5 0.452 ± 0.0521
S100F100L15 0.737 ± 0.0511
S100F150L5 0.517 ± 0.0713
S100F150L15 0.637 ± 0.0703

S125F75L5 0.429 ± 0.0509
S125F75L15 0.674 ± 0.0613
S125F100L5 0.502 ± 0.0415
S125F100L15 0.786 ± 0.0550
S125F150L5 0.596 ± 0.0691
S125F150L15 0.824 ± 0.0947

As shown in Table 6, the machined surface roughness values were considerably higher
for tests conducted at higher values of cutting length. This was expected, as Inconel 718
induces high levels of tool wear over a relatively low cutting length. As such, this tool
wear negatively impacted the surface roughness values obtained. Regarding the performed
measurements, it was noticed that, in the workpiece’s periphery, the values were slightly
higher than those at its center. This can be attributed, once again, to an increase in tool wear
throughout the test, which was lower at the start of the machining path and, consequently,
higher at its periphery (end of the toolpath). This variation was observed to be more
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significant for tools that exhibited higher tool wear (consequently, this variation induced
higher standard deviation values).

Apart from tool wear, it was noticed that machining parameters clearly influenced the
machined surface’s quality, especially the feed per tooth (fz) parameter [45]. In Figure 6, the
obtained results regarding the machined surface roughness for the various test parameters
can be observed.

Figure 6. Comparison of surface roughness values for all test conditions (divided into three series
based on the selected fz parameter).

As shown in Figure 6, there was a common tendency for machined surface roughness
variation with the feed-per-tooth value. Usually, at lower values of this parameter, the ma-
chined surface quality is better than that obtained at higher values of feed per tooth [45,46].
This tendency was observed for both 100 m/min and 125 m/min in the tests conducted at a
5 m cutting length. However, concerning the tests conducted at a 15 m cutting length (L15),
the tendency was slightly different for the case of the machined surface quality produced
by tools machining at a 100 m/min cutting speed. Indeed, there was an increase in surface
roughness from 75% to 100% feed per tooth in the tests conducted at a 100 m/min cutting
speed. This value, however, decreased slightly from 100% to 150% feed per tooth.

In the tests conducted at a 125 m/min cutting speed and 15 m cutting length, the
tendency was the same as that registered for the tests with a 5 m cutting length. This
means that the machined surface quality deteriorated as the feed-per-tooth value increased.
However, the machined surface roughness values obtained at a 125 m/min cutting speed
tended to be slightly higher than those obtained at a 100 m/min cutting speed. This is not
commonly observed, as cutting speed tends to produce a slightly better machined surface
quality (although the feed per tooth is a more influential parameter in the machined surface
quality) [47]. This is probably related to the fact that the tools’ wear, in this case, was higher
than that registered at a 100 m/min cutting speed (this will be explained in more detail in
Section 3.3).

The fz parameter had a clear influence on the produced machined surface’s roughness.
Higher feed-per-tooth values produced higher Ra values, except in the case of S100L15
tools tested at 150% fz, which produced a better surface quality than that registered at 75%
fz, which was the indicated value to obtain lower values of machined surface roughness.
Regarding the cutting speed, as previously mentioned, a decrease in the surface roughness
value commonly occurs when the cutting speed value increases. However, this was not the
case for what was observed. This was probably due to the amount of tool-wear sustained
by the tools at this cutting speed [48].

It is also worth noting that the values for the 75% fz produced at 100 m/min and
125 m/min were quite similar, only having a noticeable difference at 150% fz. Regarding
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the standard deviation registered for all surface roughness measurements, it seems that
the value was higher for tests conducted at 150% fz, especially at 125 m/min. This was
probably due to higher sustained tool wear, which resulted in a greater difference in the
registered Ra from the center of the workpiece to its periphery (where the tool wear would
be higher) [49,50].

3.3. Tool Wear Analysis

In the present section, the results regarding the tool wear analysis will be presented.
This section is divided into two subsections, one focusing on the wear measurements
performed according to the descriptions in Section 2, as well as the characterization of
the wear sustained on the tools’ rake and clearance faces. In the other subsection, the
analysis of the wear mechanisms identified in the analyzed tools will be presented. The
obtained results will be discussed and related to the machined surface quality achieved
with the tested tools in an attempt to relate the tools’ wear to these results. Furthermore,
the influence of the machining parameters on the tools’ wear will be discussed.

3.3.1. Wear Measurements and Characterization

As previously mentioned, the results obtained from the performed wear measurements
will be described here, starting with the flank wear measurements conducted during SEM
analysis on the tools’ top surfaces (localized flank wear, VB3, according to [40]). These
results can be observed in Table 7.

Table 7. Average flank wear (VB) values measured on the tools’ top surfaces during SEM analysis.

Tool Reference Average VB Value (μm)

S100F75L5 92.670 ± 10.06
S100F75L15 488.02 ± 21.80
S100F100L5 89.370 ± 8.530
S100F100L15 536.60 ± 34.61
S100F150L5 75.450 ± 4.910
S100F150L15 471.11 ± 42.13

S125F75L5 199.16 ± 16.08
S125F75L15 561.93 ± 39.64
S125F100L5 190.05 ± 11.81
S125F100L15 545.34 ± 23.65
S125F150L5 168.03 ± 24.50
S125F150L15 613.55 ± 19.71

According to the values displayed in Table 7, the values of VB3 (maximum localized
flank wear) were higher for a longer cutting length. This was to be expected; however, the
increase was quite significant, meaning that after only a short distance, the tools suffered
a lot of flank wear. This was due to the properties of Inconel 718 causing high abrasive
damage that led to tool chipping [51]. Additionally, the values that were obtained for
tests conducted at 100 m/min were slightly lower than those obtained at a 125 m/min
cutting speed. This indicates that an increase in cutting speed also caused an increase in
the VB values.

As with the previous section, graphs displaying the values presented in Table 7 are
provided for ease of comparison. As seen in Figure 7, there was a significant increase in
the VB value from the tests conducted at a 5 m cutting length to those conducted at a 15 m
cutting length, with the value of the latter being almost five times higher than that of the
former [8]. Regarding the tests conducted at a 5 m cutting length, a common trend was
identified: the VB values seemed to be higher for cutting tests carried out at 75% feed per
tooth, and this value decreased with an increase in the feed per tooth parameter. This trend
was identified for tests conducted at both 100 m/min and 125 m/min cutting speeds. As for
the tests conducted at a 15 m cutting length, no clear trend could be identified. However,
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the flank wear seemed to be more intense for the tests conducted at higher feed-per-tooth
values.

Figure 7. Comparison of flank wear (VB) values for all the test conditions (divided into three series
regarding the selected fz parameter).

From Figure 7, it can be observed that the cutting length (as mentioned above) and
cutting speed exerted clear influences. As previously mentioned, the feed per tooth pa-
rameter exerted an influence in the tests conducted at a 5 m cutting length. Regarding the
influence of cutting speed on the registered flank wear values, it seems that an increase
in cutting speed resulted in a more severe level of flank wear. When comparing the tests
conducted at 5 m and 15 m cutting lengths, the tests carried out at 125 m/min produced
higher values of flank wear. Regarding the tests conducted at a 15 m cutting length, there
seemed to be no clear influence of cutting speed on the sustained flank wear. In the case of
the tools tested at a 125 m/min cutting speed, the highest amount of wear was identified
for the 150% fz condition, whereas in the case of the tests conducted at 100 m/min, it seems
that the worst case of flank occurred under the 100% fz condition. Although an increase in
cutting speed usually promotes a smoother cutting behavior for the cutting tools, it can be
observed that, in this case, it produced a more accentuated flank wear.

Regarding the type of flank wear identified for tools tested at 100 m/min and
125 m/min, although the maximum localized flank wear was less intense in the case of tests
conducted at 100 m/min, the wear mark was considerably wider. In this case, the sustained
wear had a more prominent area than that in the tests conducted at 125 m/min. For these
tested tools, the wear appeared to be more localized. An example can be observed in
Figures 8 and 9, where a top view and a rake face view can be observed for tools tested at
100 m/min and 125 m/min.

In Figure 8, two images obtained through SEM analysis of two tools’ top surfaces are
displayed. In Figure 8a, a tool that was tested at 100 m/min with a 5 m cutting length and
0.07 mm/tooth (100% fz) is displayed. In Figure 8b, a tool that was tested at 125 m/min is
shown (with the remaining machining parameters staying the same as those for the tool
depicted in Figure 8a). In the case of Figure 8b, the wear is slightly more accentuated when
compared with Figure 8a.

Figure 9 displays two rake faces of tools tested under the same conditions as those
shown in Figure 8. Although the wear is quite similar, it seems that the rake face wear
sustained by the tools tested at 125 m/min was more intense. Of course, these are the tools
tested at a 5 m cutting length. As previously mentioned, the impact of the cutting length
seemed to increase the wear significantly. This is shown in Figure 10 (15 m cutting length),
where the tools’ top views (Figure 10a) and rake faces (Figure 10b) are shown.
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Figure 8. Top view of tools tested at S100F100L5 (a) and S125F100L5 (b).

Figure 9. Rake face view (RF1) of the tools tested at S100F100L5 (a) and S125F100L5 (b).

Figure 10 clearly shows the impact of cutting length on tool wear. Longer cutting
lengths contributed to higher levels of tool wear, which was mainly because the tools would
machine more material and be subject to adverse cutting conditions for longer periods of
time (when compared with shorter cutting lengths). It was observed that the wear mark
was wider for tools tested at lower feed rates and cutting speed values, and deeper for tools
tested at higher feed rates and cutting speeds. This was because the tool was subjected
to higher attrition wear at lower cutting speeds and feed-per-tooth values, causing more
severe wear and altering the tools’ geometry. This, in turn, promoted a different chip
formation mechanism that seemed to accentuate the tool wear even more.

Regarding the influence of tool wear on the machined surface’s quality, it seems that
the tools with more severe wear produced lower machined surface quality. However, this
was particularly observed for the tools tested at 125 m/min and tested at a 15 m cutting
length, although the value of fz usually influenced the machined surface quality, with a
higher value resulting in worse machined surface quality and better results in terms of tool
wear (measured flank wear). However, this tendency was only observed for tools tested at
a 5 m cutting length, with the fz parameter not greatly influencing the measured tool wear.
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Figure 10. Top view of tools tested at S100F100L15 (a); rake face view (RF1) of tools tested at
S100F100L15 (b).

3.3.2. Tool Wear Mechanism Analysis

In this subsection, the identified wear mechanisms will be presented, evaluated, and
discussed. They were common for all tested tools, with the ones tested at a 15 m cutting
length having more severe levels of these mechanisms and overall wear (as expected) [8].
However, these wear mechanisms, as mentioned, were the same for all tested conditions.

The predominant wear mechanism was abrasion; in Figure 11, this wear is evident
due to the smooth appearance caused by material abrasion on the tool’s surface. Abrasive
wear is also evident in Figure 10, where the loss of material caused by Inconel 718 abrasion
during testing can be seen. Abrasive wear usually leads to the loss of tool material, even
causing some alterations regarding geometry. This can also be seen in the tools’ coating,
as presented later in the manuscript. Abrasive wear is usually observed when machining
Inconel 718 [7], which was observed in all the tested tools, albeit at different intensities.
As previously mentioned, the tools tested at a 15 m cutting length exhibited considerably
higher levels of wear than those tested at 5 m. The former tools exhibited more evidence of
abrasive wear, as can be observed in Figure 11.

Figure 11. Rake face (RF2) of a tested S125F100L15 tool exhibiting abrasive wear.
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Although Inconel 718 is known to adhere to cutting tools [23], the registered material
adhesion was not abundant. That is, light workpiece material adhesion was registered on
the tools’ flanks, edges, and rake faces, as shown in Figure 12. Furthermore, there seemed
to be a higher level of adhesion to the tools’ uncoated areas (substrate) than to the tool
coatings themselves (as shown in the marked area of Figure 12). Further, regarding material
adhesion, the formation of a built-up edge was also registered, albeit in a primordial stage
(not developed), which can be observed in Figure 13.

Figure 12. Material adhesion on the rake face surface (RF1) of a tested S125F100L5 tool.

Figure 13. Initiation of the formation of a built-up edge (BUE) on a tool’s top surface, exhibiting
material adhesion on the exposed substrate (shown on a tested S100F75L15 tool).

The adhered material’s composition was assessed by performing EDS analyses, prov-
ing that it was indeed Inconel 718. This adhesion may eventually lead to adhesive wear. It
was detected on some of the tools’ faces, such as the rake face depicted in Figure 12. Adhe-
sive wear can lead to premature tool failure, as it promotes the removal of tool coatings
and substrates, with are removed with the adhered material on the tools’ surface.

A considerable amount of chipping, mainly of the tools’ substrate was registered in the
tested tools, particularly those tested at a 15 m cutting length (as seen in Figure 10). Indeed,
machining Inconel 718 can be quite aggressive to the cutting tools, promoting high levels of

104



Metals 2023, 13, 684

wear [7,24]. This chipping hinders the production quality that can be achieved with these
tools, as well as negatively impacts the overall machining performance [10,17]. This is due
to the change in the cutting tools’ geometry, altering the chip formation mechanism and,
thus, promoting a higher amount of wear, cutting forces, and machined surface roughness
values [9,10].

The tool coatings seemed to hold quite well. The TiN layer improved the coatings’
crack resistance and, as such, no major cracking was identified in the tested coated tools [17].
Furthermore, the coating’s adhesion was deemed to be quite good, as there was no major
evidence of coating delamination, with the main coating wear mechanism being abrasion,
as shown in Figure 14. As shown in Figure 11, the abrasion smoothed out and marked
the tool’s surface. In this case, the coating was eroded due to the machined material being
“dragged” across the tools’ surface.

Figure 14. Coating abrasion shown on a tested S100F75L15 tool rake face (RF1).

4. Conclusions

The present work presents a comparative study of coating end-mills used to machine
Inconel 718 alloy, known for its low machinability and excellent mechanical properties.
These cause elevated levels of tool wear, even after only a few meters of cutting.

From the conducted and presented study, the following conclusions can be drawn:

• The machining parameters have an effect on the machined surface’s quality, particu-
larly the feed per tooth parameter;

• The optimal machined surface roughness value is obtained for the S100F75L5 test con-
ditions;

• Tool wear impacted the machined surface’s quality, however, this was mostly notice-
able for longer cutting lengths due to the tools machining a higher amount of material;

• Less flank wear was observed for the S100F150L5 test conditions, with a decrease in
the fz value increasing the amount of registered tool wear, although only slightly;

• An increase in cutting speed promoted an increase in tool wear. However, the most
impactful parameter on tool wear was indeed the cutting length, as expected;

• Regarding the tool wear mechanisms, the predominant one was the abrasive wear
mechanism, followed by tool chipping (substrate) and slight material adhesion to the
tools’ surfaces;

• Material adhesion was found to be more common in uncoated areas of the tested tool;
furthermore, the uncoated regions were subject to more considerable abrasive wear;

• The resistance to cracking and high adhesive strength of the tool coating could be
attributed to the TiN sublayer, which enhanced the coatings’ crack resistance and
adhesion to the substrate materials;
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• The obtained results, in terms of machined surface roughness, can be considered
quite satisfactory, even when tool wear is quite high. However, the tools’ coatings
suffered a considerable amount of wear only after a few meters of cutting, not being
recommended for longer operations that require many meters of cutting.

These results highlight the advantages of using TiAlN coatings to obtain a satisfactory
surface roughness quality for finishing operations applied to Inconel 718. Furthermore,
the inclusion of coating sublayers can bring many advantages regarding the wear be-
havior of the cutting tools, especially when machining a material such as Inconel 718,
known for its low machinability and capability of inducing high levels of wear on cutting
tools. These results can be used as a basis for future work, especially when aiming to
optimize/improve the outcomes of finishing operations applied to Inconel 718, particularly
for milling applications.
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Abstract: Inconel 718 is a highly valued material in the aerospace and nuclear industries due to
the fact of its exceptional properties. However, the processing of this material is quite difficult,
especially through machining processes. Machining this material results in rapid tool wear, even
when low material removal rates are considered. In this study, instrumented turning experiments
were employed to evaluate the machinability of Inconel 718 alloy using PCBN tools while assessing
the usage of two distinct binder phases, TiN and TiC, for those cutting tools. It was found that the
tool life was highly sensitive to the cutting speeds but also affected by the workpiece mechanical
properties. At lower cutting speeds, notch wear significantly impacted the tool integrity, whereas at
higher cutting speeds, flank wear was the primary failure mode of the tool. The flank wear of the
tools with TiN-based binder outperformed TiC by almost 30%, presenting a more consistent behavior
when machining.

Keywords: Inconel 718; PCBN cutting tools; tool binder material; machinability assessment; tool wear

1. Introduction

Nickel superalloys, such as Inconel 718, are well known for their excellent mechanical
properties, even at elevated temperatures [1,2]. This makes these superalloys the choice
material for applications that are quite aggressive and require high mechanical strength
at higher temperatures. For example, these alloys are employed in the making of turbine
components that operate at temperatures above 800 ◦C. In addition to their high mechanical
properties, these alloys also exhibit high resistance to corrosion and oxidation phenom-
ena [3], making them suited for a wide variety of industries, such as the defense, food
processing, automotive, and aeronautical and aerospace industries, in which more Inconel
718 is used [4,5].

Inconel 718 is also known for being a hard material to process, especially with ma-
chining operations, and it is classified as a hard-to-cut metal. This is due to the fact of
their high mechanical property values coupled with the fact that this alloy has low thermal
conductivity and a tendency to work harden [6]. Furthermore, the metallurgical structure
of Inconel 718 has a significant number of hard carbides, namely, TiC and NbC, which
causes the material to exhibit highly abrasive behavior while being cut [7]. As such, the
main problems encountered when machining Inconel 718 is the short tool life caused by
the high abrasive wear, high cutting temperatures [8], and tendency of the metal to adhere
to the tools’ surface. Moreover, the machining of this material damages the workpiece itself
at a microstructural level due to the very high cutting forces generated during the process,
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as well as the surface tearing and distortion of the final machined components [9]. This is a
problem as most aircraft engine components are obtained via machining.

A wide variety of strategies can be employed to mitigate the problems faced when
machining hard-to-cut materials, such as the use of tool coatings or novel tool geome-
tries [10]. Alternative machining strategies are also employed to mitigate problems that
arise from machining Inconel 718, such as laser-assisted machining aimed at improving
surface quality [11] or even different machining strategies using robotics with cutting force
control to improve the surface quality of Inconel components, including turbines [12]. Hard
coating offers many advantages, especially by improving the wear resistance of cutting
tools [13]. However, there are some machining strategies that can be employed in the
machining of these hard-to-cut materials, such as high-speed machining (cutting speeds
over 120 m/min). This strategy has shown some potential in the machining of hardened
steels [14,15], titanium alloys [16,17], and super alloys [18,19]. By employing this machin-
ing strategy, higher material removal rates can be achieved (compared to conventional
machining). Nonetheless, employing this strategy using carbide tools (uncoated or coated)
causes severe tool wear and coating delamination, primarily due to the high abrasive wear
caused by the Inconel 718. As such, some alternative tool materials can be employed, such
as cBN (cubic boron nitride) or PCBN (polycrystalline cubic boron nitride), which has
excellent chemical inertness, high thermal stability, and very high hardness (being second
to diamond) [20]. CBN can better maintain its mechanical strength values when subjected
to higher temperatures compared to other conventional tool materials; moreover, due to
the fact of its high hardness values, it has excellent abrasion resistance [21]. Regarding its
resistance to diffusion phenomena, PCBN can resist interactions with the iron present in
Inconel 718 up to temperatures of 1300 ◦C, both for low and high contents of CBN [22].

PCBN tools can be divided into three categories: low content CBN (50–65%); high
content CBN (80–90%); and binderless sintered CBN (no binder) [23]. Several studies have
been conducted to determine the most appropriate cutting tools for turning Ni-based alloys
at higher cutting speeds. Criado et al. [21] compared the performance of low-content PCBN
tools and carbide tools during machining operations of Inconel 718. In this study, it was
found that the PCBN tools could handle higher cutting speeds, however, at lower values of
depth of cut compared to the uncoated WC cutting tools. However, the authors concluded
that even with this parameter’s adjustment, the PCBN tools had an increased value for
machined volume compared to the WC cutting tools while retaining a very similar level
of tool wear. Regarding the machined surface roughness, the best quality was obtained
using the PCBN tools, which outperformed the WC cutting tools by up to five times in this
regard. Studies such as these highlight the potential of using these PCBN tools, particularly
for finish-turning operations of Inconel 718. Dudzinski et al. [19] stated that although
carbide tools are suited for machining Inconel 718 at lower cutting speeds (between 20
and 30 m/min), for enhanced productivity, ceramic tools are a more appropriate choice,
even when considering that WC tools are less prone to crater wear compared to ceramic
cutting tools.

Costes et al. [24] analyzed the influence of CBN content when finishing Inconel 718.
The authors found that percentages of CBN content in the range of 45–60% in the cutting
tool and used at cutting speeds between 250 m/min and 300 m/min led to the best behavior
in terms of the best machined surface quality and least amount of sustained wear. Bushlya
et al. [25] compared the performance of coated and uncoated PCBN (50% CBN content)
with whisker-reinforced alumina tools in high-speed turning operations of Inconel 718. It
was concluded that the tool life was highly sensitive to the variations in the cutting speed.
The whisker-reinforced alumina tool life was lower than that of the coated and uncoated
PCBN tools. The authors also studied the developed cutting forces during the machining
operations, finding that these force values were higher for the whisker-reinforced alumina
tools compared to the PCBN cutting tools. However, the cutting forces were slightly higher
for the coated PCBN cutting tools.
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Still, regarding studies conducted on the use of PCBN tools, Khan et al. [26] reported
that a 0.2 mm/rev feed rate and a cutting speed value of 300 m/min offered a good
productivity/material removal rate when turning Inconel 718. However, in TiN-coated
PCBN inserts, as the cutting speed value increased from 300 m/min to 350 m/min, no
significant improvement in the performance of the tool life was noticed. This is due to the
rapid oxidation of the coating layer [26,27]. Bushlya et al. [28] also tested TiN-coated PCBN
tools, comparing them with uncoated PCBN tools. Again, the coated tools produced higher
cutting forces during the turning than those observed for the uncoated PCBN tools. In
addition, the coated PCBN tools did not produce the best results in terms of the machined
surface quality. Some experimental tests showed that low-content CBN tools with TiN
binder correspond to excellent wear resistance because the ceramic binder phase has better
chemical stability with respect to nickel [29,30].

Understanding tool wear and the developed wear mechanisms during machining is
crucial, especially when optimizing a certain process. Wear generally occurs over time,
and this failure is a gradual, cumulative process that affects the tool life [31]. As such,
studies evaluating the wear behavior of cutting tools can provide useful information about
the optimization of the cutting process. Understanding and predicting the effect of the
selected cutting parameters on the tool life and wear behavior are also very important.
Cores et al. [24] reported adhesion and diffusion wear as the predominant wear mecha-
nisms sustained by CBN tools when turning Inconel 718. The authors evaluated speeds of
250 m/min, 350 m/min, and 450 m/min. The workpiece was subjected to high tempera-
tures and stresses, suffering superficial plasticization. As such, the alloy spread over the
contact area between the insert and the workpiece. Regarding diffusion wear mechanisms,
Bushlya et al. [29] also reported that, under both high pressure and temperature, boron
and nitrogen diffuse from the CBN into the Inconel 718 while forming solid solutions. A
chemical reaction triggers the formation of Ti and Nb nitrides and Cr, Mo, and Nb borides.
The authors also found that the presence of TiC binder in PCBN is an obstacle to further
diffusional loss of the CBN phase. Despite the diffusional loss of carbon, TiC remains more
stable than CBN and acts as an inert obstacle. These results made it possible to explain
the significantly lower wear rate of PCBN tools with low CBN content and ceramic binder
compared to the high CBN content grades.

In the present study, instrumented turning experiments were devised to evaluate the
machinability of Inconel 718 alloy using PCBN tools. Two PCBN tool types were used that
had distinct binder phases: TiN and TiC. The effect of the binder on the generated cutting
loads and the sustained tool wear is presented and discussed. Although the use of PCBN
tools for machining Inconel alloys has been researched to some extent, the influence of the
binder phases could use additional exploration, as this may bring some advantages in the
use of these tools, especially when aiming to mitigate common problems associated with
the machining of Inconel 718.

2. Materials and Methods

Longitudinal cylindrical turning tests were performed using a Mazak Integrex i-200ST
multitasking CNC machine instrumented with a load cell (Kistler 9129A piezoelectric
dynamometer) coupled to a multichannel charge amplifier (Kistler 5070A) and data acqui-
sition system (Kistler 5697A). In addition to the acquisition of the cutting forces, tool flank
wear measurements and image collection of the rake and flank face were conducted using
a DinoLite digital microscope. SEM images were taken, and a spectroscopy analysis was
also performed. The SEM/EDS analysis was conducted using a high-resolution (Schot-
tky) environmental scanning electron microscope with X-ray microanalysis and electron
backscattered diffraction analysis (FEI Quanta 400 FEG ESEM/EDAX Genesis X4M). To
avoid contaminants, all samples were submitted to an ultrasonic cleaning bath prior to the
SEM analysis. The samples were immersed in ethanol and subjected to ultrasonic waves
for 2 min to remove any debris or unwanted particles that may have accumulated on the
surface of the samples. Table 1 displays the mechanical properties at both room temperature
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(RT) and 649 ◦C, as specified by the alloy manufacturer and determined through tensile
testing according to ASTM E8/E8M-16a and ASTM E21.

Table 1. Mechanical properties of the tested IN718 alloy as a function of temperature.

Temp. Yield S. (MPa) Tensile S. (Mpa) Elongation (%) Area Reduction (%)

RT 52.70 19.06 18.43 4.73
649 ◦C 50.00 rem 17.00 4.75

A schematic representation of the described experimental setup is shown in Figure 1.
A tool holder (ISO DCLNL 2525M 12) was clamped to the dynamometer, resulting in an
insert (ISO CNGA 120408) setting angle of 95◦, a rake angle of −6.5, and a clearance angle
of 6.5◦. A sampling rate of 1000 Hz was defined for the three components, Fx, Fy, and Fz,
which corresponded to the passive, cutting, and feed forces, respectively. Concerning the
lubrication conditions, a soluble oil emulsion was used with a pressure of 3.7 bar pointed
towards the cutting edge. The tested levels of each cutting parameter are presented in
Table 2. The full combination of the presented parameters was used for the two different
cutting inserts (with different binder phases). Experimental tests usually vary the cutting
speed (vc) from 150 to 400 m/s, so five cutting speed levels within this range were selected.
A feed ( f ) of 0.1 and 0.2 mm/rev and a depth of cut (ap) of 0.15 mm were selected for the
experimental runs. This combination of cutting conditions resulted in a matrix of 10 tests
for each tool grade, adding up to 20 different experimental runs.

Figure 1. Instrumented setup of the longitudinal, cylindrical turning machining operations: (a) tool
holder and effective rake, clearance, and cutting-edge angles; (b) cutting tool and tool holder relative
to the position of the workpiece and load cell mount; (c) charge amplifier and data acquisition system.

Table 2. Tested levels for each cutting parameter.

Cutting Parameter Levels

Depth of cut, ap (mm) 0.15
Feed, f (mm) 0.1 0.2

Cutting speed, vc (m/min) 150 200 250 300 350

Two identical cutting inserts were selected that varied the ceramic binder: (i) titanium
carbide (TiC) for the PBY603 grade and (ii) titanium nitride (TiN) for the PBY602 grade.
These 50% CBN content grades are suitable for the continuous and lightly interrupted
cutting of hardened steel and the finishing of abrasive high-strength cast irons, and they can
also be used to machine heat-resistant superalloys. It is worth noting that the inserts were
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composed of a PCBN tip brazed on a cemented carbide substrate, as shown in Figure 2.
The inserts had an AlTiN/TiSiAlN double-compound coating (1.5 μm thickness) applied
using the physical vapor deposition (PVD) process. Both inserts had the same negative
80◦ rhombic-shaped cutting insert and a honed-edge preparation with a 0.020 mm radius,
which was measured (for thorough control of the cutting conditions) using the Brucker
Alicona apparatus based on 3D optical measurement technology (at Palbit S.A.), as shown
in Figure 2.

 
Figure 2. Overall geometry of the cutting insert (brazed tip construction) and edge radius measure-
ment (at <0.05 mm from tool tip) of TiN-based and TiC-based PCBN inserts.

The Inconel 718 samples were equally pre-machined (facing and turning) into cylin-
drical shapes (50 mm in diameter), and a free length of 55 mm was defined for each
longitudinal turning pass, ensuring the repeatability of the process. Prior to the machining
operations, hardness tests were conducted (using an Emco M4U-075 hardness testing ma-
chine, according to ISO 6508) on the cylindrical rods. The following steps were successively
repeated for each condition of the turning experiment: (i) placing a virgin (i.e., new), turn-
ing the insert on the tool holder; (ii) starting the data acquisition system without the lathe
rotation; (iii) starting the turning test while acquiring data; (iv) stopping the test after a
determined number of passes; (v) inspecting the tool and measuring the flank wear with a
digital microscope; (vi) collecting the chip; (vii) repeating steps (i) to (iv) until a flank wear
(VBmax) of 0.2 mm is achieved or 5 min of cutting time have been completed.

An example of the as-recorded cutting force data is shown in Figure 3. Distinct
stages can be noticed. During the first stage (I), the force noise came from the lathe since
the spindle was already rotating, but the cutting tool was motionless, whereas during
the second stage (II) the cutting tool started its movement, entering the workpiece and
beginning to cut. This second stage was characterized by a sudden increase in the forces,
which stabilized less than half a second later into the (III) cutting stage itself. This third
stage corresponded to the steady-state cutting conditions that were considered for this
analysis. The last stage (IV) was characterized by a peak in the forces, possibly due to the
fact of inertial effects and occasional chip tangling and winding around the workpiece.
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Figure 3. Load evolution of the Inconel 718 turning operation using the TiC binder cutting tool
(vc = 200 m/min, f = 0.10 mm/rev, and ap = 0.15 mm) while recording the cutting force signals:
continuous cutting of (a) multiple (3) longitudinal turning passages; (b) distinct stages in each passage.

3. Results and Discussion

3.1. Workpiece Material Inspection Analysis

A chemical composition analysis enabled a comparison with material standards,
confirming its compliance, as depicted in Table 3. Moreover, small samples of Inconel
718 were prepared for microstructural observation. After polishing (as seen in Figure 4a),
these samples were chemically etched with oxalic acid, enabling different phases and grain
structures, as shown in Figure 4b. Large carbide particles (1 to 7 μm) can be seen in the
unetched sample, which are responsible for the hardened condition along with the very
fine precipitates [32] dispersed along the matrix. The microstructure shows equiaxed grains
and annealing twins, suggesting a recrystallized structure [33,34]. In terms of the hardness,
different measurements were performed for different radial distances to the center of the
cylindrical samples. No significant changes in hardness were noticed along the diameter of
the samples (44.1 ± 0.1 HRC).

Table 3. Chemical composition (wt.%) of the Inconel 718 alloy processed in the current study.

Element Ni Fe Cr Nb Mo Ti Al W Si Co

Measured 52.70 19.06 18.43 4.73 3.00 1.02 0.541 0.114 0.114 0.109
Standard min. 50.00 rem 17.00 4.75 2.80 0.65 0.20 - - -
Standard max. 55.00 - 21.00 5.50 3.30 1.15 0.80 0.35 0.35 1.00
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(a) (b) 

Figure 4. Optical microscopic images of Inconel 718: (a) polished condition evidencing the occurrence
of large precipitates; (b) chemically etched (oxalic acid) condition, evidencing the microstructure.

3.2. Cutting Load

Figure 5 allows for the observation of the cutting loads according to each selected
operational condition. The significant evolution of these loads can be noticed for each
selection of cutting parameters due to the considerable wear rates promoted by the low
machinability of the alloy. The initial force values, which were minimum due to the fact
of insignificant tool wear, are represented by “min.”, whereas “max.” illustrates the last
passage load values, which were maximum due to the fact of tool degradation. The average
force values over the entire test are represented by “avg.”. Overall, the highest values
were achieved by the passive force component (Fp) followed by the cutting force (Fc) and
feed force (Ff), in descending order, given that when the depth of cut is smaller than the
nose radius of the tool, the passive or radial component of the tool forces is found to be
most dominant [24,25,29,35,36]. Moreover, passive force had a large evolution over time,
often amounting to triple and even quadruple the initial (i.e., virgin tool) value, when
reaching the end of the tool’s life. Monitoring the evolution of this force can provide
relevant information on the tool wear evolution. The force appears to be highly sensitive to
the evolution of the tool wear and degradation of the tool edge surface, which is a tendency
also observed by other researchers [24,35,37]. In addition, the passive force seems to be
associated to the ploughing force, which is caused by the flow of material ploughed by the
clearance face of the tool due to the elastic deformation of the workpiece material under
the clearance surface [35].

The first pass cutting forces for each tool, cutting speed, and feed are shown in
Figure 6 for each distinct cutting tool. This first pass values are important, since at this
point the cutting tools have the most similar wear conditions, enabling a more suitable
comparison of the cutting forces. As expected, higher cutting forces were achieved when
machining with higher feeds for both tools, given that maintaining the depth of cut and
increasing the feed results in a higher chip cross-sectional area along with higher cutting
forces. It is important to note the high stability of the cutting forces in the steady-state
regime (standard deviation < 5 N). When varying the feed from 0.1 mm/rev to 0.2 mm/rev
and cutting with the TiC binder inserts, this resulted in an average increase of 52.1% in
the cutting forces, while under the same conditions, an increase of 55.5% was observed
when machining with the TiN binder inserts. The cutting forces proved to have a slightly
decreasing tendency when increasing the cutting speed. As the cutting speed increased,
there was a larger energy input in the machining process, which combined with the lower
heat diffusion (near-adiabatic process), promoted a temperature increase that resulted in
thermal softening of the workpiece material. For the tests, it was not possible to perceive a
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significant difference in the cutting forces among the distinct CBN binders. Regardless of
the employed cutting insert, the measured load values oscillated at approximately 120 N
when machining with a feed of 0.2 mm/rev and 80 N with a feed of 0.1 mm/rev.
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Figure 5. Cutting load evolution according to the selected cutting parameters and depending on the
first (min.) and last (max.) cutting tool passages: (a) TiC binder cutting tool and f = 0.1 mm/rev;
(b) TiC binder cutting tool and f = 0.2 mm/rev; (c) TiN binder cutting tool and f = 0.1 mm/rev;
(d) TiN binder cutting tool and f = 0.1 mm/rev.
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Figure 6. Measured cutting forces on the initial passage of each tool for each tested configuration of
cutting parameters: (a) TiC binder cutting tool; (b) TiN binder cutting tool.

The measurement of the first pass cutting forces enabled the calculation of the specific
cutting pressure, Kc, which is a highly relevant parameter used for the evaluation of a
material’s machinability and enables an estimate of the cutting force for scenarios with
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distinct operational conditions. The specific cutting pressure can be defined as the ratio
between the main cutting force and cross-sectional area of an undeformed chip, A0. The
cross-sectional area of the undeformed chip can be calculated using Equation (1), and the
specific cutting pressure, Kc, can be calculated using Equation (2).

A = ap · f (1)

Kc =
FC
A

(2)

Figure 7 exhibits the evolution of the specific cutting pressure according to the feed
conditions. Typically, Kc exponentially increases for a smaller chip section while stabilizing
when increasing the chip section, which is a phenomenon associated with size effects in
metal cutting, as widely observed by researchers [35,38,39]. The occurrence of defects in
metals, such as grain boundaries or missing atoms, is generally acknowledged, and the
chance of encountering such stress-reducing defects increases for larger sizes of removed
material [39]. In addition, the occurrence of ploughing for increasingly smaller feed rates
explains the size effect. When the uncut chip thickness becomes smaller or similar to the
tool edge radius, the cutting loads did not decrease proportionally due to the considerable
relative contribution of workpiece deformation (compression), leading to higher Kc values.

Figure 7. Specific cutting pressure values considering new and used tools and their comparison with
values in the literature for similar cutting insert geometries.

The turning tests comprised two different chip cross-sectional areas, with the highest
values of cutting pressure being achieved for the lowest feed, which corresponded to the
smaller chip section, as explained by the size effect in the metal cutting. Values between 4000
and 5500 N/mm2 were obtained for a feed of 0.2 and 0.1 mm/rev, respectively, at a cutting
speed of 300 m/min and depth of cut of 0.15 mm. These are typical values for Inconel
718 turning processes with negative rake angles (commonly used for Ni-based alloys),
hence, inducing high values of specific cutting forces. Furthermore, Cantero et al. [35]
obtained similar Kc values when turning Inconel 718 (45 HRC) with commercially available
KB5625 and CBN170 PCBN inserts. These inserts have a medium CBN content and ceramic
binder, with a honed edge preparation (25 μm) similar to the tested tools in this work.
Whereas in Figure 7 the specific cutting pressure labeled with “min.” corresponds to the
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first passage of the longitudinal turning (i.e., virgin cutting insert), “max.” corresponds
to the last passage of that insert. Significantly higher specific cutting pressures (>30%)
occur when reaching the tool’s end of life, proving that the wear affects the cutting power,
leading to a less efficient machining along with a higher surface roughness of the part, thus
affecting the process sustainability and overall quality of the generated surface.

3.3. Tool Wear

The adopted experimental procedure made possible the tracking of the evolution of
the tool wear. It is an inevitable, gradual, and complex phenomenon affecting workpiece
surface accuracy and integrity and contributing to the cost of the machining process. It
occurs due to the fact of geometrical damage, frictional force, and temperature increases at
the tool–workpiece interface region. Studying the influence of the cutting parameters and
their effect on tool wear allows to optimize the process, achieving both better results on the
final product and on the economical side of the operation.

To establish the tool flank wear progression depending on the machining time, wear
data were acquired approximately every 30 to 60 s of the machining time. To do so, the test
was stopped and the flank wears (VBmax and VBnotch) were measured according to ISO
3685. Herein, flank wear refers to VB for simplicity. Figure 8 shows the monotonic linear
wear increase for the CBN cutting tool according to the cutting time (tc). These data were
then computed into a graph, where the ratio of VB and cutting time represents the tool
flank wear rate (TWf) in mm/s, as presented in Figure 8.
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Figure 8. Tool flank wear evolution (a) as a function of the cutting time for a cutting speed (vc) of
300 m/min and feed (f ) of 0.2 mm using a TiC binder insert: (b) flank face for a cutting time of 30 s;
(c) flank face for a cutting time of 62 s; (d) flank face for a cutting time of 92 s.

As the cutting speed increased, the tool wear rate tended to increase as well, which
may be explained by the increase in the cutting temperature at the cutting edge for in-
creasing cutting speeds. Those high-speed (and, thus, high-temperature) conditions may
lead to softening of the tool material which, in turn, may result in an accelerated tool
wear rate (monotonic trend of the curves shown in Figure 9). Still, there seems to be a
tendency towards the stabilization of the wear rates for longer cutting speeds. This might
be associated with the obtained cutting loads that were more stable for faster cutting speeds
(refer to Figure 5), especially for TiC binders. Thus, it is noticeable that within cutting
speeds between 250 m/min and 350 m/min, the wear rate tended to a steadier rate when
machining with TiC binder inserts. However, when machining the same alloy with the

118



Metals 2023, 13, 934

CBN tool with TiN binder, this effect was less evident, since the tool flank wear rate kept
increasing with an increasing cutting speed, while the cutting loads also showed lower
stability (Fp >> Fc, Ff), as illustrated in Figure 5.
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Figure 9. Influence of the cutting speed (vc) on the tool flank wear rate for each distinct tested insert:
(a) TiC binder; (b) TiN binder.

Throughout the tests, all inserts experienced noticeable crater wear on the rake face
and flank wear due to the fact of abrasion on the flank face. In most of the experimental
runs, an increased cutting speed improved the stability of the cut. In Figure 10, two
distinguishable wear patterns that were often found in the current experiment are shown.
At lower cutting speeds (i.e., between 150 and 200 m/min), the flank wear was extremely
irregular with the length variations of the flank itself in addition to the formation of build-
up edge and notching. At higher cutting speeds, despite the rapid wear of the tool, this
phenomenon was less discernible. Regarding the influence of the feed on flank wear, the
results do not show a noticeable influence for the different levels of tested feeds (0.1 and
0.2 mm/rev), which is supported by Cantero et al. [35], who found similar results when
machining 45 HRC Inconel 718.

 
(a) (b) 

Figure 10. Example of cutting inserts (TiC binder) with exceeded flank wear (VB > 0.2 mm) for
different operational cutting conditions: (a) cutting speed (vc) of 200 m/min and feed (f ) of 0.2 mm;
(b) cutting speed (vc) of 350 m/min and feed (f ) of 0.2 mm.

Knowing the speed at which each tool flank degrades, the flank wear rate, as shown in
Figure 9, enables the calculation of the expected tool life, as presented in Figure 11, using a
flank wear of 0.2 mm as the wear criterion. It was chosen to display the average tool life of
each tool for both feeds, as no minor differences were found for the flank wear with the two
tested feeds (0.1 and 0.2 mm/rev). It is also important to note that the tool life at a cutting
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speed of 150 m/min was extrapolated and could hardly be achieved due to the chipping
and notching phenomena, which is further addressed. Moreover, it is important to remark
that even though the cutting speed greatly affects the tool life (which shows considerable
differences regarding the CBN binder at low cutting speed), it plateaus at 300 m/min. This
could be explained by a change in the phenomena, leading the wear to change from a
tribological type (i.e., abrasion and adhesion) to a chemical (i.e., diffusion and oxidation).
Within the selected range of the tested parameters, the cutting speeds between 250 and
350 m/min resulted in smaller notching, better cutting stability, and chip control despite a
short tool life.
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Figure 11. Influence of cutting speed on tool life prediction based on a maximum flank wear of
0.2 mm for TiC and TiN based binders.

Productivity should not only be assessed by the geometric parameters of the operation
(which allow to calculate the MRR) but also in terms of the tool’s life, particularly at an
industrial level where tool replacement and set-up times are detrimental. Figure 12 exhibits
the removed material volume as a function of the feed and cutting speed for the maximum
tool life (VB > 0.2 mm), enabling an assessment of the tool’s performance.

Figure 12 allows for the observation of two distinct conclusions: (i) the highest ma-
chined volume was achieved with a feed of 0.2 mm and (ii) the high material removal
rates did not necessarily correspond to a lower machined volume (due to the shorter life),
constituting improved productivity scenarios.

Notch wear induced by chipping, contrary to flank wear, decreased with an increase
in the cutting speed and became indistinguishable from flank wear at vc = 250 m/min,
which was also reported by several other authors, for the same tool–workpiece material
pairs [35,40]. The notching and built-up edge were particularly intense at lower cutting
speeds for both tested feeds with the TiC binder insert, as seen in Figure 13, whereas with the
TiN binder inserts under the same cutting conditions, less notching occurred. This excessive
notch wear at lower cutting speeds led to an accelerated deterioration of the cutting edge
and its ability to maintain strength properties, culminating in either (i) premature failure
of the tool or (ii) flank wear homogenization covering the initial notching. The second
occurrence is a more convenient scenario, resulting in a more gradual tool wear and, thus,
the higher stability of the cutting operation. This is consistent with the fact that the tool
flank wear pattern is more homogenous at higher cutting speeds, becoming the failure
mode for most tools at speeds above 200 m/min. Unexpected tool failure in addition to
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an increasing frequency of tool change may also destroy the previously machined surface,
causing an inherent impact on the economical side of the process.
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(a) (b) 

Figure 13. Flank surface of the TiC binder insert exhibiting notching under a cutting speed (vc)
of 150 m/min and (a) feed (f ) of 0.1 mm after 105 s of cutting; (b) feed (f ) of 0.2 mm after 65 s of
cutting time.

Tool failure due to the fact of notching located at the depth of cut (see Figure 14c)
at cutting speeds within the range of 150–200 m/min and a reduction of notching as the
cutting speed increases has also been reported by various authors [26,41]. This tool nose
notching at the depth of cut is located at the intersection between the cutting edge and the
machined surface, which is a common failure mode when machining nickel-based alloys.
Notch formation results from a combination of aggressive cutting conditions involved
during the machining process of Ni-based alloys: high temperature, elevated strength,
and strain hardening of the workpiece maintained at high temperature and the abrasive
chips [42].
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(a) (b) 

 
(c) 

Figure 14. Rake face after 1.5 min of machining time: (a) insert 603; (b) insert 602; (c) notching
occurrence located at depth of cut dimension.

Comparing the tool wear with the TiN binder insert and the TiC binder insert, during
the previous turning experiments, it seemed that the first one appeared to have a more
homogenous and predictable flank wear. The flank wear rate (TWf) of insert 602 showed
less variation than insert 603 for the two tested feeds, except at a cutting speed of 350 m/min,
so a further investigation and comparison of these two inserts was performed.

Table 4 shows the measured flank wear (VB) for cutting speeds of 250 m/min and feed
of 0.1 mm, confirming that TiN binder inserts outperform TiC binder inserts, achieving
less flank wear. The rake face images shown in Figure 14 also support the initial premise
that the TiC binder insert has a tendency to notch at the depth-of-cut line. The TiN binder
inserts outperformed TiC by almost 30%, a value that is in line with the 20% difference
reported in the studies by Bushlya et al. [40] when machining Inconel 718 under flood
coolant lubrication cutting conditions at a cutting speed of 300 m/min, feed of 0.1 mm/rev,
and depth of cut of 0.3 mm. Curiously, it was reported that the oxidation of TiN and TiC
start at 700 ◦C and 800 ◦C, respectively, forming TiO2 [43].

Table 4. Flank wear after machining for 1.5 min for vc of 250 m/min and f of 0.1 mm.

Insert
VB

Average
#1 #2 #3

TiC 0.099 0.082 0.085 0.089
TiN 0.089 0.061 0.058 0.069

Electron backscatter diffraction (EBSD) imaging was used to further investigate and
distinguish compositional changes in the tools tested. Different zones usually have different
light intensities that correspond to distinct chemical compositions. EDS analyses and SEM
images allowed to identify compositional changes on the tool’s surface, such as the build-up
edge, and to recognize that, as consequence of the abrasion at the tool–workpiece interface,
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small portions of the workpiece tended to become attached to the tool while the coating
was removed.

Figures 15 and 16 exhibit SEM images of the three TiC and TiN binder inserts used
to machine alloy 718. All tested inserts exhibited a curvilinear, elongated branded zone
where the chip primarily exited at the rake face, resulting in both a loss of the tool coating
due to the tool–chip interaction, diffusion, and adhesion of workpiece elements. Regarding
the TiC and TiN inserts, there was a noticeable difference among them, which is visible as
prominent abrasion wear roughly in the same place on the three TiC inserts, and this is
coincident with the notching present on the flank face, as seen in Figure 17. This excessive
notching tendency of the TiC binder insert compared to the TiN binder insert has previously
been noticed in tool wear rate analyses and further confirmed with SEM analysis.

  

 

Figure 15. SEM images of the TiC binder insert rake face after 1.5 min of machining.

In addition, the flank wear on the TiN binder inserts was generally more homogeneous
than for the TiC binder inserts mainly due to the absence of notching. Moreover, SEM
images made it possible to understand that the cutting edge of the TiC binder inserts
underwent more workpiece adhesion than the TiN binder inserts. While the workpiece
material adhered to the tool, a new edge was created resulting in the loss of geometric and
mechanical characteristics. This newly generated layer made the cutting edge less sharp,
thus increasing the forces during the cutting, particularly the passive or radial force.

The TiN binder inserts seemed to have a geometrically consistent wear pattern on
the rake face and tool, and the TiC binder insert’s crater wear appeared to be darker in
the images, indicating the presence of greater erosion, consequently reaching the tool’s
substrate. Both inserts show groove occurrence roughly at the same location, which seems
to be related with the cutting depth; although for the TiC binder inserts, the cutting edge
appeared to be more affected by the chipping, for the TiN binder inserts, the cutting edge
seemed to better withstand its geometrical characteristics.
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Figure 16. SEM images of the TiN binder insert rake face after 1.5 min of machining.

 

Figure 17. SEM image of a worn TiC binder insert tool flank.
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4. Conclusions

In this study, instrumented turning experiments to assess the machinability of Inconel
718 alloy using PCBN cutting tools and two different binder phases, TiN and TiC, were se-
lected. The primary cutting force displayed a consistent and gradual increase in magnitude
as the depth of cut and feed rate increased, confirming the expected relationship between
the machining process and operational conditions. In other words, the observed increase
in the cutting force with an increasing depth of cut and feed rate was consistent with the
predicted geometric relationship between these factors and the machining process. The
following are the key findings:

• In terms of the cutting forces, there is a clear dependence between the obtained values
and the adopted cutting parameters. The main cutting force increases for higher feed
rates and decreases for higher cutting speeds;

• Increasing the cutting speed (νc > 300 m/min) seems to promote a change in the
dominant wear mode, from mechanical abrasion to chemical diffusion, as evidenced
by the type of tool wear noticed in the cutting tools;

• Low-content PCBN tools are suitable to machine Inconel 718 at high cutting speeds
(250 < νc < −350 m/min) and low depth of cut (0.15 mm). At lower cutting speeds
(150 < νc < 200 m/min), notching and chipping are the main causes of wear, resulting
in instability of the cutting operation and leading to unpredictable tool failure. At high
cutting speeds, adhesion and diffusion of Inconel 718 into the tool surface deteriorate
the cutting edge’s geometry and toughness;

• Lower cutting speeds and the lack of chip breaker resulted in poor chip control at low
cutting speeds, and there was a tendency of chips to entangle around the workpiece.
Increasing the cutting speed was favorable to the appearance of the chip segmentation;

• Of all forces involved in the turning operation, passive force was the greatest, which is
typical when the depth of cut is smaller than the nose radius of the tool, and showed
an evolution that was close with the increase in tool wear;

• The results of the experiment indicate that a higher removal rate does not always lead
to a corresponding decrease in the durability of the cutting tool, which may ultimately
enable more productive cutting conditions in terms of productivity. This highlights
the potential of using PCBN tools when turning Inconel 718;

• TiN binder seemed to improve the tool resistance when machining this superalloy; yet,
more experiments should be conducted, particularly focusing on the evaluation of the
tool’s thermal evolution through combined approaches of in situ temperature measure-
ment and numerical modeling allowing for an assessment of the wear performance
and stability for different ranges of temperature (promoted by distinct operational
conditions). The chemical stability of the tested tools can also be assessed under
distinct lubrication conditions.
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Abstract: Due to their high mechanical property values and corrosion resistance, duplex stainless
steels (DSSs) are used for a wide variety of industrial applications. DSSs are also selected for
applications that require, especially, high corrosion resistance and overall good mechanical properties,
such as in the naval and oil-gas exploration industries. The obtention of components made from
these materials is quite problematic, as DSSs are considered difficult-to-machine alloys. In this work,
the developed wear during milling of the UNS S32101 DSS alloy is presented, employing four types
of milling tools with different geometries and coatings. The influence of feed rate and cutting length
variations on the tools’ wear and their performance was evaluated. The used tools had two and four
flutes with different coatings: TiAlN, TiAlSiN and AlCrN. The cutting behavior of these tools was
analyzed by collecting data regarding the cutting forces developed during machining and evaluating
the machined surface quality for each tool. After testing, the tools were submitted to SEM analysis,
enabling the identification of the wear mechanisms and quantification of flank wear, as well as
identifying the early stages of the development of these mechanisms. A comparison of all the tested
tools was made, determining that the TiAlSiN-coated tools produced highly satisfactory results,
especially in terms of sustained flank wear.

Keywords: duplex stainless steel; milling; tool coatings; surface roughness; wear mechanisms

1. Introduction

The use of duplex stainless steels (DSSs) in industries that benefit from the set of
proprieties usually presented by these alloys, namely, high corrosion resistance and good
mechanical properties, has deeply increased [1]. Thus, DSSs became appealing for many
different applications in a wide range of industrial sectors [2–4], with these having better
overall properties than most stainless steels, and even sometimes being presented as a
viable alternative to some Ni-based alloys [5,6].

The machining process is heavily employed in the fabrication of high-quality and
precision parts. Thus, the machining optimization of these alloys is quite appealing;
however, the research about this topic is quite scarce. There are some authors that use
techniques such as the Taguchi method, which is commonly employed in the optimization
of machining processes [7–10]. These studies enable the identification of the machining
parameters on the process, enabling optimization of production quality [11], material
removal rate [12] and even generated cutting forces [13]. Another common method that
can be employed to obtain information regarding the impact of a certain parameter is a
multiple regression analysis [14,15], or response surface methodology (RSM), coupled with
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an analysis of variance (ANOVA) [6]. These methods allow for the creation of predictive
techniques that can be applied not only to surface roughness, as seen in [14], but to other
parameters, such as the lowering of cutting forces or improving the material removal rate.
This can be advantageous, as it avoids the execution of expensive and time-consuming
machining tests.

Although parameter optimization is very important, from a process improvement
standpoint, the tool being used is equally important, as it directly impacts process efficiency.
Most machining tools for turning and milling, nowadays, are coated tools or coated carbide
inserts [16,17]. These coatings have a wide range of benefits for machining applications
that are well documented, such as an improved surface finish, tool longevity, reduction
in cutting forces [18], lowering the coefficient of friction [19] and greatly improving the
wear resistance of coated tools and surfaces [20–22]. Tool coatings are usually obtained
either by physical vapor deposition (PVD) or by chemical vapor deposition (CVD). Each of
the processes produces different kinds of coatings with different properties and structures,
as they use different methods to achieve the deposited films [23–26]. There are many
studies on the comparison of coatings for the machining of various alloys, especially hard-
to-machine alloys, with comparisons between PVD and CVD coatings being commonly
made as researchers try to find advantages of one type of coating over the other and,
also, try to optimize/improve the machining process by using coated tools [27–29]. These
studies are very useful, as the coating’s properties greatly affect the machining performance,
with the coating’s mechanical properties, structure, microstructure and residual stresses
having a great influence on the machining process, stressing the importance of correct
coating selection [30–33].

Cutting forces that are generated during the process provide valuable information
regarding the overall process’ state, thus enabling machining process optimization. This
means that cutting force data provide a way to monitor the process or identify certain
aspects that can be improved in the machining process. The knowledge of these cutting
forces can be used to monitor tool behavior [34,35] and give information on optimal
machining parameters [36,37], thus enabling the improvement of the machining process,
either by parameter optimization, by improving tool life or even by helping with the
development of new machining tool technology [38,39]. There are different methods for
determining cutting forces, either by using a direct or indirect approach [40–43]. Further
regarding machining process optimization, the analysis of the wear mechanisms that cutting
tools present also brings many advantages, enabling machining process optimization by
improving tool life, creating new geometries more adequate for the machining of certain
materials and even optimizing the coatings of these tools by providing information on the
right coating to use for a certain application. Analysis of these wear mechanisms provides
valuable information that can be used for parameter adjustment as well [44]. There are
studies made in this regard, focused on DSS, with common wear mechanisms being
registered, such as abrasion and adhesive wear, due to the high strength of the material
and high friction values reached during machining of these alloys [45–47]. Knowledge
about tool wear behavior is highly important [48], as it provides information on what
is occurring during machining, enabling for a decision-making process that is focused
on improving the process. Either by implementing a new cooling method or adjusting
machining parameters, this knowledge also enables the selection of the right tool for the
job (prioritizing tool life, surface roughness and overall process efficiency), considering tool
geometry and coating [45,49–51]

In this work, the wear behavior and machining performance of milling tools used in
finishing operations of the UNS S32101 DSS alloy is presented. Four tools with differing
geometries and coatings were used, namely, TiAlN, TiAlSiN and AlCrN coatings. Two of
the tested tools were coated with AlCrN, one having two flutes and the other four flutes, as
this coating is recommended for the machining of DSS alloys. The machining parameters
were also varied, testing two values of cutting length and three values of feed rate. The
influence of these coatings, tool geometries and machining parameter variations on the wear
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behavior and production quality of the tools was assessed. This assessment was performed
by subjecting the tools to SEM analysis, measuring flank wear (VB) and identifying the
sustained wear mechanisms. The machined surface roughness was also evaluated to
characterize this influence. The obtained results are presented in this manuscript, with
one section dedicated to each of the performed analyses (surface roughness assessment,
flank wear measurement and wear mechanism analysis). The authors hope that with
these results, the gap regarding the machining of these alloys can be somewhat filled,
contributing information that could be relevant when it comes to the optimization of the
machining of these alloys.

2. Materials and Methods

In this section, the various materials and methods employed during this work will be
presented in various subsections, as to provide a clear understanding of what was used
throughout the various work phases.

2.1. Materials
2.1.1. Employed Tools

In this work, four tool types were used to machine the DSS alloy. The tools’ substrate
was cemented carbide WC-Co grade 6110, provided by INOVATOOLS, S.A. (Leiria, Portu-
gal). This cemented carbide grade presented as micro-grain, with a measurement of about
0.3 μm, and used 6% Co (wt.) as a binder. The tools’ substrate was ground, yet the patterns
left by this process were seen in the tools’ surfaces, even after the deposition process.
Regarding the tools’ dimensions, all the produced tools were 4 mm in diameter and had a
total length of 68 mm. As this study aimed to compare the influence of different coatings as
well as different tool geometries in the wear mechanism suffered during machining tests,
four tools with different geometries were produced and were coated with three different
coatings, TiAlN, TiAlSiN and AlCrN. After production, the tools were subjected to an
ultrasonic bath using acetone for 10 min; after this first bath, the tools underwent a second
one for 5 min. The acetone was changed between the baths. These tools were coated with
three types of PVD coatings, the TiAlN, TiAlSiN and AlCrN coatings. This enabled the
comparison of the wear behavior and machining performance of these coatings by creating
four different tools, as seen in Table 1.

Table 1. Tools created for the machining of UNS S32101.

Tool Ref. Tool Geometry
Number of

Flutes/Edges
Rake Angle Relief Angle

T1 Flat end-mill 2 30◦ 10◦

T2 End-mill with a 45◦ chamfer,
0.08 mm from the cutting edge 4 35◦ 10◦

T3 Flat end-mill 4 40◦ 5◦

T4 End-mill with a 0.2 mm
corner radius 4 35◦ 10◦

Regarding the deposition of these coatings, CemeCon CC800/9ML PVD unbalanced
magnetron sputtering equipment provided with four target holders was used. After the
cleaning process, the tools were assembled in a holder and placed inside the equipment.
To ensure that the coatings were deposited onto the tools’ surfaces as homogenously as
possible, the tool holders were rotated at a speed of 1 rpm during the process. The coating
process was similar for the TiAlN and TiAlSiN coatings, with the use of four similar targets.
In the case of the AlCrN coating, four targets were also used, two being composed of 100%
Cr and the other two of 100% Al. These targets were distributed alternately inside the
reactor, resulting in the deposition of alternating layers of Cr and Al. Thin, alternating
layers of Al and Cr were achieved on the T1 and T3 tools. The set of parameters used for
the deposition of the mentioned coatings can be observed in Table 2. During the deposition

131



Metals 2022, 12, 896

of the various tool sets, flat substrates were placed inside the deposition chamber to create
a sample that could be used to determine the coatings’ mechanical properties.

Table 2. TiAlN, TiAlSiN and AlCrN PVD coatings’ deposition parameters.

Parameters TiAlN Coating TiAlSiN Coating AlCrN Coating

Deposition time (min.) 240 240 240
Reactor gases Ar+ + Kr + N2 Ar+ + Kr + N2 Ar+ + Kr + N2

Target material 4TiAl 40/60 4TiAlSi 38/57/5 2Al + 2Cr
Pressure (mPa) 580 580 580

Temperature (◦C) 450 450 450
Bias (V) −110 −110 −110

Target current density (A/cm2) 20 20 20
Holder rotational speed (rpm) 1 1 1

These parameters have been selected based on previous successful experiments carried
out in similar substrates. After deposition, all the tools were packed carefully, avoiding the
handling of the tools’ cutting areas.

2.1.2. Machined Material

The machined material is a duplex stainless steel, UNS S32101, which was provided as
a round bar that was 75 mm in diameter. Regarding this material’s mechanical properties,
it has a yield strength of 450 MPa and ultimate tensile strength of 650 MPa, following
the information provided by the material’s manufacturer (Outokumpu). This steel has an
average hardness of 280 ± 20 HV5, and its chemical composition was provided by the
manufacturer and can be observed in Table 3. The hardness values were confirmed by
performing ten measurements with universal hardness testing equipment, the EMCO M4U,
using a 5 kgf and a dwell time of 30 s. The hardness values were in accordance with those
present in the material’s data sheet (290 HV5), exhibiting a slight deviation.

Table 3. Chemical composition (wt%) of the DSS, UNS S32101.

C Mn Cu Cr Ni Mo N

0.03 5.0 0.3 21.5 1.5 0.3 0.22

2.2. Methods
2.2.1. Coatings’ Thickness Analysis

The coating thickness analysis was carried out on cross-sections of samples, obtained
as described in the previous section. The coating thickness measurement was performed
using a FEI QUANTA 400 FEG scanning electron microscope (SEM), provided with an
EDAX Genesis energy dispersive X-ray spectroscopy microanalysis system. The same
range of magnifications were used in all the pictures obtained by the SEM, allowing for a
greater ease of comparison of phenomena between different samples. The values for coating
thickness were obtained by calculating the mean value of the measurements registered
during SEM analysis. A total of six different measurements across different zones for each
of the coated tools were performed. EDS analyses were carried out with a beam potential of
15 kV; however, this was sporadically reduced to 10 kV to decrease the volume of interaction
and reduce noise in the spectra. Although the reading accuracy of the EDS analyses as a
quantitative evaluation is not the best, it was also used to confirm the chemical composition
of the coatings, which was sufficient for this purpose and avoided employment of more
costly technologies.
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2.2.2. Machining Tests
Machining Strategy

The machining tests were performed in a HAAS VF2 CNC milling center, capable of
reaching 10,000 rpm and having a maximum power of 20 kW. A strategy was devised to
machine the material: as its geometry was round, the tools would machine the material in
a spiral motion, going from the outside of the raw material to its center. The machining
tests were performed using a water-miscible cutting fluid projected externally (5% oil in
water); furthermore, a set of parameters were chosen by considering the optimal values for
machining operations that were suggested by the tools’ substrate provider. The machining
parameter values were determined and applied to all the tools to enable the comparison of
their wear behavior and cutting performance. These parameters can be observed in Table 4.
To ensure the repeatability of the tests, each milling test was performed three times for each
set of cutting conditions to produce a greater number of results regarding wear mechanisms
and the surface roughness of the machined surface, thus improving the consistency of the
obtained data. Regarding the machining parameters, a constant radial depth of cut and
vertical depth of cut were used, these being 3 mm and 0.08 mm, respectively. Furthermore,
a constant cutting speed of 60 m/min was used. To evaluate the influence of feed on
the machined surface roughness and on the tools’ wear, this parameter was varied by
25% by creating test conditions that employed 75% and 125% of the recommended feed
value, which was 479 mm/min. To determine the best cutting length to carry out this
comparative experimental work, the cutting force analysis was used. For this purpose, one
of each fabricated tool was used for the machining of the material, using the strategy and
parameters described above. For this preliminary test, a cutting length of 25 m was used in
the procedure described in detail (mentioning the equipment) in the following subsection.

Table 4. Parameters used in the machining tests.

Sample Coating Cutting Speed
Number
of Edges

Feed Rate Depth of Cut
Radial

Depth of Cut
Cutting Length

Reference Type mm/min mm/min mm mm m

T1L4F75 AlCrN 60 2 359.25 0.08 3 4
T1L2F75 AlCrN 60 2 359.25 0.08 3 2
T1L4F100 AlCrN 60 2 479 0.08 3 4
T1L2F100 AlCrN 60 2 479 0.08 3 2
T1L4F125 AlCrN 60 2 598.25 0.08 3 4
T1L2F125 AlCrN 60 2 598.25 0.08 3 2
T2L4F75 TiAlN 60 4 359.25 0.08 3 4
T2L2F75 TiAlN 60 4 359.25 0.08 3 2
T2L4F100 TiAlN 60 4 479 0.08 3 4
T2L2F100 TiAlN 60 4 479 0.08 3 2
T2L4F125 TiAlN 60 4 598.25 0.08 3 4
T2L2F125 TiAlN 60 4 598.25 0.08 3 2
T3L4F75 AlCrN 60 4 359.25 0.08 3 4
T3L2F75 AlCrN 60 4 359.25 0.08 3 2
T3L4F100 AlCrN 60 4 479 0.08 3 4
T3L2F100 AlCrN 60 4 479 0.08 3 2
T3L4F125 AlCrN 60 4 598.25 0.08 3 4
T3L2F125 AlCrN 60 4 598.25 0.08 3 2
T4L4F75 TiAlSiN 60 4 359.25 0.08 3 4
T4L2F75 TiAlSiN 60 4 359.25 0.08 3 2
T4L4F100 TiAlSiN 60 4 479 0.08 3 4
T4L2F100 TiAlSiN 60 4 479 0.08 3 2
T4L4F125 TiAlSiN 60 4 598.25 0.08 3 4
T4L2F125 TiAlSiN 60 4 598.25 0.08 3 2
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Cutting Force Analysis

Cutting forces developed during machining can provide valuable information re-
garding the tools’ wear. To acquire these cutting forces, a 4-component KISTLER 9171A
dynamometer was used, coupled to a KISTLER 5697A1 data acquisition system, which
allowed to record the cutting forces developed in X, Y and Z axes, as well as the developed
torque (Mz), through appropriate software supplied with the dynamometer. The equip-
ment was coupled to the spindle of the CNC machining center, having then the appropriate
clamping system for placing the tool. The acquisition rate of the developed forces was
selected according to the spindle’s rotation speed, and the force of all the cutting edges of
the tool at each rotation was registered. The results were collected and analyzed, enabling
the identification of any increase or abnormal behavior of the cutting forces that could be
caused by wear phenomena on the tool.

Machining Test Parameters

With the determined cutting lengths, the wear mechanisms that these tools suffer
during machining could be evaluated. The main concern was to identify the early wear
phenomena as well as its evolution under these cutting conditions, and not to determine
the lifespan of the tools. The determined parameters for each test can be observed in Table 4,
including the sample reference used for each of the tested tools.

Three tools were used for each of the conditions presented above. The use of lubricant
during the machining tests caused difficulties in the analysis of the tools’ surfaces. Thus,
all the tools underwent one ultrasonic bath using acetone for 5 min to remove the presence
of lubricant on the areas where SEM analysis was to be performed. This bath had a
short duration to prevent the eventual removal of adhered material or sections of coating
(near detachment). The surface roughness of the material was also assessed after each
machining test.

2.2.3. Surface Roughness Test

Surface roughness evaluation is very important in the machining process, as it is
closely related to machining performance, tool wear and process stability. In this work,
the material’s machined surface roughness was characterized in two directions: radial
and tangential (machining direction). To assess this parameter, surface roughness tests
were conducted using a MAHR PERTHOMETER M2 profilometer, following the standard
procedure described in DIN EN ISO 4288/ASME b461. Each test covered a length of 5.6 mm,
corresponding to seven segments of the cut-off value (0.8 mm), with the first and last value
being ignored due to the acceleration and deceleration of the probe arm. For the surface
roughness analysis, the following parameters were considered: arithmetic mean roughness
(Ra) and the maximum roughness (Rmax). The R profile was also analyzed to identify any
sharp peaks in the surface roughness values and other phenomena.

2.2.4. Tool Wear Analysis

After machining, all the tools were subjected to SEM analyses to access the amount
of wear that these tools sustained and to identify the wear mechanisms developed on
the various tools during machining. To access the wear, the values for flank wear were
measured (VB) according to the ISO 8688-2:1986 standard [52]. Furthermore, the values of
VB that were presented were the mean values for each tool for each of the test conditions.

A reference for the tool analysis was created and can be observed in Figure 1; both the
rake face and clearance face were analyzed, identifying the wear mechanisms that were
present and measuring the flank wear (VB) on the clearance face of the tested tools.

The numerations observed in Figure 1 were adopted in the identification of the SEM
images, with the rake face and clearance face being identified with RF and CF, respectively,
identifying the edge under analysis as presented in Figure 1. Additionally, since three tools
were used for each of the test conditions, an identification number (ranging from 01 to 03)
was added at the end of the image reference.
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(a) (b) 

Figure 1. Reference used for the SEM analysis of the end-mills with (a) two cutting edges, and (b) four
cutting edges.

3. Results and Discussion

In this section, the results obtained from all the tests and analyses are presented,
organized and divided into various subchapters.

3.1. Coatings’ Characterization

For the coatings’ characterization, the thickness of the three applied coatings was
analyzed by preparing the unused tools for SEM analysis. Both the T1 and T3 tools were
considered in the characterization of the AlCrN coating, as they were coated with the same
coating using the same deposition parameters. Regarding the thickness measurements,
these were performed in the same area for all the tested tools. Thickness values were
obtained near each tool’s rake and clearance face (obtained from the tools’ cross-sections).
The average thickness value was then determined. It is worthy to note that there were no
significant changes detected for the analyzed coatings’ thicknesses.

The average thickness values registered for each of the coatings can be observed
in Table 5.

Table 5. Average thickness values for the analyzed coatings.

Coating Thickness (μm)

TiAlN 2.812 ± 0.121
TiAlSiN 2.799 ± 0.163
AlCrN 2.965 ± 0.227

Although the AlCrN coating is a multi-layered coating, in the polished samples the
interface between layers was not observed. This was due to the polishing process itself, as
it smoothed the sample’s cross-section, homogenizing the coating and making it look like
a monolithic coating. However, if the coating was fractured, this multi-layered structure
was observed, as seen in Figure 2a. Also in Figure 2, SEM measurements of the TiAlSiN
coating thickness can be observed. This is an example of a measurement performed for
all the coatings’ thicknesses. In Figure 2a, the Al layers are the lighter ones, whereas the
Cr-rich layers are the darker ones. Regarding their thickness, due to the SEM equipment’s
limitations, this was not determined.
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(a) (b) 

Figure 2. Coatings’ thickness analysis: multi-layered structure of the AlCrN coating (a); measurement
of TiAlSiN (b).

The coatings’ mechanical properties were also evaluated, namely, hardness and the
Young’s modulus, by conducting ultra-micro hardness tests on the TiAlN, TiAlSiN and
AlCrN coatings using a dynamic ultra-micro hardness tester, the Fischerscope H100. As
previously mentioned, the coatings were deposited onto flat substrate samples that were
coated simultaneously with the tools. Ten tests were conducted on each of the deposited
coatings, determining values for hardness and the reduced Young’s modulus. The average
of these values was calculated and is presented in Table 6. In Figure 3, the hardness values
of the coatings are presented as a column graph, comparing these with the hardness value
of the base material.

Table 6. Average hardness, Young’s modulus, H/E and H3/E2 ratio values obtained for the
produced coatings.

Coating Hardness (H)—GPa
Reduced Young’s Modulus

(Er)—GPa
H/E H3/E2

TiAlN 22.9 ± 1.2 312 ± 9 0.073 0.123
TiAlSiN 21.6 ± 0.9 266 ± 7 0.081 0.142
AlCrN 36.8 ± 2.1 335 ± 5 0.11 0.395

 
Figure 3. Hardness values of the tested coatings and base material (UNS S32101).
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As seen in Table 6, the H/E and H3/E2 ratios are displayed. These ratios provide
valuable information regarding the coatings’ wear behavior [53], with the H/E ratio being
a good indicator of the coating’s wear resistance, with higher values being preferred (closer
to 1; however, the presented values are quite satisfactory for all analyzed coatings). The
H3/E2 ratio is related to the coating’s ability to resist plastic deformation, which impacts
the coating’s wear behavior as well [54] (for this ratio, the higher value is also preferred,
with ratios closer to 1 indicating very good plastic deformation resistance).

Still regarding the coating’s wear behavior, another indicator of this is the ratio between
the Young’s modulus value of the coating and the substrate. Usually, a higher E value in
the substrate is preferred (when compared to the coating’s E value), as this can delay the
onset of plastic deformation in the substrate and avoid subsequent coating cracking and
chipping [55]; as such, lower values of this ratio are preferred. Substrate/coating systems
that have this ratio closer to 1 are more susceptible to phenomena such as cracking and
coating delamination. The substrate’s Young’s modulus was determined to be 611 GPa
(average value). In Table 7, the ratio between the coatings (Ec) and the substrate’s (Es)
Young’s modulus value can be observed.

Table 7. Ec/Es ratio determined for each of the tested coatings.

Coating Ec/Es

TiAlN 0.511
TiAlSiN 0.435
AlCrN 0.581

3.2. Cutting Force Analysis

Cutting forces provide valuable information regarding the machining process, primar-
ily about process stability and tool wear. Using the methodology presented in the previous
chapter, cutting forces were also registered during all the conducted tests; however, due
to the used parameters, primarily a low depth of cut, the cutting forces produced did not
present high values.

Analyzing the cutting force graphs obtained from each of the conducted tests, a
common trend was noticed. Independent of feed rate, the cutting forces registered an
increase in value for the Fx, Fy and Fz components, with the increase in the Fz component
being quite significant for all the cases. This increase was registered at around 2 m of
the cutting length for all the tested tools. It was also registered that the values for these
components increased until the end of the test, at 4 m of the cutting length.

This increase in cutting force value may be attributed to the wear sustained by the
cutting tools; however, this cutting force value variation was quite low (as previously
mentioned). These low values were attributed to the selected cutting parameters, and
more concretely, the low value of the axial depth of cut. Due to this fact, these values were
omitted in further analyses.

3.3. Surface Roughness Analysis

In this section, the surface roughness analysis results are presented, showing the
average Ra values for the tangential and radial measurement directions, as any deviation
between these values of roughness indicates instability during machining, usually present-
ing as a higher level of vibration during the cutting operation. These results are divided into
subsections, one for each of the tested tools, with an extra subsection where the comparison
between the tools, regarding the roughness values, is presented. The adopted procedure is
described in detail in Section 2.

3.3.1. T1—Produced Surface Roughness

The average surface roughness values that were measured in the material machined
with the T1 tools are presented in Table 8. These were used to create surface graphs to
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depict the surface roughness variation for all the tested conditions. Table 8 adopted the
tool reference described in Section 2.

Table 8. Average surface roughness values, measured in the radial and tangential directions for the
tests conducted with T1.

Tool Ref. Ra (Radial Direction) (μm) Ra (Tangential Direction) (μm)

T1L2F75 0.193 ± 0.015 0.182 ± 0.019
T1L4F75 0.325 ± 0.021 0.345 ± 0.031

T1L2F100 0.219 ± 0.019 0.223 ± 0.011
T1L4F100 0.394 ± 0.033 0.389 ± 0.016
T1L2F125 0.254 ± 0.012 0.327 ± 0.044
T1L4F125 0.481 ± 0.036 0.492 ± 0.056

From the values presented in Table 8, it was observed that the values measured in the
tangential and radial directions are very similar. However, this deviation was not significant.
Thus, it can be concluded that in this case, the machining process itself was stable.

By analyzing the surface roughness values measured for both directions, it was ob-
served that they follow a similar trend of rising with the cutting length; i.e., tests conducted
with the tool with the 2-m cutting length produced the best results in terms of surface
roughness. This was due to the tool’s wear, which was aggravated for higher cutting
lengths. Another parameter that seemed to influence the surface roughness of the material
was the feed rate, as it was observed for lower feed rates that the tools produce a better
surface quality. From the lowest feed rate value to the original, a slight increase in surface
roughness was registered; however, for feed rates of 125%, the surface roughness that was
produced was the highest registered, with the maximum produced under the condition of
4 m of cutting length while using 125% of the original feed rate (T1L4F125).

3.3.2. T2—Produced Surface Roughness

Regarding the Ra values obtained for the tests conducted using T2 tools, these can be
observed in Table 9.

Table 9. Average surface roughness values, measured in the radial and tangential directions for the
tests conducted with T2.

Tool Ref. Ra (Radial Direction) (μm) Ra (Tangential Direction) (μm)

T2L2F75 0.291 ± 0.018 0.260 ± 0.012
T2L4F75 0.401 ± 0.026 0.436 ± 0.021

T2L2F100 0.325 ± 0.017 0.301 ± 0.015
T2L4F100 0.413 ± 0.031 0.405 ± 0.026
T2L2F125 0.409 ± 0.019 0.409 ± 0.014
T2L4F125 0.505 ± 0.037 0.477 ± 0.022

As seen from Table 9, the Ra values measured in the tangential and radial directions
were very similar, meaning that there were no excessive vibrations produced during the
machining tests. From the surface roughness values analysis, it was observed that, as
seen from the results of the tests using T1, the surface roughness was lower for lower
feed values. Furthermore, the cutting length also had a clear influence in the machined
material’s surface quality, registering a clear increase in surface roughness for the tests
conducted at a 4 m cutting length. Once again, the highest surface roughness value was
obtained under the condition of a 4-m cutting length and higher feed rate value (125%). It
is also worth noting that the increase in surface roughness value from a 75% to 100% feed
rate was less accentuated than the increase registered from a 100% to 125% feed rate. This
was a similar behavior to that observed in the tests conducted with T1.
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3.3.3. T3—Produced Surface Roughness

In Table 10, the average calculated values of Ra from the surface roughness measure-
ments conducted on the machined material (using T3 tools) can be observed.

Table 10. Average surface roughness values, measured in the radial and tangential directions for the
tests conducted with T3.

Tool Ref. Ra (Radial Direction) (μm) Ra (Tangential Direction) (μm)

T3L2F75 0.234 ± 0.016 0.206 ± 0.013
T3L4F75 0.270 ± 0.019 0.273 ± 0.029

T3L2F100 0.209 ± 0.009 0.211 ± 0.021
T3L4F100 0.299 ± 0.011 0.295 ± 0.031
T3L2F125 0.172 ± 0.012 0.190 ± 0.012
T3L4F125 0.228 ± 0.022 0.228 ± 0.025

Comparing the values shown in Table 10 to those obtained from the tests conducted
with the previous tools (T1 and T2), it was observed that the Ra values were quite lower
for the tests performed with the T3 tools. Analyzing the variation of Ra values with the
different test conditions, similarly to the previously presented results, showed that the
surface roughness values tended to increase for higher cutting lengths. However, there
was a different trend noticed with the feed variation. Unlike what was observed for the
other test conditions, a significant decrease in surface roughness values were registered
for higher feed rate test conditions (125%), with these producing, by far, the best surface
quality registered to this point. In this case, the worst surface quality was obtained under
the test condition of 4 m of cutting length while using the original feed rate (T3L4F100).
The lowest value of Ra was obtained under the condition of a 2-m cutting length, using
125% of the original feed rate (T3L2F125).

3.3.4. T4—Produced Surface Roughness

In this subsection, the surface roughness results for the machining tests conducted
with T4 tools are presented. The average values of the measured Ra (in both radial and
tangential directions) parameter can be observed in Table 11. As seen in the previous
subsections regarding the surface roughness results obtained using the different tools,
surface roughness varies with the cutting length and feed rate values.

Table 11. Average surface roughness values, measured in the radial and tangential directions for the
tests conducted with T4.

Tool Ref. Ra (Radial Direction) (μm) Ra (Tangential Direction) (μm)

T4L2F75 0.194 ± 0.018 0.175 ± 0.011
T4L4F75 0.253 ± 0.025 0.253 ± 0.018

T4L2F100 0.259 ± 0.016 0.247 ± 0.011
T4L4F100 0.274 ± 0.019 0.284 ± 0.016
T4L2F125 0.250 ± 0.022 0.270 ± 0.014
T4L4F125 0.284 ± 0.033 0.323 ± 0.021

From the analysis of Table 11, it was concluded that the process was stable, as the
values for Ra measured in the tangential and radial directions did not deviate significantly
from each other. The variation in Ra values for different parameters was like the variation
observed in the tests conducted with T1 and T2 tools. Once again, the 2-m cutting length
test condition produced the best surface roughness quality, with this deteriorating with the
increase in this parameter, as observed in all the analyzed tools. Regarding the variation of
Ra with the feed rate, as previously mentioned, it was observed that the lowest Ra value
was obtained by using lower feed rate values, with the surface quality quickly deteriorating
with the increase in feed rate.
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3.4. Flank Wear Measurements

The wear measured in the tools’ flanks for each test condition is presented in this
section in numerical form, presenting the average values of flank wear, as well as in
graphical form, enabling for a clear perception on how this wear varies with the machining
parameters. These values were measured on the clearance faces of all the tested tools,
following the standard ISO 8688-2:1989 [52], as mentioned in Section 2. As in the previous
Section 3.3., these values are in different subsections, one for each of the analyzed tools,
with an extra section dedicated to the comparison of the flank wear values obtained.

3.4.1. T1—Flank Wear Measurement

In this subsection, the wear measurement values, performed on the clearance faces of
all the tested T1 tools, are presented in Table 12.

Table 12. VB values obtained from measurements performed on the clearance faces of T1 tools.

Tool Ref. Flank Wear, VB (μm)

T1L2F75 14.22 ± 1.05
T1L4F75 18.34 ± 1.16

T1L2F100 9.670 ± 0.78
T1L4F100 12.27 ± 0.98
T1L2F125 23.32 ± 1.84
T1L4F125 25.20 ± 1.76

From the values presented in Table 12, it was concluded that the increase in cutting
length caused a slight increase in flank wear. However, it was a very small increase,
especially when compared to the variation in flank wear that was observed with feed
variation. For the lower feed rate, the tools presented slightly more flank wear than those
that were tested at a 100% feed rate. There was also an increase in flank wear for higher
feed rates; however, these feed rates produced the most severe wear, with high values of
flank wear being registered at these values of feed rate when 2- and 4-m cutting lengths
were used. In terms of a less amount of wear, this was obtained under the original cutting
condition, with the lowest amount of wear being registered for T1L2F100 and followed
by T1L4F100, indicating that the machining parameters were well defined for this tool in
terms of wear behavior.

3.4.2. T2—Flank Wear Measurement

In Table 13, the average flank wear values obtained from measurements performed on
the clearance faces of the T2 tools are presented.

Table 13. VB values obtained from measurements performed on the clearance faces of T2 tools.

Tool Ref. Flank Wear, VB (μm)

T2L2F75 8.380 ± 0.69
T2L4F75 13.18 ± 1.12

T2L2F100 7.040 ± 0.24
T2L4F100 10.01 ± 0.98
T2L2F125 13.21 ± 1.12
T2L4F125 25.12 ± 1.05

As seen in the analysis of T1, the variation of the flank wear for the T2 tools was
deeply influenced by the feed rate, increasing slightly under the 75% feed rate condition,
and registering a significant increase under the 125% feed rate condition. Once again, the
original values of feed rate produced better results in terms of tool wear, even at 4 m of
cutting length. The variation in cutting length induced a higher tool wear for the 125% feed
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rate condition, registering a significant increase, whereas in the case of the 75% and 100%
feed rates, the cutting length did not appear to influence the tools’ wear so severely.

3.4.3. T3—Flank Wear Measurement

In Table 14, the average VB values that were measured on the clearance faces of the T2
tools are presented.

Table 14. VB values obtained from measurements performed on the clearance faces of T3 tools.

Tool Ref. Flank Wear, VB (μm)

T3L2F75 11.72 ± 1.06
T3L4F75 12.54 ± 0.85

T3L2F100 14.17 ± 1.26
T3L4F100 16.26 ± 1.55
T3L2F125 6.820 ± 0.55
T3L4F125 8.570 ± 0.19

Observing the values presented in Table 13, it was concluded that T3 tools did not
suffer wear in the same manner as the T1 and T2 tools. In fact, the behavior of the wear
was like the variation of the Ra values of the studied tools, where T1 and T2 tools produced
better results at lower feed rates in terms of surface roughness and even wear (as the wear
sustained at a 75% feed rate is very similar to that sustained at 100%). However, in the
case of T3 tools, it was observed that the best results in terms of wear were obtained at
higher feed rates (125%). This can be compared to the results obtained from the surface
roughness analysis of this tool, as the best surface quality was also achieved at higher
feed rates [11,14].

In terms of amount of wear, a slight decrease in wear for the lowest feed rate value
was observed, albeit very similar to the wear sustained at the original feed rate. However,
for higher feed rate values, the wear was significantly lower. This fact, coupled with
the results obtained from the surface roughness analysis, indicates that this tool has a
high-performance for higher feed values, producing low surface roughness values while
sustaining less flank wear [11]. Regarding the flank wear variation with the increasing
cutting length, as expected, these values rose slightly for higher cutting lengths; however,
the main influence in flank wear for this case seemed to be the feed rate.

3.4.4. T4—Flank Wear Measurement

The flank wear analysis for the final tool type, T4, is presented in this subsection.
Average flank wear values, measured on the clearance faces of these tools and tested for all
different conditions, can be observed in Table 15.

Table 15. VB values obtained from measurements performed on the clearance faces of T4 tools.

Tool Ref. Flank Wear, VB (μm)

T4L2F75 6.710 ± 0.36
T4L4F75 13.71 ± 0.74

T4L2F100 10.47 ± 0.66
T4L4F100 18.80 ± 1.16
T4L2F125 4.770 ± 0.22
T4L4F125 5.830 ± 0.65

In this case, the flank wear increased with cutting length, especially at 75% and 100%
feed rate values. There was an influence in wear registered for the 125% feed rate; however,
the registered increase was very slight. In terms of flank wear variation coupled with the
feed rate, as seen in the previously analyzed tool (T3), the lowest values of flank wear were
registered for higher feed rates; however, the wear values registered at the lowest feed rate
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condition were like those obtained at the 125% feed rate, especially for the test conducted
with 2 m of cutting length. The highest amount of wear was produced at a 100% feed
rate value at 4 m of cutting length, which impacted the overall quality of the machined
surface [11] as seen in the previous section, and was followed by T4L2F100. It is also worth
noting that the produced values of flank wear were low when compared to those obtained
in T1 and T2, indicating that this tool has good wear performance when machining this
type of material, even at higher feed rates.

3.5. Analysis of the Wear Mechanisms

In the present section, a detailed analysis of the wear mechanisms sustained by the
different tools is presented. Following the same method of presentation seen in the previous
section, the different wear mechanisms are presented for each tool, presenting a comparison
as well between the wear observed in the SEM images and the values presented in the
previous subsection. Furthermore, at the end of this section, an additional subsection is
presented that gives a summary of the wear mechanisms that were analyzed for each tool,
identifying common trends in terms of wear mechanisms and wear behavior.

3.5.1. T1—Wear Mechanism Analysis

Here, the images taken from the SEM analysis regarding the T1 tools are presented.
The main types of wear that these tools sustained were abrasive wear, coating cracking
and delamination, exhibiting some adhesion of machined material. As expected, there was
an influence on wear severity caused by the increase in cutting length, as can be observed
in Figure 4.

  
(a) (b) 

  
(c) (d) 

Figure 4. Clearance face, with a 500× magnification, of the T1L2F100 (a) and T1L4F100 (b) tools, and
rake face, with a 500× magnification, of the T1L2F100 (c) and T1L4F100 (d) tools.

142



Metals 2022, 12, 896

As seen in Figure 4, the wear was more severe for the 4-m cutting length machining
tests, with these exhibiting more damage to the flank and the presence of well-developed
wear mechanisms, such as machined material adhesion. The machined material adheres
to the tool’s surface overtime, promoting the development of wear mechanisms such as
abrasion, coating delamination and adhesive wear. The adhesion present in the rake face of
the T1L4F100 tool is presented with larger magnification in Figure 5.

 
Figure 5. Adhered workpiece material present in the T1L4F100 tool’s rake face, with a magnification
of 2500×.

The adhesive damage observed in Figure 5 was analyzed to determine if the material
present on the surface was the one that was being machined. Thus, EDS analyses were
performed to determine the chemical composition of the damage, as observed in Figure 6.
It was indeed confirmed that the adhered material was the DSS, as its chemical composition
was very close to that supplied by the manufacturer. Therefore, it can be concluded that the
increase in cutting length promotes the adhesion of machined material to the tool’s surface
and that there is a lower amount of adhered material for the T1L2F100 condition, as seen
in Figure 4c.

Regarding the influence of feed rate on the tools’ wear and registered mechanisms,
although there was an influence on the amount of wear that was sustained by the tools, the
identified mechanisms were present in all the tested conditions, albeit in different levels of
severity. In Figure 7, the tools’ rake and clearance faces are depicted for the 75% and 125%
feed conditions.

In Figure 7, it can clearly be observed that both the 75% feed rate condition and the
125% feed rate condition produced a more severe wear than that registered for the 100%
feed rate (Figure 4); this was also observed in the previous section with the values of
flank wear.

As previously mentioned, the main wear mechanisms that were detected during the
analysis of this tool were abrasion, coating cracking, delamination and some adhesion.
These are common wear mechanisms that are developed when machining DSS alloys [45,46].
Some evidence of abrasion can be observed in Figure 8.
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(a) 

 
(b) 

Figure 6. Rake face of the T1L4F100 tool with the various zones picked for analysis (a), and analysis
of zone 3 (Z3), where there are signs of adhesion (b).

As seen in Figure 8, for a test conducted at a 2-m cutting length, there were already
parts of the tool’s rake face with exposed substrate. There were abrasion marks, as pointed
to in the picture. This was concluded to be due to the thinning of the coating in the marked
area. Furthermore, there was evidence of coating spalling in the area pointed to in Figure 8.
Regarding the adhered material, material adhesion was promoted by an increase in cutting
length, as Figure 8 shows that the material tended to adhere to the machining grooves
present in the substrate, promoting abrasive wear in that area and eventually leading to
coating delamination. Some cracking in the tool’s coating was also registered, especially
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under the conditions of a lower feed rate, which can be observed in Figure 4. In Figure 9,
this cracking process can be observed in a more detailed manner.

  
(a) (b) 

  
(c) (d) 

Figure 7. Clearance face, with a 500× magnification, of the T1L2F75 (a) and T1L2F125 (b) tools, and
rake face, with a 500× magnification, of the T1L2F75 (c) and T1L2F125 (d) tools.

 
Figure 8. Wear mechanism analysis of the T1L2F125 rake face.

145



Metals 2022, 12, 896

 
Figure 9. Coating cracking present on the tool’s clearance face for the T1L2F75.

3.5.2. T2—Wear Mechanism Analysis

As observed in the case of T1, for this case the wear was also noticeable with the
increase in cutting length. Regarding the wear mechanisms previously reported in the T1
tool, these were also present in T2; however, there were different severities. For example,
in the case of the amount of adhered material, this was more severe in T2 than that
observed in T1. The main wear mechanisms sustained by these tool types were abrasion,
material adhesion, coating delamination and some coating cracking, as seen in T1, albeit at
different levels.

As described in the section regarding the wear measurements performed on these
tools, they exhibited more wear for longer cutting lengths; however, this wear was not as
significant as recorded for the previous tools. Contrary to what was seen in T1, adhesion
started to form at lower cutting lengths, as seen in Figure 10.

 
Figure 10. Adhered material in the T2 tool’s flank, tested under the T2L2F100 condition.
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This adhesion was registered in the coating’s clearance and rake faces, forming primar-
ily at lower feed rates. This adhesion to the tool’s coated surface eventually leads to coating
delamination by adhesive wear, as seen in Figure 11, where zones of adhered material are
marked in yellow.

 
Figure 11. Coating delamination registered in the rake face of a T2L2F100 tool.

At higher feed rates, primarily at a 125% feed rate, the amount of adhesive wear was
lower than that registered at lower feed rate values. However, the tools presented abrasion
marks and cracking, exhibiting high levels of wear as well. In Figure 12, the abrasive wear
can be observed in a T2 tool, tested at a 125% feed rate. The coating was abraded, exposing
the substrate. However, there was some coating delamination, especially in the tool’s rake
face, possibly caused by adhesive wear, as shown in Figure 13.

 
Figure 12. Abrasive wear on the clearance face of T2L4F125 tool.
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Figure 13. Rake face of a T2 tool tested at 4-m cutting length and 125% feed rate showing adhesive
wear and coating delamination.

3.5.3. T3—Wear Mechanism Analysis

Regarding the wear mechanisms sustained by T3 tools, these exhibited high levels of
material adhesion to the tools’ surfaces, especially at high feed rates, and even originated a
built-up edge. This can be observed in Figure 14.

 
Figure 14. Built-up edge detected on the clearance face of a T3 tool, tested at 125% feed rate.

Other wear mechanisms were identified, being the same as the reported in the previ-
ously mentioned tools. There was evidence of abrasive wear and coating delamination, as
seen in Figure 15. This delamination was promoted by the high amount of material adhe-
sion and abrasion of the workpiece material on the tool’s surface. The material adhesion
promoted abrasive wear on these adhesion zones, eventually resulting in the spalling of
the tool’s coating (through adhesive wear).
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Figure 15. Material adhesion and abrasive wear detected on a T3 tool’s rake face, tested at 125%
feed rate.

Unlike in T1 and T2 tools, no major cracks were registered; however, some cracks in
the nanometric scale were identified. These “nanocracks” can eventually lead to bigger
ones, resulting in coating spalling and delamination. The propagation of these cracks is
known to be slowed down by multi-layered coatings, such as the T3 coating in use [16,17].
This can be observed in Figure 16.

 
Figure 16. Cracks, detected in the coating of a T3 tool, tested at 75% feed rate and 4 m of cutting length.

As seen from figures presented in this subsection, this tool exhibited high amounts
of adhesion and abrasion, exposing the substrate in some areas. There was, however, a
low amount of flank wear reported, and this tool produced satisfactory results in terms of
machined surface quality. Comparing this tool to T1, coated with the same AlCrN coating,
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it can be concluded that there is a clear benefit in using a tool with four flutes to machine
these types of DSS alloys.

3.5.4. T4—Wear Mechanism Analysis

T4 tools exhibited the best wear performance of all the tools, exhibiting the lowest flank
wear value, especially for high feed conditions. However, these tools suffered considerable
damage to their rake faces. Regarding the wear mechanisms identified on these tools, all
the previously mentioned were present, especially abrasive wear, coating delamination
and material adhesion to the tools’ surfaces. The process of coating delamination was the
same as identified in the previously analyzed tools, as can be seen in Figure 17.

 
Figure 17. Adhesive wear detected on the T4 tool’s rake face, tested at 4-m cutting length and at 100%
feed rate.

The substrate’s machining grooves, originated from the substrate’s grinding process,
promoted material adhesion on the tool’s surface, thus promoting abrasion and coating
delamination on these areas. This was a common trend throughout all the analyzed tools.

The wear sustained by the tools tested at 4 m of cutting length was more severe than
that presented by the tools tested at 2 m, with this being a clear factor on wear mechanisms,
such as adhesion, at lower feed rates. For higher feed rates, adhesion was identified, but
in a smaller amount than that registered at lower feed rates. There was clear evidence of
abrasion being the dominant wear mechanism for this tool at a 125% feed rate. Evidence of
abrasion at a high feed rate can be observed in Figure 18.

There was no evidence of cracks detected in the analysis of this coating; also, it
exhibited the least amount of flank wear for higher and lower feed rates. However, these
tools sustained some wear on the rake faces, which can be attributed to chip formation and
removal, and the material adhering to the rake faces being pushed upward, promoting
adhesion to the tools’ surfaces. As seen in all the previously presented tools, this adhesion
promoted the delamination of the coating, resulting in the high wear of the rake faces.

3.6. Summary of the Analyses’ Results

In the present subsection, the summary of all the conducted analyses is performed.
A comparison of the results obtained for the produced surface roughness, flank wear and
registered wear mechanisms is made.
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Figure 18. Abrasion marks detected on T4 tool’s rake face, tested at 125% feed rate.

3.6.1. Surface Roughness Analysis Summary

In this section, the various measurements made using all the tool types in all the test
conditions are presented. Both the Ra measurements taken in the radial and tangential
directions are presented in Figures 19 and 20, and the test conditions are presented as
seen in Section 2. The number after “L” indicates the cutting length used in that test, and
the number that follows “F” indicates the percentage of feed rate that was used in the
machining test.

 

Figure 19. Average values of Ra, measured in the radial direction, produced by T1, T2, T3 and T4
tools for all the different test conditions.

As previously noticed in the subsections dedicated to the individual tool analysis, the
surface roughness tended to increase with the increase in cutting length; this was expected,
as the tool wear is more intense for higher values of cutting length. This was verified in all
the tested tools, and there was also a variation in surface roughness with feed variation, as
this parameter is known to have high influence on the surface roughness [14,15]. Regarding
the variation in surface roughness with feed rate, the predominant trend was that lower
feed rates will confer a better surface finish to the machined part, except for T3, where an
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increase in feed rate produced a better surface quality than at lower values of feed rate. It is
worthy to note, however, that the surface roughness values produced by T3 were the best,
being closely followed by T4. In fact, the surface quality produced at the 125% feed rate by
the T3 and T4 tools was on par with the surface roughness quality produced by the T1 and
T2 at the 75% feed rate, indicating that the four-fluted AlCrN-coated end-mill and the four-
fluted TiAlSiN-coated end-mill are good choices for the conduction of finishing operations
in this kind of material. The number of flutes has a great influence in the machining of this
material, especially regarding the AlCrN-coated tools, as it can be observed that the two
flutes’ tools produced a worse surface quality than that of the four-fluted AlCrN-coated
tool [44]. In Figure 21, the variation of machined surface quality for different feed rate
values can be observed for the 2-m and 4-m cutting lengths (in the radial direction, as the
identified trends were the same for both directions and the values were similar). It was
observed that the trends were common for both 2 and 4 m of cutting length; however, the
T4 tools seemed to be the least affected by the increase in cutting length, with the roughness
values not increasing drastically for higher cutting length values, especially when compared
to T1 and T2 tools. The T3 tools were also resistant to this variation. Furthermore, the
results obtained for lower feed rate values were higher than those registered for T4.

 
Figure 20. Average values of Ra, measured in the tangential direction, produced by T1, T2, T3 and T4
tools for all the different test conditions.

It is worthy to note that the amount of registered tool wear negatively impacts the
machined surface quality, with the conditions that produced the highest amount of wear
producing the worst machined surface quality [14,15]. Tools that exhibited higher levels
of VB tended to produce a worse machined surface quality, primarily since the substrate
was exposed (adhesive wear and coating delamination/spalling), and were subject to wear
mechanisms such as abrasive wear. This altered the cutting edge’s geometry, inducing
this higher surface roughness value. However, as previously mentioned, the machining
parameters highly impacted the machined surface quality, with the T3 tool being a prime
example of this fact.

3.6.2. Flank Wear Measurement Summary

In the present subsection, all the calculated average values of flank wear, measured on
the clearance faces of all the tested tools, are discussed. As seen in the section regarding
surface roughness analysis, all the collected values are presented in graphical form in
Figures 22 and 23.
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(a) 

 
(b) 

Figure 21. Average values of Ra, measured in the radial direction for T1, T2, T3 and T4 tools, for the
test conditions conducted at 2-m cutting length (a); and 4-m cutting length (b).

 

Figure 22. Average values of VB, measured on the clearance faces of the T1, T2, T3 and T4 tools, for
all the different test conditions.
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(a) 

 
(b) 

Figure 23. Average values of VB, measured on the clearance faces of the T1, T2, T3 and T4 tools, for
the test conditions conducted at 2-m cutting length (a); and 4-m cutting length (b).

In Figures 22 and 23, a clear increase in wear with an increase in cutting length and
feed rate was clearly observed for T1 and T2 tools. Furthermore, T1 tools seemed to be
the most affected, in terms of wear, by feed rate variation (positive or negative), whereas
T2 seemed to be the most affected by the variation in cutting length, especially at higher
feed rate values. Regarding tools T3 and T4, these showed the most wear of all tools
for the original feed rate conditions, with T3 being slightly affected by cutting length
variation, andT4 being significantly more affected by the variation of this parameter at
a 100% feed rate. However, T3 and T4 tools produced low wear for the lower feed rate
values, producing, as well, the lowest amount of flank wear registered for the high feed
rate test conditions. In fact, the wear presented by these tools was minimal for these test
conditions, indicating that in terms of wear behavior these would be more suited for the
machining of this material, especially at high feed values. Regarding once again tools T1
and T2, although these produced the best behavior at the original feed rate, and T2 even
registered the second lowest values for flank wear tested under the condition of a 2-m
cutting length and 75% feed rate, these tools exhibited high wear under the conditions of
a 4-m cutting length and under the test conditions of a higher feed rate (125%), meaning
that the original parameters were the most suited for machining with these tool types. It is
shown that T1 was more sensitive to feed rate variations, whereas T2 was more sensitive to
cutting length variations, in terms of flank wear.
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3.6.3. Wear Mechanism Analysis Summary

The wear mechanisms that were observed in the tools, mainly abrasice and adhesive
wear, are expected when machining DSS alloys [46,47]. It is worthy to note that the tool
type that suffered the least amount of adhesive wear was T1, since this tool only has two
flutes. This enables a better chip evacuation, as the lubricant can cool and clean a larger area.
However, in this tool there was evidence of abrasion, coating delamination and cracking,
despite the AlCrN coating’s structure. This is due to, once again, the tool having only two
flutes. Thus, a four-fluted or plus design is preferred to machine this type of material.

T3 tools exhibited high amounts of adhesion when compared to the other tools,
especially at higher cutting lengths. This led to the formation of a built-up edge. However,
the flank wear that was registered for these tools was not very severe. The tools coated
with TiAlSiN showed the best wear performance. Indeed, this coating is well known to
perform well in terms of wear, even in the machining of hard materials [56]. Although
these tools exhibited the same wear patterns as the other tools, these were not so severe in
the flank. However, these tools suffered damage on their rake faces, due to the buildup of
adhered material in this area. In Table 16, the summary of the wear analysis performed on
all tested tools is presented, showing the main mechanisms registered for these.

Table 16. Summary of the SEM wear analysis for each of the tested tools, mentioning the main wear
type and mechanism identified.

Tool SEM Wear Analysis Summary

T1

- Abrasive wear;
- Coating delamination;
- Coating cracking;
- Material adhesion.

T2

- Material adhesion;
- Abrasive wear;
- Adhesive wear;
- Coating delamination;
- Coating cracking.

T3

- Material adhesion;
- Adhesive wear;
- Built-up edge;
- Abrasive wear;
- Coating delamination.

T4

- Abrasive wear;
- Material adhesion;
- Adhesive wear;
- Coating delamination.

4. Conclusions

In the present work, an analysis of the wear behavior of four milling tools used in
machining operations of DSS was presented. Four tools with different geometries and
coatings were evaluated. One tool had two flutes (T1) and three tools had four flutes (T2,
T3 and T4). The tested coatings were TiAlN (T2), AlCrN (T1 and T3) and TiAlSiN (T4).
Additionally, the influence of cutting length and feed rate was evaluated based on the tools’
wear and production quality (machined surface quality). Furthermore, the wear of the
tested tools was analyzed, and the present wear mechanisms identified.

Regarding the tested tools’ performance, it was found that T1 (two-flute, AlCrN) and
T2 (TiAlN) tools were not the most suited to machine this DSS alloy, as they presented
severe wear for the highest feed rate conditions. Their flank wear was heavily promoted by
an increase in cutting length. This can be related to the coating’s properties in the case of
T2, as this coating did not present the best mechanical properties (of all evaluated coatings).
However, in the case of T1, the increased wear and lack of performance can be attributed
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to the fact that this tool only had two cutting edges. The AlCrN coating’s properties were
quite good, presenting high values of H/E (0.11) and H3/E2 (0.395) (when compared to the
other analyzed coatings) [53,54], which are representative of a good coating wear behavior.
However, the AlCrN-coated tools presented a high Ec/Es ratio value (0.581, the highest
of all analyzed coatings), indicating that it is quite prone to phenomena such as coating
cracking and delamination [55].

As for the performances of T3 (four-fluted, AlCrN) and T4 (TiAlSiN), these tools
exhibited the best performances, with the T3 tool producing the best results in terms of
machined surface quality (for highest feed rate values). However, this tool presented more
wear when compared to T4. Furthermore, for the rest of the test conditions (75% and 100%
feed rate value), the T4 tool produced the best machined surface quality. As for flank wear,
the T4 tool clearly outperformed the rest of the tested tools. This can be attributed to,
not only the four-fluted geometry, but also to the mechanical properties of the TiAlSiN
coating, which presented a high value of H/E (0.081, which is very close to 0.1) and a
high H3/E2 value (0.142; these ratios’ values were the second highest of all the analyzed
coatings, being very close to the AlCrN coatings), and a lower Ec/Es ratio value (0.435),
when compared to the AlCrN coating (in fact, this value was the lowest for all the analyzed
substrate/coating systems).

Regarding the identified wear mechanisms, these were common among all evaluated
tools, albeit at different levels of severity. These were: abrasive wear, adhesive wear and
coating delamination/spalling. The coating failure method seemed to be common to all
tools, as the workpiece material adheres to the machining grooves left by the substrate’s
grinding process. This adhesion promotes abrasive wear and further material buildup in
these areas, eventually resulting in the spalling of the tool coating.
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Abstract: Fibre metal laminates (FML) are significantly adopted in the aviation industry due to
their convenient combination of specific strength, impact resistance and ductility. Drilling of such
materials is a regular pre-requisite which enables assembly operations, typically through rivet
joining. However, the hole-making operation is of increased complexity due to the dissimilarity of
the involved materials, often resulting in defects (i.e., material interface delamination), which can
significantly compromise the otherwise excellent fatigue strength. This work explores the potential
of three different drill geometries, operating under variable cutting speeds and feeds on CFRP-AA
laminates. In addition, the usage of sacrificial back support is investigated and cutting load, surface
roughness and delamination extension are examined. In order to predict delamination occurrence,
ADCB tests are performed, enabling the calculation of fracture energy threshold. Drill geometry
presents a very significant influence on delamination occurrence. The usage of specific step-tools
with secondary cutting edge showed superior performance. Despite its simplicity, the applied critical
force threshold model was able to successfully predict interface delamination with good accuracy.

Keywords: fibre metal laminates; drilling; cutting tool; modelling

1. Introduction

Fibre metal laminates (FML) are hybrid materials comprised of alternating metal
sheet and fibre composite layers, that can be bonded in distinct sequences. Unlike hybrid
multi-material stacks, in which thicker composite and metal layers are simply stacked
and fastened by means of rivets, adhesive joints or bolted connections, the FML layers’
thickness is typically less than 1 mm and consolidated through hot-curing cycles [1,2].
The superior performance of the laminate combination when compared to the isolated
composite and metallic materials is highly relevant in structural applications, such as the
transportation sector, where high specific strength is required, while also maintaining good
impact and bending resistance [3,4]. Moreover, when such materials are adopted in the
aviation industry, energy savings of approximately 30% are achieved [5,6]. Effectively
illustrating the FML expression in aircraft applications and its increasing adoption [7] is
the excellent fatigue strength, damage tolerance and overall durability of these materials,
due to fibres acting as a barriers, thus delaying metal crack propagation [8]. Furthermore,
worth mentioning is the good thermal insulation, corrosion and flame resistance properties
of such materials [7,9].

FML can be currently manufactured in near-net shape geometries, such as large fuse-
lage panels and stringers in aeronautics and also complex-shaped floor assemblies in
the automotive industry [10]. Nonetheless, the fastening of multiple components relies
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mostly on mechanical joints, such as rivets or bolts, which can amount up to 3 million in a
commercial aircraft [11]. Hole-making is, therefore, intensively performed for parts assem-
bly, enabling riveting of aircraft panels such as the fuselage, wings and stabilizers [12,13]
and despite the existent non-conventional feasible alternatives, such as laser machining and
water-jet cutting, drilling remains the most employed technique [14]. The heterogeneity
of FML allied to the highly abrasive properties of fibre reinforcement make drilling opera-
tions a challenging task. Their success may be compromised by simultaneous occurrence
of (i) the well-known entry (peel-up) and exit (push-out) delamination, matrix thermal
damage, fibre pull out and formation of abrasive fibre particles in composite layers as
well as (ii) strain-hardening, continuous chip formation and thermal softening in the metal
layers [15–17].

The lack of research regarding drilling operations on FML is evidenced by
Bonhin et al. [16], especially in what concerns aluminium alloy (AA) and carbon-fibre-
reinforced polymers (CFRP) configurations with thermoset matrices. To the authors’
knowledge, no studies have been performed in AA-CFRP laminates with thermoplastic
matrices. The enhanced sustainability of the thermoplastic polymers (promoted by their
improved recyclability) has encouraged the increasing usage of thermoplastic-based FML
in relevant sectors, such as the aeronautical industry. Ekici et al. [18] experimentally
analysed hole quality and delamination on AA-CFRP material samples, using Physical
Vapour Deposition (PVD)-coated and uncoated drills. Despite the little number of holes
each drill performed, the authors found that the uncoated condition (carbide) outperforms
(PVD) coated drills in terms of entry delamination and hole nominal size. Sridhar et al. [19]
systematically analysed the influence of operative conditions on drilling performance indi-
cators such as thrust force and roughness, being able to identify ideal cutting parameters for
AA-CFRP laminates using a conventional drill geometry. Despite the more intricate process
kinematics of helical milling when compared to drilling, Bolar et al. [20] report advantages
of the former, concerning cutting load, thermal impact, chip evacuation and hole nominal
size. The implementation of analytic/numerical models capable of delamination predic-
tion is of key relevance for both FML processing/assembly and drill tool manufacturers.
Although some work can be found for CFRP materials, no data are available regarding
these novel AA-CFRP material configurations. Feito et al. [21] compare the predictability of
both complete simulation of a drilling operation with a simplistic model, in which the drill
acts as a punch that pierces the laminate. The latter yields very reasonable cost-effective
results with slight overestimation of delamination factor, setting upper limits that are highly
valuable as support decision techniques.

2. Materials and Methods

This work focuses on the assessment of three distinct drill geometries with regard to
their cutting performance of AA-CFRP hybrid laminates, through conventional single-step
drilling operations. Roughness measurement and load monitoring were carried out for
distinct sets of cutting parameters on each geometry. Delamination, which may account
for 60% of the rejected parts [22] is thoroughly analysed and a critical load threshold
was estimated for its occurrence, based on delamination modelling of AA-CFRP interface
through asymmetric double cantilever beam experimental testing procedure. Previous
knowledge of the critical loads associated with the drilling operation is highly convenient
in the design and selection of appropriate tooling solutions for hole quality compliance.

Specimens were built from CFRP and AA, with a stacking configuration of three CFRP
layers (two external, one internal) and two internal aluminium layers, as illustrated in
Figure 1a. The CFRP layers consisted of four 0.13 mm thick prepreg plies for the internal
CFRP layer and three of the same plies for the external CFRP layers. Each aluminium layer
was composed of 0.2 mm thick AA 5754 sheet. The composite material was constituted
by polyamide 6 (PA 6) thermoplastic matrix reinforced by uni-directional carbon fibre
with a volume fraction of 48.5%. Layer adhesion was promoted using conventional pre-
treatment techniques such as degreasing and laser texturing of the metallic sheets. The
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laminate was submitted to a hot plate press curing process at a temperature interval
between 240 and 280 ◦C and a pressure of 2 to 6 bar. Fibre direction was kept the same in
all composite layers (uni-directional). Rectangular-shaped plates (240 × 250 mm2) were
manufactured, with a resulting thickness (post-curing) of 1.2mm, which were posteriorly
cut into 40 × 225 mm2 strips. Table 1 exhibits the mechanical properties of each material,
according to the respective datasheets [23,24]. The experimental tests were conducted in
a DMG Mori DMU60eVo series machining centre (25 kW), equipped with a piezoeletric
dynamometer (Kistler 9272) and a signal amplifier (Kistler 5070A), connected to a data
aquisition system (Advantech USB4711). A clamping system was developed for fixation of
the material strips to the load cell, enabling drilling operations with and without sacrificial
back support. The laminate strip is secured in-between two circular plates (top and bottom,
refer to Figure 1b,c) which have a centre hole (φ 36 mm), enabling the drilling operation and
placement of a PTFE cylinder under the laminates for sacrificial back support (when used).
A constant torque was applied on the bolts which hold the top plate against the material
and lower plate. With regard to the cutting tools, diamond-coated (through Chemical
Vapour Deposition, CVD) tungsten carbide drills with a diameter of 6 mm were employed.
This drill material and coating configuration has been increasingly used in the hole-making
of hybrid materials [25,26]. Moreover, three different drill geometries were tested: (i) a
conventional drill geometry (herein referred to as CNV) with a 120◦ point angle, 30◦ helix
angle, 20◦ rake angle and 10◦ clearance angle, refer to Figure 1d; (ii) a chip-breaking drill
geometry (herein referred to as CBR) identical to CNV, with v-shaped grooves on the
principal cutting edge periphery, refer to Figure 1e; (iii) a double-point angle tool (herein
referred to as 2PA) also identical to the CNV with a 60◦ secondary point angle (2:1 ratio)
and the same geometry as the previous tools, refer to Figure 1f.

Table 1. Mechanical properties of the AA and CFRP separate materials.

Materials AA 5754 CFRP (PA 6)

Density [g/cm3] 2.67 1.45
Young’s modulus [GPa] 65-75 100
Tensile strength [MPa] 200-350 1910
Strain at fracture [%] <25 1.76

Figure 1. Experimental setup used in drilling operations: (a) Fibre metal laminate sequence and layer
number of CFRP plies and AA sheets; (b) Clamping system and load cell assemblage with mounted
FML strip; (c) Cross-sectional view scheme showing internal placement of back support; Drill tip
geometry (detail B in Figure 1c) of conventional drill (d), chip-breaking drill (e) and double-point
angle drill (f).

Despite the constant search for novel drill geometries capable of generating fewer
defects, the conventional drill geometry (such as the CNV in the current study) still consti-
tutes a widely employed solution, which in this work has been used for reference/control
and comparison with other geometries. It is also relevant to note that their performance
can sometimes match or exceed newer, more intricate geometries regarding drilled hole
quality [27]. Diamond-coated double-point angle drills, such as the considered 2PA, can
be effectively employed in hole drilling of CFRP materials given the consequent action of
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lower cutting forces on the drill step (secondary cutting edge), that is mainly responsible
for the final surface condition of the drilled hole [28]. Their overall good performance has
motivated its study in fibre metal laminated hole drilling. With regard to chip-breaking
features on drills (such as the considered CBR drill) the goal is to promote more efficient
chip evacuation by creating grooves on the drill geometry (typically on principal cutting
edge) capable of chip segmentation and width dividing, thus minimizing load and torque.
Such concern is particularly relevant when drilling materials with thermoplastic resin (such
as PA 6) which unlike the often employed thermoset resins (i.e., epoxy) promotes long chip
morphology rather than fragmented chips. By dividing the chip width, a more convenient
scenario of chip removal could be attained (i.e., more fragile resultant split chips, clogging
minimization at flute). Moreover, in order to avoid excessive friction of the chip with the
newly generated hole surface, the groove has been positioned at the cutting edge margin in
order to act as a chip relief that tentatively minimizes delamination due to smaller chip-hole
contact. Cutting parameters testing range was selected based on the literature and tool
manufacturer indications for laminate materials. Table 2 illustrates the tested levels of
each considered variable. The full combination of parameters was tested using a random
order generated by the Response Surface Methodology (RSM) Design Expert 13 software.
Moreover, the operative conditions’ influence on cutting load, roughness and delamination
was investigated through analysis of variance (ANOVA). In order to mitigate the occurrence
of wear mechanisms, each drill performed a maximum of 20 holes.

Table 2. Variables and respective levels used for cutting parameter assessment in experimental
drilling operation tests, considering a full factorial testing plan.

Variables Levels

Cutting speed [m/min] 80 100 120
Feed [mm/rev] 0.03 0.05 0.07
Drill geometry CNV CBR 2PA
Back support with without -

Delamination defects were observed through radiographic image analysis, using
Satelec X-Mind X-Ray generator and a Kodak RVG 5100 digital sensor. For this, the samples
were submitted to a diidomethane bath for a period of 30 min, which enables contrast
creation between delaminated and non-delaminated zones. A fixed exposure time of 0.16 s
and a radiographic contrast of 70 kVp were selected. The obtained X-ray images were
post-processed (converted into binary maps) allowing for delamination assessment and
quantification, using the the criteria shown in Equations (1)–(3), where: Dmax and Amax
correspond to the maximum diameter of the delamination area and its area, respectively;
Ad to the actual delamination area; Dnom and Anom to the nominal hole diameter and area,
respectively. For the calculation of the delamination factors, a Matlab script capable of
measuring Amax and Dmax from the previously generated binary maps was used. This
method ensures control process repeatability and minimization of data analysis effort.

Fd = Dmax/Dnom (1)

Fa = Ad/Anom (2)

Although the diameter-based (Fd) and area-based (Fa) delamination factors are the
most employed criteria, they do not fully portray the drilled hole quality [11]. The diameter-
based delamination factor (Fd) may account for the same delamination values (same max-
imum diameter around hole), for instance, in two very different scenarios: (i) whole
delamination of a full annular section area or (ii) crack delamination of a crack (very small
area). Similar interpretation errors can occur when considering an area-based delamination
factor, given that (i) uniform damage and (ii) uniform damage with small cracks may result
in the same area. In sum, whereas Fd accounts only for the delamination maximum extent
in the radial direction, Fa cannot account for crack delamination, prone to occur in CFRP, as
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only the area is used for its calculation. For this reason, an adjusted delamination factor
Fda, proposed by Davim et al. [29] has been used. It tends to F2

d values with uniformly
distributed delamination and to Fd values when it is strongly directional, allowing for a
more accurate estimate of delamination shape and its extension.

Fda = Fd +
Ad

(Amax − Anom)
(F2

d − Fd) (3)

With regard to roughness analysis, it was optically estimated using the 3D measure-
ment system (Alicona Infinite Focus SL). A three-measurement average was calculated for
each drilled hole.

Delamination Modelling

Delamination has long been viewed from a fracture mechanics perspective as a crack
propagation phenomenon and the critical force at its onset (CF) can be calculated according
to Equation (4), proposed by Cheng et al. [15], assuming a point load applied on an
isotropic-circular-clamped plate, where GIC corresponds to the mode I fracture energy
associated to the material interface delamination, E is the Young’s modulus, ν is the Poisson
coefficient and h is the depth of uncut material under the drill tool.

CF = π
[ 8GICEh3

3(1 − ν2)

]1/2
(4)

In order to estimate the fracture energy of the CFRP-AA interface, asymmetric double
cantilever beam (ADCB) tests were performed. In this type of test, a traction load is applied
to the specimen arms, inducing the propagation of an existent pre-crack at a specified
specimen plane, with a length and thickness of a0 and t (refer to Figure 2a). A specially
built testing machine coupled with a 50N capacity load cell (Tedea-Huntleigh Model 1042),
intended for fracture characterization, was employed (refer to Figure 2b). The specimens
arms were bonded (Araldite 2052-1 structural adhesive) to aluminium blocks with a 6 mm
hole to allow for ADCB specimen gripping in the testing machine. The challenging real-
time monitoring of crack propagation can be avoided using an equivalent crack length
(ae) procedure [30,31]. A relationship between ae and specimen compliance (defined as
the ratio between the applied displacement, δ, and load, P), can be obtained considering
the strain energy (U) of the specimen due to bending and shear effects (Timoshenko beam
theory) and applying the Castigliano theorem (δ = dU/dP). In this context, specimen
current compliance can be defined as shown in Equation (5), where B, hu and hl correspond
to specimen dimensions, Du and Dl are the bending stiffness of upper and lower arms.
Although critical load estimation relies exclusively on mode I fracture, in this work the
ADCB specimens were selected given the relative difficulty in inducing a pre-crack in
middle layer when compared to layer interfaces. Moreover, the fracture mechanism in
drilling is consistent with the representation of mixed mode fracture with predominant
mode I [32].

C =
a3

e
3

( 1
Du

+
1

Dl

)
+

6ae

5BG13

( 1
hu

+
1
hl

)
(5)

Combining Equation (5) with the Irwin–Kies relation, Equation (6) can be derived,
providing the total strain energy release under mixed mode I + II (with predominant mode
I) as a function of ae. Other approaches could be applied, namely within the scope of the
linear-elastic fracture mechanics, such as that described in [33,34].
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P2
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a2

e

( 1
Du

+
1

Dl

)
+

6
5BG13
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Figure 2. Experimental details of delamination fracture energy evaluation procedure: (a) Scheme of
ADCB specimens loading, showing pre-crack location. (b) Fracture testing machine equipped with
load cell. (c) ADCB specimen with bonded aluminium blocks on both upper and lower arms. (d) De-
tail A of Figure 2b, showing ADCB specimen with aluminium blocks assembled to testing machine.

3. Results and Discussion

The thrust force (Ft) evolution of each tested tool geometry and its association with
current drill point position is exhibited in Figure 3. A specific load signature can be
identified and significant correspondence can be made with each layer of the laminate
material. Common to all drill geometries, a rise in Ft is observed due to the contact increase
(between the drill’s primary cutting edge and the laminate material), from the start of the
drilling operation up to instant B. A steeper increase of the force is noticed from instants B
to C, corresponding to the CFRP material layer, evidencing the higher cutting resistance of
this material as compared to the AA. This effect is further highlighted by the subsequent Ft
decrease in the C to D path. Load curve tends to another maximum as the drill exits the
laminate material (E). Up to this instant, Ft signature is rather indistinct of drill geometry,
which is coherent with the identical point and helix angles of the three tested drills.

Figure 3. Maximum thrust force evolution in function of drill displacement. (a) CNV drill geometry.
(b) CBR drill geometry. (c) 2PA drill geometry.

Instant X, in Figure 3a, indicates the moment the CNV drill’s secondary cutting edge
engages the first layer of the laminate material. A slight transition (increase) in the curve’s
slope is noticed. Similarly, and referring to Figure 3c, the instant Z corresponds to the
moment the second point angle of the 2PA drill engages the laminate material. It is
interesting to note that with the addition of a second (smaller) point angle, Ft conveniently
decreases more rapidly. In contrast, as the chip-breaking groove of CBR drill engages
the laminate material (instant Y of Figure 3b) a very significant load increase is noticed,
peaking at approximate double Ft values of the A-Y drill tip path. Given the assumption
that higher loads may contribute to higher delamination, the CBR drill might be inadequate.
The load signature differences between drilling operations with and without back support
are illustrated in Figure 3. It is possible to note that the overall thrust force signature does
not significantly change. Still, the maximum values (peak of the Ft curves) are consistently
higher for all drill geometries, promoted by the stiffness increase of the clamping system.
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Moreover, at the end of the drilling operation, a load plateau is maintained, corresponding
to the cutting of the PTFE disk (back support provider).

The analysis of variance (ANOVA) conducted for the maximum thrust force revealed
significant impact of drill geometry, feed as well as the usage of back support. Such is
illustrated by the <0.05 p-values respective of those variables, in Table 3. Moreover, despite
the slight increase of maximum Ft with cutting speed, it did not present a relevant influence,
especially when compared with the other considered variables, as shown in Figure 4. Drill
geometry CBR seems to develop much higher thrust forces (approximately two-times
higher), when compared with the other two drill configurations, which show identical
results (slightly lower axial force with the CNV), as illustrated in Figure 4c. Therefore, as
thrust force magnitude may be an indicator of delamination severity, the CBR drill may not
perform adequately.

Figure 4. ANOVA results for axial force variability in function of: (a) Cutting speed. (b) Feed. (c) Drill
geometry. (d) Back support.

Table 3. ANOVA results on maximum axial force of the conducted experimental campaign.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 0.0192 5 0.0038 89.98 <0.0001
Cut. speed 0.0000 1 0.0000 0.851 0.3539

Feed 0.0018 1 0.0018 41.72 <0.0001
Drill geom. 0.0126 2 0.0063 147.7 <0.0001

Back support 0.0038 1 0.0038 88.96 <0.0001
Residual 0.0030 70 - - -

Figure 5a–c illustrate some representative examples of delamination occurrence on the
machined holes using each drill geometry. The X-ray analysis has enabled the observation
of the otherwise indiscernible defects. Figure 5a shows the delamination type mostly asso-
ciated with the usage of CNV drill. The high directionality of damage occurrence (aligned
with fibre orientation) is coherent with the push-out delamination mechanism resultant
from AA-CFRP material de-bonding caused by the drill thrust. Since this interface de-
bonding is predominantly mode I fracture, the developed modelling towards delamination
prediction using ADCB is in accordance with the obtained results.

Alternatively, uniformly distributed delamination (as illustrated in Figure 5b) was
more prone to occur with the CBR drill. The damage around the hole contour may be
associated with the chip-breaking v-grooves on the principal cutting edge of the drill.
These structures have seemingly failed to control chip morphology, which was identical
regardless of the employed tool as well as operative conditions: continuous (ribbon) chips
constituted of an aluminium core and with discontinuous bonded CFRP, as illustrated
in Figure 5d. Unable to improve chip segmentation or breakage (comparatively to CNV
and 2PA drills), the v-shaped grooves on the CBR drill seem to have caused internal
delamination due to chip imprisonment. Repositioning of the groove towards a more
central position of the drill’s cutting edge or increasing the number of grooves along the
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cutting edge may promote better chip splitting. Further research on the identification
of suitable drill morphologies towards effective chip partition in fibre metal laminates is
required, which may be supported using more advanced numerical methods. Constitutive
and damage modelling may be convenient towards accurate portrayal of chip flow. Apart
from the delamination effects, an example of a delamination-free drilled hole (using 2PA
drill) is shown in Figure 5c.

Figure 5. X-ray images of representative delamination defects on drilled holes using: (a) CNV drill
geometry and (b) CBR drill geometry. (c) Example of delamination-free drilled hole using 2PA drill
geometry. (d) Typical chip morphology obtained from drilling operations of FML, regardless of the
employed drill.

The influence of the tested variables on the considered delamination factors results is
shown in Figure 6. In addition, Tables 4–6 present the analysis of variance details. Despite
having a negative impact on maximum thrust force (refer to Figure 4d), back support
is commonly employed with the goal of increasing the fixture stiffness and minimizing
delamination (preventing displacement of FML layers up to fracture initiation and propa-
gation). Figure 6 shows the influence of the tested variables on the calculated delamination
factors (Fa, Fd, Fad) for each used drill tool. Although it is not expressive for the Fd and
Fda delamination factors, a significant correlation between back support employment and
delamination factor minimization (Fa) is observed in Figure 6d, illustrating its decreasing
tendency with back support usage. Cutting speed and feed did not show accountable
statistical impact (p-value higher than 0.05), as illustrated in Figure 6a,b. Drill geometry is
the most influential variable on delamination results. The CBR drill yields the worst case
scenario regarding delamination values for all calculated factors (up to three-times higher
than CNV). In addition, 2PA seems to slightly outperform the CNV drill geometry. It is
important to note the consistency of delamination results with the previous maximum load
measurements, illustrating the importance of load prediction in metal cutting operations.

Table 4. ANOVA results on Fa delamination factor of the conducted experimental campaign.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 30,963 5 6192 17.74 <0.0001
Cut. speed 46 1 46 0.133 0.715

Feed 241 1 241 0.691 0.408
Drill geom. 28,572 2 14286 40.92 <0.0001

Back support 1675 1 1675 4.80 0.0318
Residual 24,438 70 349 - -
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Table 5. ANOVA results on Fd delamination factor of the conducted experimental campaign.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 1.61 5 0.3220 5.68 0.0002
Cut. speed 0.0064 1 0.0064 0.1126 0.7382

Feed 0.0112 1 0.0112 0.1973 0.6583
Drill geom. 1.59 2 0.7947 14.02 <0.0001

Back support 0.0048 1 0.0048 0.0850 0.7715
Residual 3.97 70 0.0567 - -

Table 6. ANOVA results on Fda delamination factor of the conducted experimental campaign.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 1.74 5 0.3479 7.56 <0.0001
Cut. speed 0.0045 1 0.0045 0.0970 0.7564

Feed 0.0041 1 0.0041 0.0883 0.7672
Drill geom. 1.73 2 0.8645 18.79 <0.0001

Back support 0.0030 1 0.0030 0.0659 0.7982
Residual 3.22 70 0.0460 - -

Figure 6. ANOVA results on delamination factors in function of: (a) Cutting speed. (b) Feed. (c) Drill
geometry. (d) Back support.

The arithmetical mean height roughness (Ra) has been estimated on a 5 mm length
profile of the generated hole surface. Three measurement repetitions were performed for
each hole and the average values were taken into consideration for ANOVA. The ANOVA
statistical results show that drill geometry is the only relevant variable with regard to
roughness (Ra) values (refer to Figure 7). Still, both cutting speed and feed p-values range
relatively close to the 0.05 limit, from which significant impact can be inferred, thus showing
slight tendencies for smaller roughness values when higher cutting speed and smaller feed
operative conditions are applied. With regard to drill geometry, an identical trend to the
tested variables has been identified, meaning that lower surface quality holes have resulted
from hole making with the CBR drill. Moreover, from all machined holes, only 20% were
above the 3.2 μm surface roughness limit (Ra). The majority of those were performed using
the CBR drill (87%) with the remainder using the CNV drill. Only the 2PA drill was capable
of attaining Ra < 3.2 μm in all machined holes. This criterion has been a useful indicator of
the Ra quality in industrial conditions, with special relevance to the aeronautics sector [35].

The arithmetical mean height roughness (Ra) has been estimated on a 5 mm length
profile of the generated hole surface. Three measurement repetitions were performed for
each hole and the average values were taken into consideration for ANOVA. The ANOVA
statistical results show that drill geometry is the only relevant variable with regard to
roughness (Ra) values (refer to Figure 7). Still, as can be seen from 7, both cutting speed
and feed p-values range relatively close to the 0.05 limit, from which significant impact
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can be inferred, thus showing slight tendencies for smaller roughness values when higher
cutting speed and smaller feed operative conditions are applied. With regard to drill
geometry, an identical trend to the tested variables has been identified, meaning that lower
surface quality holes have resulted from hole making with the CBR drill. Moreover, from
all machined holes, only 20% were above the 3.2 μm surface roughness limit (Ra). The
majority of those were performed using the CBR drill (87%) with the remainder using the
CNV drill. Only the 2PA drill was capable of attaining Ra < 3.2 μm in all machined holes.
This criterion has been a useful indicator of the Ra quality in industrial conditions, with
special relevance to the aeronautics sector [35].

Figure 7. ANOVA results on measured surface roughness (Ra) in function of: (a) Cutting speed.
(b) Feed. (c) Drill geometry. (d) Back support.

Table 7. ANOVA results on Ra surface roughness conducted during the experimental campaign.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Model 0.8707 5 0.1741 15.23 <0.0001
Cut. speed 0.0249 1 0.0249 2.18 0.1447

Feed 0.0126 1 0.0126 1.10 0.2979
Drill geom. 0.8245 2 0.4122 36.06 <0.0001

Back support 0.0016 1 0.0016 0.1408 0.7086
Residual 0.8002 70 0.0114 - -

The load–displacement results of the ADCB fracture tests are shown in Figure 8a.
The resistance curves (refer to Figure 8b) were obtained to determine the energy release
rate, needed to estimate a delamination critical force (CF) through Equation (5). From the
analysis of Figure 8b, an energy value plateau of approximately 0.249 N/mm with upper
and lower boundaries of 0.29 and 0.20, respectively, is identified. Although delamination
is more likely to occur as the drill approaches material exit (commonly known as exit
delamination and promoted by the lack of subsequent material layers), the critical force,
CF (or delamination onset load) has been calculated for three distinct interfaces as the tool
advances on the laminate. These are labelled and highlighted in Figure 8c. Since the ADCB
fracture tests were conducted at an AA-CFRP interface, delamination prediction is limited
to those interfaces within the considered laminate. It is important to note that the critical
force value obtained by Equation (5) refers to a single point at the drill tool path. This point
is defined by the distance between the drill point and the bottom surface of the laminate
(also called depth of uncut material, h).
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Figure 8. Load–displacement and energy release rate results obtained from ADCB fracture tests:
(a) Load–displacement curves. (b) Resistance curves. (c) Interfaces where delamination occurrence
has been analysed.

Table 8 presents the range of critical forces for each identified interface of Figure 8c,
based on the upper and lower boundaries energy values. Elastic modulus has been calcu-
lated based on weighted average of metal volume fraction (MVF) of the uncut material,
which in the case of interface 3 corresponds exclusively to CFRP material. A Poisson ratio
of 0.4 was considered for the CF estimation.

Table 8. Estimation of critical force range for each respective interface, based on ADCB fracture tests
critical energies.

Interface
Number

Drill Point
Distance [mm]

MVF
Elastic Modulus

[MPa]
CF Range [N]

1 0.76 0.26 92,200 503.6–585.1
2 0.44 0.45 86,500 214.9–249.7
3 0.24 0 100,000 93.1–108.1

The estimated critical force CF range can be seen as a threshold of values from which
delamination is likely to occur. This range has been compared with several drilling opera-
tion thrust force signatures and the X-ray images of drilled holes showing delamination
occurrence (or the absence thereof). It is important to note that the usage of back support
hinders delamination by bending prevention (and thus interface de-bonding) of the lam-
inate layers. For this reason, the tests conducted with sacrificial back support were not
considered in this part of the study. In adition, the model proposed by Cheng et al. [15], is
not valid for such support conditions.

Figure 9a shows the critical force range thresholds comparison with the thrust force
loading signature of the CNV drill using a cutting speed of 120 m/min and 0.03 mm/rev
feed. Since maximum thrust force was consistently below the drill point path corresponding
threshold, delamination is not predicted, which is coherent with its absence in the X-ray
image of the corresponding hole. Figure 9b shows a similar example for a CNV drill
with a cutting speed of 100 m/min and 0.07 mm/rev of feed, where maximum thrust
force surpasses the minimum delamination threshold at “interface 3” (refer to Figure 8c
for interface relative position) resulting in delamination occurrence, as verified in the
corresponding X-ray image of the drilled hole.

One of the shortcomings of the presented methodology is illustrated by Figure 9c.
Although the critical force limit is not attained within the considered tool path, it may have
been surpassed by the action of the drill’s chip grooves. Such a possibility is consistent
with the delamination morphology and its occurrence at an internal interface (contrary
to the exit delamination of the previous examples in Figure 9a,b). The estimated critical
force of Equation (4) relies on the assumption of a point load (associated with the cutting
phenomenon) and thus, in the current case, its applicability is compromised since it is
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only valid to drill features that are effectively cutting (principal cutting edge). Still, when
considering a critical load value that is independent of drill position, the developed model
would correctly predict delamination occurrence.

Figure 9. Comparison between load–tool displacement curves, calculated critical load and X-ray
images of drilled hole for: (a) CNV drill at 120 m/min and 0.03 mm/rev; (b) CNV drill at 100 m/min
and 0.07 mm/rev; (c) CBR drill at 120 m/min and 0.03 mm/rev; (d) CNV drill at 80 m/min and
0.03 mm/rev.

Given that the load has not surpassed the critical force threshold, Figure 9d shows
an example of unexpected defects. It is, however, noticeable that the pattern of damage
occurrence (indicated by red arrows) is compatible with the delamination type of chip
formation in fibre-reinforced polymers [32,36], suggesting fibre-matrix interface failure
(and crack propagation) within the composite material. In drilling, the relative position
constantly changes with each rotation and when the cutting direction and fibre direction
are the same (occurring in two distinct instants) mixed mode fracture occurs. Thus, pre-
dominant type I or II, depending on rake angle, develops within fibre-composite material,
promoting crack initiation and its propagation along the fibre-reinforcement interface.
This observation explains the non-compliance of the developed criterion (only valid for
AA-CFRP interfaces).

4. Conclusions

In this study, the impact of tool geometry and operative conditions on the hole drilling
of thermoplastic-based fibre metal laminates was investigated. Cutting load, delamination
and internal roughness were assessed. Drill geometry shows very significant influence on
all measured machinability indicators. The inclusion of grooves on the primary cutting
edges of the drill revealed neither an appropriate technique toward efficient chip control
nor delamination mitigation. In contrast, the usage of a double-point angle drill stands
out as an effective method toward improved hole-making in fibre metal laminates, with
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minimal delamination. Back support was shown to be an adequate alternative method
for minimizing delamination, especially when in conjunction with smaller feed rates.
Fracture energy was successfully estimated using asymmetric double cantilever beam tests,
enabling the calculation of critical force thresholds for delamination occurrence, which
adequately predicts the delamination with some exceptions duly justified from known
model limitations.
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Abbreviations

The following abbreviations are used in this manuscript:

2PA Two Point Angle Drill Geometry
AA Aluminium Alloy
ADCB Asymmetric Double Cantilever Beam
ANOVA Analysis Of Variance
CBR Chip-Breaking Drill Geometry
CFRP Carbon-Fibre Reinforced Polymer
CNV Conventional Drill Geometry
CVD Chemical Vapour Deposition
FML Fibre Metal Laminate
MVF Metal Volume Fraction
PA Polyamide
PVD Physical Vapour Deposition
RSM Response Surface Methodology
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Abstract: In many machining operations, metalworking fluids (MWFs) play an invaluable role. Often,
proper application of an intelligent MWF strategy allows manufacturing processes to benefit from
a multitude of operational incentives, not least of which are increased tool life, improved surface
integrity and optimised chip handling. Despite these clearly positive implications, current MWF
strategies are often unable to accommodate the environmental, economic and social conscience
of industrial environments. In response to these challenges, CO2 coolants are postulated as an
operationally viable, environmentally benign MWF solution. Given the strong mechanistic rationale
and historical evidence in support of cryogenic coolants, this review considers the technological
chronology of cryogenic MWF’s in addition to the current state-of-the-art approaches. The review
also focuses on the use of CO2 coolants in the context of the machining of a multitude of material
types in various machining conditions. In doing so, cryogenic assisted machining is shown to offer a
litany of performance benefits for both conventional emulsion (flood) cooling and near dry strategies,
i.e., minimum quantity lubrication (MQL), as well as aerosol dry lubrication (ADL).

Keywords: cryogenic machining; coolant; metalworking fluids; carbon dioxide; liquid nitrogen;
minimum quantity lubrication; tool wear

1. Introduction

In order to accommodate the demands of the current technological landscape, engi-
neers have developed novel materials that meet an increasingly expansive range of lofty
performance indices. One pertinent example is that of an aero-engine disk. In such an
application, the subject material must exhibit high flexural rigidity, fatigue strength and
creep resistance, all whilst being exposed to operating temperatures in excess of 800 ◦C [1].
In this case, it crucial that the material chosen exhibits both high shear strength and low
thermal conductivity. Whilst these properties serve a clear purpose in an aeroengine, they
generate a challenging machining environment, which must be met with a robust metal-
working fluid (MWF) strategy. Unfortunately, however, whilst they remain an operational
necessity, the use of conventional MWF strategies is accompanied by a series of negative
environmental, social and ergonomic implications. To elaborate, their disposal is not only
unsustainable, but both extremely costly and time consuming; they pose a health risk to
machine operators and their maintenance requires a significant time commitment that
could be allocated to more productive tasks. In contrast, whilst cryogenic and CO2 cutting
fluids have their own limitations, they offer markedly improved sustainability (Section 4);
they have been shown (situationally) to produce significantly improved machinability
outcomes (Section 5), and by virtue of their return to the atmosphere post machining cycle,
they remove the burden of fluid maintenance and disposal.

Despite the prospective benefits of cryogenic and CO2 MWF strategies, the use of CO2
as an MWF remains confined to niche applications. This is due to the fact that whilst LN2
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is, at this point, extensively researched, the available literature on CO2 is (comparatively)
very much in its infancy. As such, if CO2 MWF strategies are to become commonplace,
it is crucial that the body of literature is compiled in a means that is both accessible and
categorised according to research interest. With this in mind, the proceeding review looks
to outline the scenarios in which CO2 MWF strategies have, at this stage, been employed,
and further, serves to identify avenues for future research.

2. Review Structure

Given the extensive research that focuses upon the use of liquid nitrogen (LN2) MWFs,
the proceeding text is primarily focused upon the emerging use of CO2 coolants, with only
an ancillary consideration of LN2. The review first provides a background (Section 3) on
the subject matter of cryogenic and CO2 MWFs, focusing foremost upon the historical use
of cryogenic MWF’s (Section 3.1) followed by their motivation for use (Section 3.2) and the
mechanism of action for scCO2 coolants specifically (Section 3.3). Thereafter, the document
considers the sustainability of CO2 coolants in lieu of conventional MWFs (Section 4),
giving primary consideration to the environmental, social and ergonomic implications of
the widespread disruptive use of CO2 coolants. The review next focuses upon the current
state-of-the-art by way of outlining the available literature on CO2 MWFs, categorizing
said literature foremost according to the workpiece material considered (Section 5) and
then according to a range of other operational variables (Section 6), i.e., feeds and speeds,
tool design, etc. Finally, the document is brought to a conclusion (Section 7). When locating
research for this review article, the following search terms were used: “CO2”, “Machining”,
“Cryogenic”, “MQL”, “Milling” and “Turning”.

3. Background

3.1. History of Cryogenic MWFs

In many regards, formal research on cryogenic cutting fluids began in 1967, when
Okoshi [2] observed, and later went on to present the chip handling benefits of LN2 at the
annual general meeting of the Japan Society of Precision Engineers (JSPE). Despite sparking
interest, it was not until 1969 that the first journal articles were published in the field. In the
original paper on cryogenic machining, Uehara and Kumagai [3] examined the variability
of cutting temperature, chip formation and tool force with workpiece temperature for plain
carbon steel, stainless steel and commercially pure titanium. In their research, Uehara
and Kumagai employed a simple turning model where LN2 was applied in situ to the
three workpiece materials. Thereafter, two separate thermocouples were employed to
measure temperature (at the workpiece and chip-tool interface), and a dynamometer
utilised to measure force components. The ultimate findings of the paper noted that
whilst the cryogenic machining strategy led to an improved surface finish in the carbon
steel workpiece, in the stainless steel and titanium samples, surface roughness was either
comparable or worsened by the application of LN2. Moreover, the paper found that during
the machining of titanium sample, workpiece temperature and cutting force followed a
negative correlation. The authors went on to conclude that the variability with which the
different materials responded to reduced workpiece temperature was largely due to the
extent to which a given material exhibited low temperature brittleness. As the amount of
shear flow stress implicit during low temperature machining increases, surface roughness
is worsened and cutting force is generally increased (if not offset by increased brittleness).

In their following paper, Uehara and examined the tool life implications of a cryogenic,
workpiece cooling strategy [4]. In this regard, the first truly promising tool life rationale for
the use of cryogenic coolants was made, where tool wear was noted to decrease at reduced
temperatures in both the carbon steel and titanium test pieces. Moreover, this paper went
on to define the conditionality of cryogenic cooling strategies, noting that the extent of
flank wear in the stainless steel workpiece followed the reverse trend to that of both carbon
steel and titanium. As was the case in their original paper, this article again concludes
by defining three variables responsible for the observed phenomenon: the temperature
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dependency of tool wear, low temperature brittleness of the workpiece and the protective
effect of built-up edge (BUE) against tool wear (the latter being heavily cited in the authors
reasoning for the conditionality of recorded results). Interestingly, whilst both titanium
and stainless steel failed to exhibit low temperature brittleness, the impact of workpiece
temperature on tool life differed dramatically between the two materials. The authors
went on to state that this discrepancy is likely a consequence of the protective effect of a
BUE having a much more significant impact on tool life in the machining of stainless steel
(then titanium), and as such, the extinguishment of the BUE at cryogenic temperatures was
a more relevant phenomenon in the machining of stainless steel. Additionally, it can be
argued that in the machining of titanium, temperature dependency of tool wear is higher
based upon the low thermal conductivity of titanium and the known susceptibility of
titanium and titanium alloys to diffusion dominated wear mechanisms such as crater wear.

Given the early research of Uehara and Kumagai, many authors have since followed
suit in the study of cryogenic MWF’s. Generally, much of this research has historically
focused upon the use of LN2 coolants. Whilst these articles are the subject of a great deal
of academic interest, much of their contents have already been previously considered in
earlier review papers [5,6]. Additionally, it is the rationale of the author that the significant
incentives offered by CO2 MWFs (Sections 3.2 and 4) make further LN2 focused reviews
inconsistent with the current research trend of the cryogenic machining community. Given
this statement, a case is thus made in support of the proceeding work’s focus upon CO2
(rather than LN2) MWF’s.

3.2. CO2 Mechanism of Action

In a conventional LN2 cryogenic machining strategy, the tool is cooled by proximity
to the cryogenic medium. In such a scenario, the extremely cold fluid serves to function
as a heat sink, cooling the tool primarily by convection, driven by temperature gradient
(between the tool and cryogen). CO2 coolants on the other hand are delivered at ambient
temperature (Figure 1), and as such, their function as a coolant is not a consequence
of their cryogenic temperature at delivery, but rather, the Joule–Thomson effect. In a
Joule–Thomson expansion, the fluid is adiabatically throttled through the exit valve of
the coolant system. As the gas is throttled, it undergoes a sudden drop in pressure. This
reduction in pressure is accompanied by an increase in the potential energy of the fluid
owing to the increasing Van der Waals attraction at a larger atomic separation. As such,
in order for enthalpy to remain constant across the throttle (which is observed in a Joule–
Thomson expansion), the thermal kinetic energy of the fluid post throttle must reduce to
accommodate this increase in potential energy, ultimately generating a cooling effect in the
system. The throttling process also corresponds a phase-transformation where, in the case
of CO2, LCO2 becomes a combination of 60% solid (generally in the form of CO2 “snow”)
and 40% gas [7], which equally has a novel impact upon the mode of cooling, and the
machining process in general.

3.3. Motivation for CO2 Coolants

Whilst LN2 can be shown to outperform conventional MWF’s across a broad range of
performance indices (i.e., demonstrated improvements to tool life, surface integrity, etc.),
the current research landscape has largely made strides to transition away from LN2, and
instead focus upon CO2; this is likely a consequence of the following factors:

• By using CO2 coolants, there is a reduced risk of cold burns to the operator due to
their delivery at ambient temperature.

• CO2 coolant strategies do not create the same work-holding complexities as LN2
coolant strategies owing to their higher temperature and more localised application.

• LN2 coolants can impede the normal operation of the machining centre, i.e., by freezing
the lubricating grease on the spindle; CO2 is not associated with the same risks.
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• CO2 storage does not require the use of an insulated pressure vessel and pipe network,
making the process of designing and retrofitting machining centres with CO2 more
convenient than is the case with LN2.

• Due to the extreme cold, there is a risk of near surface microstructural transformation
when using LN2 coolants, this may be mitigated with CO2.

 

Figure 1. Adapted CO2 pressure–temperature phase diagram. Reprinted from reference [8].

4. Sustainability of CO2 Coolants

Although the performance benefits of cryogenic cooling strategies are highly contin-
gent upon a range of a factors, from a sustainability standpoint, their benefits are much
more widespread. Whilst emulsion cooling has been able to meet a range of performance
indices (i.e., long tool life, low surface roughness and cutting forces), it remains a highly
imperfect solution from an ergonomic and environmental perspective. So much so that
a large portion of the research into cryogenic cutting fluids is primarily motivated by
the ultimate unsustainability of conventional MWF’s rather than a commercial desire to
reduce operating costs (although, this is clearly a significant auxiliary benefit). As such, the
following section examines a range of cited sustainability issues associated with the use of
conventional MWF’s, and thereafter explores the ways in which these issues are entirely, or
partially, mitigated by cryogenic MWF strategies. Moreover, the section will additionally
outline the processing route by which CO2 is obtained, as well as address any concerns
associated with the abundant release of CO2 into the atmosphere (as is associated with its
use as an MWF).

4.1. Environmental Implications of CO2 Coolants

Given that CO2 is a greenhouse gas, it is reasonable to assume that should it displace
conventional emulsion coolant strategies, the net release of CO2 into the atmosphere would
invariably increase in concert. This is a particularly concerning proposition given that the
UN’s Intergovernmental Panel on Climate Change (IPCC) has stated that a 45% reduction in
global net CO2 emission is necessary (by 2030) to meet global warming targets [9]. Clearly,
on the surface, these concerns make intuitive sense. Unrestricted CO2 usage would seem to
be a significant backwards step in meeting the UN’s lofty climate change goals; however,
it is the argument of the author that these concerns are a consequence of a fundamental
misunderstanding of the CO2 processing route. If CO2 was indeed purposefully generated
in order to meet coolant needs, this would be a pertinent point; however, this is not the case.
In reality, CO2 is generated in a range of essential industrial processes (i.e., in the production
of ammonia and alcohol), and is ordinarily released into the atmosphere at the point of
production. By instead reclaiming this CO2 for use in MWF’s (amongst other things), the
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rate of CO2 production is unchanged relative to its baseline industrial production, and
as such, the otherwise wasted CO2 now serves a purpose prior to being released into the
atmosphere (as it ordinarily would be). Ultimately, the only additional energy expenditure
associated with CO2 as an MWF comes from that which is consumed in the recycling
process; otherwise, its use corresponds to a net zero change in emissions relative to the
industrial baseline. The use of CO2 coolants could also lead to an overall lower carbon
footprint of the machining process, since the targeted application of such coolants could
lead to increased throughput of the machining process. Furthermore, carbon capture
techniques could be used to recycle and reuse the CO2 used in the machining process.

In contrast with the sentiments of the previous paragraph, the use of emulsion and
oil-based coolants can be extremely problematic from an environmental sustainability
standpoint. Whilst mineral oils were once regarded as an inconvenient by-product of
petroleum production, this is no longer the case. In fact, it can be reasonably suggested
that the vast demand for mineral oils serves as an ancillary driving force for the crude oil
industry. Of course, many of the concerns associated with the crude oil industry can be
subverted by formulating MWF’s that are comprised of oils which are non-derivative of
mineral oil, i.e., vegetable oils and synthetic formulations. Indeed, whilst synthetic and
vegetable oil-based MWF’s are generally more expensive, this statement is largely correct,
and in fact, many high performance MWF’s are formulated without the use of mineral
oil. Despite the improved solution offered by synthetic oil formulations, there nonetheless
persists a range of problems that apply to both synthetic, mineral and vegetable oil-based
MWF’s, not least of which the issue of their ultimate disposal.

Whilst cryogenic MWF’s re-enter the atmosphere after a given machining cycle, con-
ventional MWF’s are repeatedly recirculated in the machining centre. Although this is a
comparatively environmentally frugal system of coolant delivery relative to single use,
oil-based coolant strategies, it fails to address the issue of the ultimate disposal of the MWF.
This disposal becomes necessary as the coolant is recycled throughout the machine owing
to a degradation in quality by means of microbial, and processing by-product contamina-
tion [10]. In fact, in a 1988 article, this degradation is explained as an intuitive consequence
of the underlying MWF chemistry, whereby “mineral oil base stocks, glycols, fatty acid
soaps, amines and other metalworking fluid concentrates” are said to “provide all of the
essential nutrients required for growth” of bacterial and fungal organisms [11]. Whilst this
ultimate microbial spoilage is necessary to facilitate the ultimate biodegradation of the
fluid, it equally accompanies a range of adverse implications for machine operation, some
of which include:

• Reduction in emulsion stability.
• Increased propensity to contribute to workpiece, or machine corrosion.
• Decrease in MWF pH (and thereby, increased alkalinity of the fluid).
• Clogging of coolant delivery system including MWF lines and screens.
• Reductions in tool life.
• Development of an unpleasant odour.

In addition to these consequences, microbial spoilage corresponds to an increased
incidence of dermatitis and skin irritation; however, this is explored in greater detail in
Section 4.2.

Evidently there exists a range of problems associated with the prolonged use of spent
coolant. In order to subvert these concerns, machine coolant reservoirs must frequently
be drained, cleaned and replenished with fresh MWF, whilst the spent coolant should be
disposed of, or recycled in an environmentally cognisant manner. The process of cleaning
an MWF system is, however, not without its concerns. A common cleaning protocol
involves the use of compressed airlines and/or the administration of synthetic cleaning
products, which are often harmful to life [12]. Whilst this use of compressed air is effective
in displacing MWF biofilm and clogged particulates, it equally leads to the mobilising of a
rancid MWF mist, corresponding to the generally poor ergonomics of the cleaning process.
This phenomenon is equally concerning given the often small, or confined working areas
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associated with machine shop floors, whereby fresh, uncontaminated air is often unable
to easily recirculate. Moreover, this cleaning protocol is generally iterative and may have
to be repeated several times until the extent of bacterial contamination is satisfactorily
reduced (as tested by a dip slide). In addition to the challenging cleaning protocol, the
recycling process by which MWFs are treated is typically extremely convoluted and, in
general, requires the adoption of a robust separation procedure. Whilst there are currently
a range of developments being explored in the treatment of spent MWF (i.e., nanofiltration,
ion exchange resins, etc.), the general processing route by which spent MWF’s are treated
still largely fails to generate a reusable MWF, but rather, a less hazardous waste substance
which can be disposed of in a more financially, or environmentally sustainable manner [13].
For these reasons, the use of cryogenic MWFs, which return to the atmosphere post use, is
of clear benefit in terms of the relative reduction in environmental, financial and time cost
to the manufacturing sector.

4.2. Social Implications of CO2 Coolants

As an aside to the environmental limitations of conventional MWFs, their usage
is equally accompanied by a range of negative health repercussions, persisting during
handling, use and ultimate disposal. Whilst it is true that CO2 usage as an MWF (and
elsewhere) creates a non-negligible risk of asphyxiation, this health concern can largely
be mitigated by reasonable precaution such as the use of proper ventilation and local
O2/CO2 monitoring systems. By contrast, conventional MWFs present a much broader
encompassing range of health concerns, elevated in part by their capacity for contact
exposure via a range of media (primarily dermal, ocular and via inhalation). As dermal
contact has been shown to account for as much as 80% of the occupational risk of MWFs [14],
it is unsurprising that research into the negative health implications of cutting fluids has,
historically, been heavily focused upon the deleterious effect of MWFs on skin health. One
2014 systematic review [15] notes currently established causal links between cutting fluids
and the following skin conditions: irritant contact dermatitis, allergic contact dermatitis,
folliculitis, oil acne, keratosis and carcinomas. Despite these concerns, much of the risk
to skin health can effectively be mitigated by the combined protocol of wearing suitable
gloves and adopting a thorough hand cleanliness routine. Whilst this strategy is simple,
skin conditions such as those outlined previously are often extremely prevalent in the
manufacturing sector. This is likely a consequence of poor adherence to the PPE guidelines,
an assertion supported by a 2012 survey that found that 82% of safety professionals had
observed a failure to use the requisite PPE in their workplace [16]. Clearly it is unrealistic
to expect universal adherence to even the simplest of PPE guidelines, and as such, the
negative dermal implications of conventional MWF’s persist where they could otherwise
be avoided by employing cryogenic cooling strategies.

In addition to the development of skin conditions, MWFs are linked to a range of
ocular and respiratory conditions of varying severity. In general, the respiratory conditions
associated with MWFs exposure are primarily a consequence of the inhalation of a fine
particulate mist, which is generated as the MWF evaporates. Thereafter, either the MWF
suspension or a fine atomised aerosol of non-aqueous MWF constituents (as water and
water-soluble constituents are vaporised) is inhaled by individuals proximal to the machine.
The consequences of which manifest as a range of negative health implications largely,
but not entirely, focused upon the respiratory tract, including: airway irritation, chronic
bronchitis, asthma, laryngeal cancer, alveolitis, and more abstractly, cancers of the pancreas,
rectum and prostate [15]. Although these concerns could, in part, be addressed by the
implementation of respirators, or even by assuring proper machine shop ventilation, this
remains far from the industrial norm, with respirator use in machining typically being
confined to grinding scenarios, wherein the goal is simply to filter out machined chips/dust,
rather than MWF mist. Although these issues are perhaps the most severe of the negative
health implications associated with MWF exposure, eye irritation, though non-permanent,
is equally common amongst machinists. This ocular exposure to MWF can be extremely
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painful, particularly when contact results from direct splashing of the eye (as opposed to
airborne particulates) [17], and necessitates the use of safety glasses. Whilst the use of
safety glasses should equally be encouraged during cryogenic machining (owing to the risk
of swarf projection), it is reasonable to assume that both the respiratory and ocular risks of
cryogenic MWFs are invariably reduced.

4.3. Economic Implications of CO2 Coolants

Whilst the use of cryogenic MWFs is incentivised by a multiplicity of environmental,
operational and social factors, their widespread adoption in industry will of course be
subject to their financial viability. Indeed, if a company is to convert to, or supplement their
existing MWF strategies with, CO2, there are a range of set-up and running costs that have
to be weighed against the relative benefits of the strategy. With regard to set-up, at the
moment, each machine must be retrofitted with a CO2 coolant delivery system and both
volumetric and Coriolis flow meters (i.e., Fusion Coolant Systems Pure Cut ©); of course,
the cost of which is, at this point, relatively significant. With that being said, it is almost
always the case that the early adoption and implementation of an emerging technology is
costly; however this is not likely to be restrictive in the long term for two primary reasons.
Foremost, it seems likely that the initial capital outlay will reduce as machining centres
begin to be built from stock with integrated CO2 coolant systems, or equivalently, as the
option to incorporate a CO2 coolant system as a manufacturer add-on becomes available
(in the same way that high pressure coolant is often available as an add-on). Secondly,
and perhaps most importantly, it is clear that if marginal improvements can be made to
the productivity of the manufacturing sector, i.e., by reducing lead time via the use of
more aggressive feeds and speeds or, equally by reducing machine down time via fewer
tool changes, the cost saving incurred by adopters of the technology would invariably far
surpass this initial capital outlay.

In addition to the initial capital outlay associated with the purchase of the coolant
system, it is also important to consider the operating costs associated with large-scale CO2
consumption and, additionally, the practicalities associated with the supply of suitable
tooling. On the topic of CO2 consumption, the cost of small-scale CO2 usage is generally
relatively high compared to the low cost of conventional MWFs. As such, it would likely be
the case that the machine shop would be supported by a large cryogenic tanker retrofitted
to the externalities of the premises. The tanker would thereafter be filled on site by a
CO2 supplier. In adopting this strategy, the machine shop would be able to benefit from
significant economies of scale relative to small scale purchase of CO2 pallets, wherein pallet
rental, refill and delivery costs become significantly cost restrictive. With regard to the
availability of tooling, in much of the cryogenic machining research, bespoke tool holders
are employed to accommodate the CO2 nozzle. Whilst this is suitable for small scale
research, it is unsurprisingly not cost effective. This, however, is again a consequence of
the infancy of the technology and the limited demand placed upon tooling manufacturers
to produce tool holders capable of CO2 cooling. It is thus likely that, as CO2 cooling
strategies become more commonplace, new ‘off the shelf’ tooling will be developed in
concert: a hypothesis supported by patents filed by both SECO [18] and Kennametal [19] to
protect their prospective tool holders and the novel CO2 nozzle configurations that they
will employ.

Although the initial capital outlay associated with the use of CO2 cooling strategies
is non-trivial, it is worthwhile to consider the multitude of ways in which these costs can
be recouped. As such, it is important to outline the ways in which CO2 MWF strategies
can avoid the operational shortcomings of conventional MWFs and subsequently benefit
from improved economic sustainability. With this in mind, it is noteworthy that one of
the primary driving forces of cryogenic MWF research is an intent to find operationally
superior MWFs, so that tool life can be prolonged. It thus follows that more aggressive
feeds and speeds may be employed, and subsequently cycle time significantly reduced. In
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doing so, it is likely that less energy would be consumed in the machining process, and by
proxy, both expenditure and carbon footprint should be reduced in kind.

Another benefit of CO2 MWF strategies is the avoidance of post-process cleaning. This
has the potential to incur a significant cost saving as, in many safety critical applications,
parts are unable to enter service with a cutting fluid residue. There are a range of reasons for
this, primarily focused upon the altered component tribology as well as general cleanliness
and ease of handling. These cleaning procedures generally add a significant amount of lead
time to the (often) already sedate process of manufacturing safety critical components, and
as such, have a clear downstream impact upon the supply chain, and subsequently the cost
per component (and ultimate cost of the overall system). This is a factor that can be entirely
subverted by the preferential use of cryogenic cooling strategies (in lieu of conventional
MWFs), wherein no residue remains post machining, but rather the coolant dissolves and
returns to the atmosphere. Moreover, this benefit of cryogenic machining strategies may
persist even in cases of machining with CO2 + MQL, where, by design, MQL leaves little to
no residue on the final machined component.

Evidently, the range of problems discussed makes for a compelling argument for the
deracination of conventional MWFs (in favour of cryogenic fluids). Although the current
widespread use of conventional cutting fluids is born of necessity, it is clear that such
strategies are not only unsustainable, but equally, are potentially operationally sub-optimal
across a range of performance indices (Section 5).

5. Applications of CO2 MWF Strategies

The following work has been categorised according to the workpiece materials that
are considered in a given article, such that the first section focuses upon the use of CO2
MWFs for the machining of steels, the second section focuses upon titanium alloys and the
third considers any other material species that have been the subject of research. The order
is of materials is chosen to be coincident with the volume of research that is available on a
given material, wherein steels and titanium alloys are subject to the most research in the
field. In addition to the research outlined in Sections 5.1–5.3, there are a small number of
articles that consider multiple materials [20–22]. As these articles serve as important case
studies for use in determining the relative cryogenic machinability of a given material (and
do not easily fit into the proceeding sections), they are retained for Section 6.

5.1. CO2 Machining of Steels

For almost two centuries, steels have found a broad range of applications owing to
their high strength and durability. For these reasons, it is intuitive that a significant portion
of the cryogenic research landscape would be focused upon the machining of steel, and
indeed this has historically proven to be the case. In recent times, these articles have
generally focused upon the use of CO2 cooling to improve the machinability otherwise
generated by conventional MWFs. Such research is often motivated by the early success
of LN2 as an MWF for the machining of steel. Some of these trials are discussed in the
following section, where they have been selected to provide a variety of steel species and
to cover a range of research interests within the field of cryogenic machining.

In order to understand the fundamental physics of CO2 as an MWF, it is useful to adopt
a reductionist strategy towards the employed machining model. This approach was recently
undertaken by Rahim et al. [23], who examined the impact of a scCO2 MWF in the context of
the orthogonal cutting of AISI 1045 medium carbon steel. The performance of said cryogenic
coolant was thereafter measured across four primary performance indices (cutting force,
chip thickness, tool-chip contact length and cutting temperature) and compared to an
equivalent machining trial undertaken with MQL (where MQL was chosen as a competitive
sustainable machining strategy). The paper notes that the scCO2 machining strategy leads
to 5–14% lower cutting forces, 0.5–2.5% thinner chips, 1–10% shorter tool-chip contact length
and 15–30% lower cutting temperature than the MQL condition. Each of these variables
is heavily correlated to machinability. Foremost, lower cutting forces are beneficial for a
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range of reasons including improving system dynamics and reducing tool holder deflection
(thereby improving dimensional accuracy); thinner chips tend to be more breakable and,
as such, pose a significant chip handling benefit. A shorter tool-chip contact length infers
lower friction (and thus, superior lubricity). Finally, lower cutting temperature corresponds
to the reduced severity of diffusion dominated wear mechanisms and allows the retention
of a strong cutting edge. These findings make for a strong mechanistic rationale for the use
of CO2 as a cutting fluid, and further, leave a strong foundation upon which research with
a higher degree of specificity to real, practical machining set-ups can be built.

A preceding paper by the same authors [24] utilised a similar set-up to trial the
effectiveness of scCO2 and scCO2 + MQL as an MWF strategy for the turning of, again,
AISI 1045 medium carbon steel. In this trial, the performance of the coolant was quantified
according to the cutting temperature, cutting force and the surface roughness. Again,
performance was compared to MQL in isolation. The paper noted that the use of a scCO2
coolant was able to generate a reduction in cutting temperature of 6–30%, dependent upon
presence (or lack thereof) of MQL, nozzle configuration and proximity to the cut, where the
tool cooled with scCO2 in isolation generated a lower cutting temperature. Despite scCO2
in isolation generating the lowest temperature of the three coolant configurations trialled,
the scCO2 + MQL strategy corresponded to the lowest cutting force and surface roughness
of the three strategies trialled. These findings further build upon the prospective positive
impact of the usage of scCO2 as an MWF, or in supplement to the use of MQL.

Whilst AISI 1045 steel is extremely well researched, other steel species are increasingly
being considered, one such novel species being that of high thermal conductivity steel
(HTCS). As part of their 2017 paper, Mulyana et al. [25] compared the performance of
scCO2 to MQL and dry machining in the milling of HTCS. In accordance with the previous
research undertaken by Rahim et al. [23], the authors considered the impact of cutting
fluid on temperature, cutting force and tool wear in addition to considering the underlying
wear mechanisms associated with the machining process (by the assigned MWF). The
author noted that across all major performance metrics, MQL, scCO2 and scCO2 + MQL
outperformed dry machining and, further, each cryogenic strategy outperformed MQL in
isolation. With regard to both cutting force and tool life, the scCO2 + MQL strategy led to
the best performance, generating 28–64% lower cutting forces and 60–85% longer tool life
relative to MQL in isolation (Figure 2). Moreover, in each of the three performance indices
considered in the paper (cutting force, tool life and cutting temperature), elevated scCO2
input chamber pressure corresponded to superior performance. The author reasons that
this phenomenon is a consequence of the elevated density of scCO2 and higher volumetric
flow rate of MQL.

 

(a) (b) 

Figure 2. Graphs to show the variation in: (a) cutting force, (b) cutting distance with coolant
and scCO2 input chamber pressure. Reprinted with permission from reference [25], Copyright
2000 Elsevier.

183



Metals 2022, 12, 283

In a 2014 conference proceeding, Cordes et al. [26] outlined a novel strategy for the
internal, selective, multi-channel supply of LCO2, MQL or a combination of the two. As
part of the proceedings, they trialled their tool holder configuration in the machining of
1.4962 stainless steel. The article employed a “radial multiaxial turn milling strategy” (as
is common in the roughing of aerofoils), where the extent of tool wear was measured at
the end of the roughing cycle of one blade and thereafter compared to dry machining.
Ultimately the obtained tool life was inferred to be vastly increased by the application of
a CO2 coolant. This inference came as a consequence of the cryogenic cooling strategy
corresponding to a 63% lower flank wear (after one pass). Interestingly, the authors then
went on to increase the cutting speed and feed rate of the cryogenic machining strategy to
the point of which flank wear (after one pass) was equivalent to that which was observed
in dry machining. They note that a 37.5% increase in feed rate and a 25% increase in cutting
speed were required to elevate flank wear to that of the dry machining trial. In such a
scenario, material removal rate (MRR) was increased by 72%, outlining the potential of
CO2 cooling in increasing the productivity of the manufacturing sector.

Similarly, in 2019, Fernández et al. [20] published a paper considering the application
of CO2 as an MWF in the cryogenic face milling of hard-to-cut materials. As part of
their research, they undertook tool life testing on grade EA1N steel when machined with
gaseous CO2, indexing its performance against the tool life obtained by a Hysol XF (6–8%)
emulsion. The authors noted that whilst the underlying wear mechanism, which led to
tool failure, was, in both cases, abrasion, the rate at which the tool became abrasively
worn was significantly reduced in the cryogenic trial. Moreover, in accordance with ISO
8688-1:1989, the authors utilised a tool life criterion wherein tool failure was inferred by
insert fracture. As such, the article notes that CO2 cooling is able to generate a 175% longer
tool life than that obtained by a conventional emulsion strategy. This finding is of particular
interest owing to the authors observing a favourable comparison between the performance
of CO2 and emulsion (rather than dry machining), which is generally best practice for the
machining of most materials.

As is outlined in the proceeding work, much of the research that has thus far been
conducted has focused upon the machining of steels, and although there remains a great
deal of novelty yet to be explored, the field is becoming increasingly well understood.
Whilst this is of great utility in the sense that steel is an extremely popular engineering
material, it fails to address the demands of many performance-driven engineering sec-
tors, namely aerospace, motorsport and biomedical. In many of these scenarios, weight
restrictions are implicated into the design process and, as such, specific, rather than generic,
mechanical properties are of great importance. As these applications are (in general) driven
by factors such as performance and lead time (as opposed to cost and durability), they are
generally better positioned to become early adopters of technological advancements in the
manufacturing sector or elsewhere. For this reason, it is intuitive that early research efforts
focus more heavily upon high-performance materials such as titanium alloys, nickel-based
superalloys, composites, etc. Consequently, the proceeding work examines CO2 as an MWF
in the context of these aforementioned materials.

5.2. CO2 Machining of Titanium Alloys

As a consequence of their remarkable mechanical properties, corrosion resistance
and ability to function effectively at elevated temperatures, titanium alloys have become
commonplace at the high-performance end of the engineering sector. Although these excep-
tional properties allow titanium alloys to serve a broad range of demanding applications,
they equally correspond to poor machinability. For this reason, it is intuitive that titanium
alloys would be the focus of a great deal of cryogenic machining research, and indeed this
has proven to be the case. Whilst the cryogenic machining of titanium is undoubtedly an
area of significant research, many of the articles published focus specifically on Ti-6Al-
4V [27–30]. Although this research direction is intuitive based upon Ti-6Al-4V being the
most popular titanium alloy (accounting for 50% of titanium production worldwide as of
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April 2020) [31], there remains a great degree of novelty to be explored in the machining of
more exotic titanium alloys. The proceeding section is dedicated to the current portion of
the research landscape focused upon the cryogenic machining of titanium alloys with CO2
MWF strategies.

In much of the cryogenic machining research currently available, there is significant
variance in the relative performance of the coolant strategies employed. To give an example,
in 2016, Sadik et al. [32] published an article examining the use of LCO2 as an MWF for
the cryogenic face milling of Ti-6Al-4V. In the article, the authors note a tool life increase
of 250–350% when LCO2 was applied in lieu of an emulsion flood cooling strategy. In
contrast, to the strong performance of CO2 in the research of Sadik et al., the later work of
Tapoglou and colleagues [7] noted that CO2 failed to compare favourably to conventional
(emulsion based) MWF strategies. In their research, Tapoglou and colleagues undertook
shoulder end-milling trials on a Starrag LX051, 5-axis horizontal milling centre employing
a LCO2 cooling strategy. In contrast with the significant tool life improvements experienced
by Sadik et al., Tapoglou observed markedly inferior tool life when utilizing both CO2 in
isolation and CO2 + MQL strategies (in comparison to a both a flood and medium pressure
through tool emulsion cooling strategy). Tapoglou did, however, note that the use of a
CO2 + MQL MWF strategy corresponded to an increase in tool life relative to both MQL
and CO2 in isolation.

Further to the variability of the data, An et al. [33] undertook side-milling trials
on Ti-64 with three CO2 MWF strategies: scCO2 in isolation, scCO2 with water based
MQL and scCO2 with vegetable oil-based MQL. As part of the trial, An and colleagues
measured (and simulated) flank wear, cutting torque and surface morphology, indexing
performance against dry cutting conditions. The authors noted that the scCO2 strategy
generated the most flank wear, followed by dry, scCO2 with water-based MQL and, finally,
scCO2 with vegetable oil-based MQL. In the paper, An et al. hypothesises that the elevated
wear state experienced during scCO2-only machining strategy is likely a consequence of
increased friction at the tool-workpiece interface, thermal cyclic fatigue and adhered chips
accumulating on the tool. Interestingly, the extent to which flank wear was reduced by the
scCO2 + MQL strategies, relative to dry machining, was extremely marginal, wherein the
difference in flank wear between the three strategies fell within the variance of the data set.

It is clear that, whilst there are non-trivial differences in the experimental design of the
three papers in question (differing cutting speeds, CO2 rather than LCO2, end-milling/side-
milling rather than face milling, etc.), their nonetheless exists a clear variance in the findings
of Sadik, Tapoglou and An et al. It is thus the opinion of the author that this is illustrative
of the conditionality of the machinability outcomes that are achieved when employing CO2
MWF strategies. Further to this point, it is not immediately obvious as to which variables
are of the most importance in manipulating performance indices such as tool life. For this
reason, a compelling case is made to work towards establishing an appropriate processing
window for CO2 MWF strategies in a range of different machining context. In doing so, the
processing parameters that allow the cryogenic media to offer comparative (or superior)
tool life to conventional means would be outlined, thereby allowing manufacturers to
employ the most appropriate MWF strategy for a given application.

One of the few articles to consider non Ti-6Al-4V titanium alloy (CO2) machining was
published in 2018 by Kaynak and Gharibi [34]. The paper was published with the outlook
of examining the impact of LN2 and CO2 as MWF’s for the turning of Ti-5553 and as such,
undertook trials with the following performance indices in mind: cutting temperature,
tool wear and dimensional accuracy. Thereafter, the performance of each of the two media
was compared against each other, in addition to a dry machining baseline. The authors
observed that in both the CO2 and LN2 trials, the measured maximum temperature was
shown to be significantly decreased relative to the dry machining trials, whilst LN2 cooling
generally corresponded to a marginally lower maximum temperature than was observed in
CO2 machining. Moreover, the authors observed a general trend in both cryogenic media
reducing the extent of flank wear, noting that this effect was particularly exaggerated at
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elevated cutting speeds, where, at the maximum trialled cutting speed, CO2 cooling lead to
a 22% reduction in flank wear (relative to dry machining) and LN2 a 59% reduction in flank
wear. In addition, although both of the cryogenic media trialled led to improvements in
dimensional accuracy, LN2 cooling corresponded to a lower maximum deviation from the
nominal diameter than the CO2 strategy. Whilst this article generally points to the superior
performance of LN2 (relative to CO2) in this context, it is important to note that both cutting
force and feed force were most optimally reduced by the CO2 cooling strategy, whereby a
noteworthy reduction was observed across the majority of cutting speeds. This reduction
in feed force provides further evidence of the excellent lubricity, which can be obtained by
employing CO2 cooling strategy in a machining context.

In addition to the work of Kaynak and Gharibi, Machai and Biermann [35] undertook
cryogenic OD turning trails on Ti-10V-2Fe-3Al. The authors compared the tool life perfor-
mance of CO2 snow (as a coolant) to an emulsion, flood coolant strategy. Moreover, Machai
and Biermann went on to outline the transient wear progression of the cutting insert when
subject to each media, as well as discuss the inherent mechanisms associated with said
wear progression. The authors observed that the CO2 cooling strategy corresponded to
increased tool life at each of the cutting speeds trialled (Figure 3); moreover, whilst the
emulsion-cooled tool was subject to significant notch wear, the CO2 cooled tool was entirely
devoid of notching. Moreover, CO2 cooling additionally contributed to reduced feed force
during later machining passes, despite initially generating elevated radial forces, findings
that have been observed elsewhere in the literature. In addition to the positive tool wear
implications of CO2 cooling, Machai and Biermann observed that, during the later passes
with emulsion cooling, burrs formed at the tools’ exit from the cutting zone; in contrast, no
such burrs were observed during the CO2 machining trials (Figure 3). The authors went on
to suggest that the presence of burrs (or lack thereof) was a consequence of the periodic
impact of a worn, notched tool, and in this sense, the lack of burr formation in the CO2
trials is an intuitive finding.

In conclusion, the current landscape of the literature around titanium alloy machining
remains, at this stage, inconclusive. Although some of the variability between the current
research is undoubtedly a result of the differences in employed processing parameters
(Section 6), the significant contrast between otherwise experimentally similar remains
a challenge that must be addressed by the research community. Clearly, it is possible
to establish a range of operating conditions with which CO2, or CO2 + MQL could be
rendered the optimal MWF strategy for a given material; however, in the available research,
the efficacy of CO2 cooling remains subjective. Further work should thus focus upon
establishing a suitable operating range (for multiple titanium alloys), whereby CO2 is able
to function as a suitable coolant. Moreover, should future research become more aligned
with the findings of Tapoglou, it would undoubtedly be beneficial for researchers, who
have an interest in the adoption of cryogenic machining technologies to further develop
the consortium of literature studying the auxiliary benefits of CO2 as an MWF, rather than
simply focusing upon tool life. Alternatively, it may also be beneficial to consider directing
further research towards the cryogenic machining of alternative titanium alloys or even
entirely new material species. With this recommendation in mind, the following section
will consider current examples of CO2 usage as an MWF for the machining of various other
material species.

5.3. Additional Applications of CO2 MWFs

Although steel and titanium alloys are the focus of a large portion of the current
cryogenic machining literature, CO2 is speculated to function as a potentially efficacious
MWF strategy for a range of other materials. As an example, in nickel-based superalloys, the
combination of high hardness and low thermal conductivity leads to excessive heat forming
in the cutting zone, and by proxy, the tool. This, in turn, leads to a litany of problems, not
least of which are reduced tool life and thermally induced geometric distortion. Despite
presenting a clear cause for concern, these challenges are certainly not unique to nickel-
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based superalloys, and in fact are commonplace in titanium alloy machining. Given this
realisation, it is rational to extrapolate the potential benefits of CO2 in the machining of
titanium alloys to a prospective application in the machining of nickel-based superalloys.
Whilst this reasoning is undoubtedly useful in deciding upon the most likely avenues
for future research, prior machining trials on mechanistically similar materials of course
cannot be regarded as a direct citation of the efficacy of CO2 for new, unproven material
species. For this reason, the use of CO2 as an MWF for the machining of nickel-based
superalloys, whilst currently in its infancy, is proving to be a burgeoning field of cryogenic
machining research.

 
(a) (b) 

Figure 3. Tool wear and burr formation during the cryogenic machining of Ti-10V-2Fe-3Al. (a) Emul-
sion; (b) CO2. Reprinted with permission from reference [35], Copyright 2011 Elsevier.

Whilst superalloys have, in recent times, been the subject of an increasing number
of promising cryogenic machining trials (with LN2) [36], CO2 trials are, despite being
supported by a strong mechanistic rationale, relatively unexplored. Of the limited research
that is currently available, results are generally mixed. In 2016, Busch et al. [21] undertook
turning trials with coated CNMG 120,408 cemented carbide inserts on Inconel 718. The
authors went on to compare the performance of both CO2 in isolation, and ADL + CO2 to a
high-pressure emulsion coolant strategy, as is regarded as the current best practice for the
machining of this material. The performance of the three coolant strategies were thereafter
assessed primarily according to tool life, specific energy consumption and general machined
surface quality. Whilst the authors noted a generally invariable energy consumption across
each of the trialled media, both the CO2 and ADL + CO2 strategies generated markedly
lower tool life relative to the use of high-pressure coolant. In addition to the poor tool
life, the authors observed no clear chip handling benefit of ADL + CO2 and further went
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on to note the presence of adhered material at the machined surface when CO2 cooling
was applied in isolation. Whilst the article makes note of the operational convenience
of retrofitting a CO2 coolant delivery system, and equally the benefits of oil residue free
machining, the paper states that any scope for the future efficacy of these CO2 cooling
strategies will be reliant upon future optimisation to the delivery of the cryogenic media
(and the ADL).

In addition to these findings, Patil et al. [37] also conducted CO2-assisted machining
trials on Inconel 718. In accordance with the work of Bush et al. [21], the authors employed
an OD turning model utilising TiAlN-coated SNMG120408-cemented carbide inserts. There-
after, the authors examined both cutting forces and surface phenomena over a range of
feeds and speeds, ultimately comparing the performance of CO2 cooling to a dry machining
condition. Whilst the authors observed an increase in both cutting and feed forces when
CO2 assistance was applied, this effect was observed to be of a much smaller magnitude
than the impact of cutting speed and feed rate on tool force. Moreover, when compared to
dry cutting, the presence of a CO2 MWF led to a reduced surface roughness. This effect
is visible across all feeds and speeds; however, it was most pronounced at 0.1 mm/rev,
100 m/min. When surface integrity was further analysed (by way of taking microhardness
measurements of the machined surfaces), the CO2 assisted trials corresponded to an in-
crease in surface hardness (relative to bulk), whilst the dry machined surfaces were of equal
or lesser hardness to the as-supplied bulk. The authors note that this finding is likely a con-
sequence of the cold work hardening of the workpiece in the presence of CO2, presumably
in lieu of the elevated microstructural recovery, which would otherwise be observed at
elevated temperatures (as in dry machining). This increase in hardness is regarded, by both
the authors of the study and others [6], to be a desirable outcome for improved surface
integrity. Further, where increased surface and subsurface hardness has previously been
observed (in the LN2 machining of Inconel 718) [38], it has been accompanied by higher
compressive residual stress, which makes positive implications for fatigue life (via the
inhibition of crack propagation).

Given the research of Busch and Patil [21,37], the holistic impact of CO2 coolants
in the machining of Inconel 718 remains uncertain. Clearly, future research is necessary
to optimise the operational parameters used in the CO2 machining of each workpiece
material. This will likely involve optimising variables such as nozzle position, coolant flow
rate, feed rate, cutting speed, tool material, tool geometry, etc. over a range of machining
operations (Section 5). Moreover, whilst material classifications are helpful when analysing
the density of research in a given domain, there remains no guarantee that similar species
of material will behave similarly in an equivalent cryogenic machining context. In the case
of superalloys specifically, although iron-, nickel- and cobalt-based superalloys are often
employed in similar roles, their machinability is likely to vary in accordance with their
metallurgical differences. Whilst this variability is likely to be most noticeable amongst
dissimilarly based alloys, it will undoubtedly persist within each species. As an example,
nickel-based superalloys used in aero-engine disks (i.e., RR1000) may, and likely will,
exhibit markedly different machinability to alloys used in aero-engine turbine blades (i.e.,
Inconel 738LC) owing to their variation in mechanical, and thermal properties. For this
reason, whilst a CO2 MWF may not be regarded as efficacious for one alloy, it may be
wholly suitable for another.

Whilst the cryogenic machining of superalloys is a burgeoning field of research, there
remains a mechanistic rationale for many other materials. In fact, many of the most thought-
provoking avenues for future cryogenic machining research will invariably focus upon
materials that otherwise are ineffectively machined by way of their material properties;
one pertinent example being that of viscoelastic polymers such as polydimethylsiloxane
(PDMS) or ultra-high molecular weight polyethylene (UHMWPE). In general, the high
elasticity and susceptibility to adhesion make for a material that is challenging to machine
by conventional means. These properties correspond to a litany of adverse machining
outcomes including geometric deformation of the workpiece material and undesirable
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chip formation. Moreover, the propensity of polymeric material to adhere to the cutting
tool often corresponds to an increase in effective edge radius, which in turn corresponds
to a ploughed, rough surface (owing to the size effect). Despite this, with the rise of the
burgeoning field of microfluidics, small scale, geometrically accurate polymeric chips are
becoming increasingly necessitated, not least of which within the pharmaceutical industry,
wherein they serve a range of roles including drug screening and metabolic research [39].
Currently, microfluidic chips are manufactured via micromolding techniques, whereby
the micromolds are photolithographically formed in the polymeric substrate. Whilst this
technique allows for accurate fabrication, the process is not easily customisable. As such,
future iterations of a chip, or equally new chip geometries, generally necessitate the devel-
opment of a new, bespoke mould. Given this reality, and with the rise of micromachining
technology, cryogenic machining may prove to become a cost-effective strategy for the
manufacture of viscoelastic polymers.

Where the cryogenic machining of polymers has been undertaken, the strategy gen-
erally involves either a workpiece pre-cooling strategy or, further, the submersion of the
polymer during the machining process. This strategy takes advantage of the changed
chip-formation mechanisms that occur below the glass transition temperature (Tg) of the
polymer. In a 2015 paper by Aldwell et al. [40], UHMWPE was submerged in a vat of liquid
nitrogen for a period of 24 h prior to turning. Thereafter, cutting force, surface roughness
and chip morphology were measured in both the pre-cooled and room temperature bil-
lets. As a consequence of the elevated elastic modulus of the polymer (sub-Tg), cutting
force was elevated when cryogenic-assisted machining was applied. Ordinarily, increased
cutting force has negative implications for productivity; however, as tool life is of limited
relevance in the small batch machining of polymers, surface quality is a much more vital
parameter. In this regard, cryogenic pre-cooling was shown to be efficacious from a surface
finish perspective, whereby mean surface roughness was reduced by more than 20% in
the pre-cooled material. In addition, the authors generally observed a greater propensity
to produce chips (rather than dust) when LN2 pre-cooling was employed. Although this
effect was more apparent when worn tools were used, the finding is of potential utility
to the manufacturing sector as, an inability to form chips is, in general, accompanied by
an inability to dispel heat, which, particularly in the machining of polymers, can become
extremely problematic.

In addition to the research of Aldwell and colleagues, Kakinuma et al. published an
article employing the micro-end milling of cryogenically cooled PDMS [41]. The authors
utilised a complete emersion strategy wherein the both the (single crystal diamond) milling
cutter and PDMS workpiece were submerged in a vat of liquid nitrogen; thereafter, a ductile
mode milling strategy was employed with a varying depth of cut. By employing such a
strategy, the PDMS workpiece is held below the glass transition temperature such that
it retains properties of low adhesion and elasticity. In abstract, this allows the thermal
deformation (which is implicit during a machining operation) to be suppressed, and thus
form inaccuracies to be minimised. When machining trials were conducted, the authors
observed that the large quantity of heat generated in the cutting operation was sufficient
to vaporise the proximal LN2 and, subsequently, that the generated surface transparency
was unsatisfactory. In response to this realisation, Kakinuma and colleagues went on to
additionally apply cryogen directly to the cutting zone by way of LN2 jet. In doing so,
heat flux into the workpiece was minimised, and subsequently a high-quality surface
with lower opacity and surface roughness was generated (Figure 4). Given this success,
the authors went on to machine a series of microfluidic chips with the outlined approach,
noting benefits over micromolding processes such as a comparative ease in forming stepped
channels and a generally far reduced lead time.
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(a) (b) 

Figure 4. A demonstration of machined surface quality in micro-milled PDMS. (a) LN2 immersion
method; (b) LN2 immersion + external supply cooling method. Reprinted with permission from
reference [41], Copyright 2012 Elsevier.

Ultimately, although cryogenic MWFs are mostly well researched in the context of
steels and titanium alloys, it is apparent that their early success has birthed widespread
interest. In addition to the strides that have been made in researching the cryogenic
machining of superalloys and polymers, cryogenic methods have already been applied
to magnesium alloys [42], cobalt-chromium alloys [43] and composites [44], garnering
generally positive results. Moreover, with the current pace of research, it is likely that
trials will expand further into various other niche materials and manufacturing processes.
Fortunately, in this regard, various avenues of research still exist. As an example, one
material that may be suitable for future machining trials is that of oxygen free copper
(OFC). Whilst OFC parts are in demand as high-conductivity electronic components, they
are often extremely difficult to machine owing to poor chip handling and subsequent
surface integrity. Given the prior use of cryogenic-assisted machining for chip-breaking
purposes in other materials, it is reasonable to foresee future machining trials on OFC. In
addition to examining novel materials, it may be equally worthwhile to consider alternative
manufacturing process (to those commonly employed in a cryogenic machining context) as
an example, rather than turning and milling, broaching has the scope to be significantly
augmented by the addition of cryogenic cooling. By way of an explanation, in many articles
researching the effects of CO2 as an MWF, benefits (over flood coolant) are often relatively
incremental. This incremental improvement in operational efficiency may be insufficient
to justify the purchase of a CO2 delivery system to an SME manufacturing company with
a turning or milling focus. In contrast, broaching operations generally feature extremely
expensive tooling, and create a great deal of added value. As such, if incremental process
improvements can be made (i.e., to tool life) by cryogenic assisted machining, ample
financial motivation may be available for early adoption of the technology. To summarise,
cryogenic-assisted machining is an extremely interesting field of research, which, given its
current promise, has scope to become a disruptive technology in the near future.

6. Practical Factors Impacting the Performance of Cryogenic and CO2 MWFs

6.1. Workpiece and Tool Material

When reviewing cryogenic machining research, one of the most superficially apparent
variables that dictates trial performance is the choice of workpiece material. In fact, it is
reasonable to assume that the perception of success of a given research paper is, in absence
of other compelling evidence, generally thought of as a consequence of the suitability, or
lack thereof, of said workpiece material. Whilst this perception is somewhat short-sighted
(given the extent to which cryogenic assisted machining trials can vary), the choice of
machined material invariably plays a significant role in determining which MWF strategy
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is preferential for a given trial. Given this fact, it is unsurprising that this most fundamental
dependency has been observed since the earliest iterations of cryogenic machining research.
To be specific, the aforementioned work of Uehara and Kumagai [3,4] notes that a strategy
of cryogenic pre and intra workpiece cooling lead to tool life improvements in both carbon
steel and commercially pure titanium workpieces despite presenting no clear performance
benefit in the context of stainless steel.

Needless to say, the trend of differing machining trial performance by workpiece
material persists into the modern day and is in fact a topic of discussion in most, if not
all, journal articles published in the field (not least of which this one). Despite this, it is
also true that conclusions of workpiece suitability should not be equitably drawn from
each cryogenic machining article on the basis of a lack of experimental control. In order to
illustrate this point, take the example of two machining trials that both employ jet cooling,
utilise equivalent feed rates, cutting speeds and depths of cut and consider two different
workpiece materials (one per paper). In this example, it may seem appropriate to draw
like for like comparisons between the two papers, particularly given their stark similarity.
Whilst the results of these two papers would likely share some commonality, the problem
with a direct comparison in this context is the invariable fact that across some parameters
(i.e., tool nozzle diameter, or means/standards of measuring tool life), the employed
experimental practice of the two papers will differ. Taking this into consideration, the
most academically rigorous way to analyse the relative cryogenic machinability of different
materials would involve the analysis of research papers that examine various material
species in the one paper, or equivalently, those papers published as part of a research
chronology by one set of authors (where DOE is unaltered). For this reason, Section 5,
whilst citing papers utilising various materials, does not effectively serve to illustrate which
materials are suited to cryogenic machining strategies. With this in mind, the following
section employs such an approach with the outlook of understanding the conditionality
with which different materials can be cryogenically machined.

One paper that considered various materials was the aforementioned work of
Fernández et al. [20]. In their article, Fernández and colleagues undertook the cryogenic
face milling of three challenging-to-machine materials: Grade EA1N steel, gamma Ti-Al
and Inconel 718. Interestingly, the authors observed markedly different (tool life) perfor-
mance across each trialled material. In the case of Inconel 718, both the CO2 and emulsion
strategies lead to equivalent tool life, such that the tools in both trials failed in each case
after two machining passes (and a tool life of 5.3 min). Moreover, in both trials, the tools
failed via a similar cracking mechanism said to be a consequence to the combined effects
of abrasion adhesion and microchipping (Figure 5). In contrast, during the gamma Ti-Al
trials, the authors observed that conventional emulsion cooling led to tool failure after
the first machining pass, whilst the CO2 cooled tools generally had not failed prior to
undertaking the second machining pass and thus achieved a projected 100% increase in
tool life. This performance was shown to extend to the EA1N steel trials, wherein the
cryogenic cooling strategy led to a 175% increase in tool life relative to emulsion flood
cooling. Moreover, despite this significantly reduced rate of tool wear, wear mechanisms
were, in both cases, found to be predominantly abrasive despite being markedly more
aggressive in the emulsion cooled trials. Ultimately the results of this paper would seem
to suggest that both EA1N steel and gamma Ti-Al may be more suitable for CO2-assisted
machining than Inconel 718; however, this should be developed upon with further research.

In addition to the work of Fernández and colleagues, an earlier paper by Wang and
Rajurka [22] was published examining the cryogenic machinability of Ti-6Al-4V, Inconel
718, Reaction Bonded Silicon-Nitride (RBSN) and (commercially pure) Tantalum. The
paper employed a simple turning model with two different tool materials, Cubic Boron
Nitride and Cemented Tungsten Carbide (WC-8 wt%Co). In contrast to the more recent
research of Fernández, the authors employed a LN2 remote-cooling strategy wherein LN2
was recirculated in close proximity to the cutting edge via a network of copper tubes in a
proximal tool cover. As part of their research, the authors primarily focused upon tool life,
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in addition to cutting temperature (via a mounted thermocouple), surface roughness and
cutting force.

 
Figure 5. Worn inserts (at tool failure) during the machining of Inconel 718. Reprinted from refer-
ence [20].

During the machining of RBSN, three different varieties of CBN tools were employed,
in all cases showing prolonged tool life during LN2 remote cooling (relative to dry ma-
chining). Despite this commonality, not all tools were equally positively implicated by the
LN2 cooling strategy (Figure 6). Specifically, despite wearing most aggressively during
dry machining, the CBN50 tool (produced by Sandvik) was most drastically impacted by
LN2 cooling, wherein after completing the 158 mm cutting length (which was allocated
to each tool), a sub 0.5 mm flank wear was observed. These promising results equally
persisted during the turning of Ti-6Al-4V (with H13A WC-8 wt%Co tools), whereby an
over five times increased cutting length was required of the LN2 cooled inserts to generate
the equivalent flank wear to an ‘oil cooled’ equivalent.

 

Figure 6. Wear progress curves during the machining of RBSN with three different CBN tools.
Reprinted with permission from reference [22], Copyright 2000 Elsevier.

In addition to the trials conducted on RBSN and Ti-6Al-4V the author also consid-
ered the cryogenic machinability of Inconel 718 and Tantalum (with a H13A tool), again
observing a markedly reduced rate of tool wear when LN2 cooling was employed (in lieu
of dry machining). Despite this clear trend, it is difficult to accurately extrapolate tool
life from the figures present in the report. In the case of Tantalum, at the points where
the tools were equivalently worn, the magnitude of flank wear was extremely low, which
of course raises questions as to the efficacy of any conclusions which are drawn. With
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this limitation in mind, it was nonetheless observed that the LN2-cooled tool required
an approximately 90 mm cutting length to reach a flank wear of approximately 0.15 mm,
whilst the uncooled tool reached such a wear state after only 20 mm (with LN2 cooling).
Unfortunately, however, when Inconel 718 is considered, the scope to predict the impact
of cutting fluid on tool life is further hampered, wherein the available data are not at any
point coincident and thus insufficient to make a sober estimate.

Whilst there are a limited number of papers to consider multiple workpiece materials,
there are, of course, a few other examples of similarly inclined research, one such paper
being that of Busch et al. [21], who conducted CO2-assisted OD turning of Inconel 718
and Ti-6Al-4V. In contrast to some of the earlier promising research, Busch and colleagues
observed generally poor performance markers for CO2 cooling. The key observation
made in this article (from a cryogenic machining perspective) was one of reduced tool
life when CO2 cooling was used in lieu of high-pressure (HP) coolant. This phenomenon
was somewhat more pronounced during their Inconel 718 trials. Specifically, the tool life
obtained during the CO2 machining of Inconel 718 was almost 70% reduced relative to HP
coolant, whilst the equivalent figure was closer to 60% in the Ti-6Al-4V trials. In this regard,
the findings of Busch and colleagues are largely in keeping with the work of Wang and
Rajurka, as both papers contribute to a future lack of candidacy of Inconel 718 for cryogenic
machining research.

In summation, current research implies that Inconel 718 has, so far, not shown itself
to be a particularly compelling candidate for future cryogenic machining research owing
to generally poor susceptibility to cryogenic cooling, at least from a tool life perspective.
Mechanistically, this may be a consequence of the markedly low thermal conductivity
of Ni-based superalloys impeding the success with which CO2 is able to effectively cool
the cutting zone; however, this of course must be supported by more substantive data.
Importantly however, although Inconel 718 is not shown to be particularly promising in
any of the previously considered research, the suitability or lack thereof of superalloys
remains to be seen. In contrast, cryogenic machining strategies are, at this stage, shown to
have some scope to improve the machinability of both titanium alloys and steels.

6.2. Feeds and Speeds

One of the most critical aspects in machining is the appropriate selection of cutting
parameters in order to optimise the overall efficiency of a production process. This selection
must take into consideration not only the material that is being processed, but also other
factors including the cutting tool characteristics and more importantly the lubri-cooling
technique employed and the delivery method. Different cooling techniques would result
in different cutting temperatures and loads on the cutting tool; therefore, the cutting
parameters would need to be adjusted to allow for optimal cutting conditions. Given
this complexity, it is often desirable to encompass various feed rates and cutting speeds
centred around estimated best practice data established in the literature, or via practical
machining guidelines.

It is undeniable that the success (or lack thereof) a machining trial is highly contingent
upon the operational parameters employed during said trial. It follows that the way
in which cryogenic coolants are perceived in a trial could, and likely would, equally be
dependent upon the use of appropriate feeds and speeds. It is also apparent that any feed
rate and cutting speed data will be incredibly specific to the material being machined. As
way of an example, one online machining data base [45] recommends a cutting speed of
175 m/min for the turning of austenitic stainless steel, whilst equivalently recommending
speeds as high as 860 m/min for wrought aluminium alloys. Although this effect is quite
clearly exaggerated by the choice of materials, similar implications would undoubtedly
persist across more (mechanically) similar species, i.e., titanium and nickel alloys. Given
this, it is thus crucial that an extensive dataset of cryogenic machining performance is
developed for a range of feeds, speeds and materials. Unfortunately, such data are not
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currently available in the public domain, and as such, investment into CO2 cooling systems
remains speculative until the research landscape is able to catch up.

6.3. Tool/Nozzle Design

When designing an experiment within the domain of machining science, one of the
most important variables to optimise is the cutting tool. Often this takes the form of
optimisation across parameters such as cutting insert material, tool geometry, tool holder
design or nozzle configuration. Practically however, some of these variables are more easily
established during experimentation. For example, if an experiment is not being run with
the express intent of establishing novel tool materials (for use in a given context), it is
likely that the chemical composition of the tool material is decided upon by external actors.
To give a specific case, it is often taken as a given that the current best practice for the
machining of challenging materials such as titanium and nickel alloys are cemented carbide
tools. Of course, there remains a significant scope to optimise the specifics of the tool
chemistry (e.g., WC-(Ti,Ta,Nb)C-(Co,Ni)); however, the nuance of tool composition is often
removed from the experimental process by instead following the recommendations of a
tool supplier (i.e., Sandvik, Seco or Kennametal), who generally offer tool compositions that
have been optimised via extensive R&D to meet a range of similar machining challenges.
With this in mind, and given both the relative complexity and financial (and informative)
barriers to entry associated with tool composition optimisation, this section considers
composition only in passing, instead focusing upon variables such as nozzle, tool and tool
holder geometry.

Given this focus, one such article that considers the problem of tool design was
recently published by Shokrani and Newman [46]. As part of their research, the authors
focused upon the relationship between cutting insert geometry and tool life in the context
of the cryogenic end milling of Ti-6Al-4V. Specifically, Shokrani and Newman mapped the
relationship between both the rake and primary clearance angle on tool life, tool wear and
surface roughness. The authors utilised 12 mm diameter solid WC end mills coated with
TiSN-TiN to a thickness of approximately 3 μm. They employed a constant LN2 nozzle
position and flow rate (20 kg/h) throughout the trials. Within this experimental design,
Shokrani and Newman noted the positive implications of both primary clearance angle
and rake angle (Figure 7) on tool life. Moreover, they observed that, although the impact of
increased clearance angle persisted across each rake angle, the effect was most pronounced
at the highest rake angle, and likewise, the correlation between rake angle and tool life
was most exaggerated at the higher clearance angle. Although these observations are of
clear value, the authors do however note that (despite not being manifested in their trial)
excessively increasing either rake, or clearance angle, can lead to weakening of the cutting
edge and ultimately premature tool failure.

In addition to the tool life implications of manipulating clearance and rake angle, the
relationship between surface roughness and insert geometry was also considered. In order
to realise these goals Shokrani and Newman took readings at the start of experimentation
in order to remove the impact of tool wear on average surface roughness (Ra). In doing
so, the authors again noted the positive implications of both increased primary clearance
and rake angles such that a tool with a sharper cutting edge corresponded to an equivalent
or reduced surface roughness across the entirety of the data set (Figure 8a). Whilst it is
difficult to qualitatively assess the relative effect of rake and primary clearance angle on
this phenomenon, it is true that the lowest surface roughness was generated at a rake
angle of 14◦ regardless of the primary clearance angle. Given this observation, it is also
apparent that the impact of primary clearance angle is most significant at a rake angle of 12◦.
Whilst these observations make a compelling case for the use of steeper rake and clearance
angles, it is important to note that the true impact of cutting edge geometry (on the surface
mechanics of the machined workpiece) is not fully captured via Ra measurement. Rather, it
is often true that two surfaces with an equivalent centre line average will exhibit varying
degrees of asperity, and thus vastly different tribological performance [47] (Figure 8b).
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Figure 7. A graph to show the relationship between tool life and tool geometries during the cryogenic
end milling of Ti-6Al-4V. Reprinted from reference [46].

(a) 

(b) 

Figure 8. (a) A graph to show Ra and tool geometry during the cryogenic end milling of Ti-6Al-4V.
Reprinted from reference [46]. (b) Schematic illustration of machined surfaces with equivalent values
of Ra.

Furthermore, although the work of Shokrani and Newman provides an extremely
useful case study to illustrate the importance of tool geometry in cryogenic machining, the
research is not without limitation. Foremost, the authors chose to prematurely terminate
machining trials (by failing to test rake angles in excess of 14◦ and clearance angles above
10◦) at a point such that the negative implications of excessive clearance and rake angle
were not realised. In this sense, their research may wrongly create the inference that
a sharper cutting edge invariably improves performance, or equally, it may encourage
future research to more aggressively select an insert than can be reasonably supported
by their data set. Equally, although the variance in the tool life data was reasonable, the
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magnitude of the error bars in the surface roughness plot is somewhat excessive relative to
the magnitude of the recorded data. For this reason, conclusions as to the most appropriate
tool geometries (to optimise topology) should be made with a degree of reservation.

In addition to the efforts made in optimising tool geometry, Pereira and colleagues [48]
also undertook research into the nozzle design for cryogenic machining. In contrast to the
work of Shokrani and Newman, Pereira et al. instead focused upon the development and
optimisation of CFD (ANSYS Fluent) simulation-derived nozzle outlets for CO2 + MQL
cooling, focusing primarily upon nozzle diameter. Thereafter, the authors validated their
models with experimental trials, and ultimately developed a prototype nozzle in accordance
with the data generated in the paper (taking as a given that a CO2 velocity of 325 m/s is
necessitated to aid in the cutting process). Given these research parameters, the authors
inputted three nozzle diameters into their CFD model of 0.5, 1 and 1.5 mm. Pereira and
colleagues thereafter qualified the relative performance of each nozzle geometry according
to normal average velocity at a distance of 20 mm from the outlet, observing that (in the
simulation) the CO2 velocity was best retained with the 1.5 mm nozzle. In accordance with
this observation, when experimentally verified, the 1.5 mm nozzle obtained the greatest
spray distance of 40 mm (compared to 18 mm and 10 mm for the 1.0 mm and 0.5 mm
nozzles, respectively). With this in mind, Pereira et al. went on to reference the research of
Park and colleagues [49], who observed that the maximum area fraction coverage of MQL
droplets occurs at 30 mm from the nozzle tip. Given this figure, the authors determined that
the most viable nozzle diameter of the three trialled was 1.5 mm owing to the capacity to
most closely resemble the optimal distance for MQL coverage and general velocity profile.

Having determined that a nozzle diameter of 1.5 mm was most appropriate in a
cryogenic cooling context, the authors went on to manufacture two nozzle adaptors of
equal diameter, proximity and general architecture with differing outlets, one of which
featured a convergent CO2 outlet whilst the other instead employed a converging diverging
nozzle. The convergent nozzle was chosen with simple volumetric continuity in mind,
whilst the convergent divergent nozzle was employed with the outlook of exploring the
impact, or lack thereof, of compressibility on the fluid dynamics at tool exit. Given the two
designs, the authors first inputted the nozzle exit geometries into their CFD simulations
followed by experimentally verifying the most suitable nozzle. As part of their simulations,
they observed that the use of a convergent divergent nozzle was able to create a much
greater exit velocity (475 m/s as opposed to 400 m/s) at the expense of a larger spray
spread (15.6 mm as opposed to 9 mm). Consequently, they determined that the impact of
increasing MQL concentration by 73% in the cut was of greater importance than increasing
exit velocity by 18% (particularly given the threshold velocity of 325 m/s was met in each
case); as such, they opted to utilise the convergent nozzle for experimental validation.

In order to verify the performance of the nozzle in a practical context, it was then
employed during cryogenic-assisted end milling of a billet of Inconel 718, a material, which
previously (Sections 5.3 and 6.1) has been shown to exhibit poor cryogenic machinability.
The authors elected to use TiN-coated carbide inserts, a cutting speed of 120 m/min
and a feed rate of 0.12 mm/tooth, ultimately indexing tool life performance against dry
machining, MQL, CO2 in isolation and emulsion cooling (Figure 9). As part of their
research, the authors observed that, of the dry and near dry coolant strategies, CO2 + MQL
(as delivered through their bespoke nozzle) led to the longest tool life, such that it yielded an
approximate 100% increase relative to dry machining. Of the other near dry strategies, CO2
cooling in isolation performed markedly poorer than MQL in isolation. This observation
can be taken as inference of the relative heightened importance of lubricity, relative to
cooling in the milling of Inconel 718. Despite the relative success of the nozzle in its ability
to compete with other dry, or near dry, strategies, it is noteworthy that CO2 + MQL failed
to generate comparative tool life to that of the conventional emulsion-cooled strategy.
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Figure 9. Adapted bar chart to show relative tool life during the cryogenic end milling of Inconel 718,
adapted from [48].

Although Pereira et al. were able to successfully optimise a nozzle for the delivery of
CO2 and MQL, it is worthwhile to remark that emulsion, as has been shown elsewhere in
the literature, remains the most suitable option for the machining of Inconel 718. Whilst
this observation is clearly of great value in that it laments the conclusions made earlier
in this review, it does further constrain the scope of cryogenic coolants to appropriate
materials. Moreover, it is equally important to note the limitations in the experimental
procedure employed by Pereira and colleagues. For one, this work is similarly limited to
the work of Shokrani and Newman, in the sense that the nozzle exit diameter was shown
to exhibit a wholly positive correlation with output velocity and, ultimately, performance.
For this reason, it would almost certainly be valuable to explore the extent to which this
phenomenon persists to assure that the upper limit of nozzle diameter when increased
performance is applied. In addition to this limitation, it remains unclear as to whether
the parameters with which the nozzle was optimised, namely exit velocity and droplet
dispersion, are the most suitable metrics of nozzle performance. In this sense, it would
undoubtedly be valuable to assess each of the nozzles in a practical context, although this
of course would be cost restrictive.

Another paper that considers nozzle design and optimization for cryogenic machining
was published by Gross et al. [50], who employed a similar nozzle optimization focus to the
earlier work of Pereira and colleagues. In their research Gross and colleagues undertook
preliminary CO2 + MQL nozzle optimization testing followed by cryogenic CNC milling
trials on Ti-6Al-4V. In their preliminary testing, the authors first measured the temperature
in the CO2 jet stream over a range of distances with four nozzle diameters: 0.5, 0.3 and
0.2 mm. In order to realise this goal, the authors utilised a type K thermocouple, which was
vertically fixtured to coincide with the mid-stream of the CO2 jet. As part of their research,
the authors trialled both smooth jet nozzles (SJN) and plastic tube nozzles (PT), wherein a
CO2 pressure of 56 bar was generally employed, other than in one ancillary trial wherein a
higher pressure of 71 bar was chosen. In addition to the temperature profiles developed as
part of this research, Gross and colleagues also later went on to test the relative spread of
their MQL by placing blotting paper in front of the MQL jet and qualitatively analysing
the profile made by the lubricant. The experimental set-up employed in their research is
outlined in Figure 10.

Having undertaken the aforementioned tests, the authors made a series of interesting
observations on the ramifications of varying nozzle diameter, distance and CO2 pressure
(Figure 11). Foremost, Gross and colleagues note that the enlargement of nozzle diameter
from 0.2 mm to 0.3 mm (and thus, increase in CO2 mass flow rate) does not reduce the
minimum recorded temperature; however, it does serve to increase the size of the low
temperature area at the nozzles outlet. They also note that this observation equally applies
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to the use of a higher-pressure CO2 supply, wherein, again, no significant change is made
to the minimum recorded temperature, despite an increased low-temperature area. The
temperature data also suggest that the use of each of the SJN strategies leads to a more
gradual reduction in temperature from the nozzle’s tip onwards than was experienced with
the PT nozzle. It is, however, difficult to ascertain with any reliability the extent to which
this is a consequence of nozzle construction, as the plastic tubing nozzle featured a 0.5 mm
diameter in comparison to the 0.2 and 0.3 mm smooth jet nozzles employed in the tests.
Additionally, in the lubricant blot paper tests, the authors observed a significant number of
lubricant splashes at the oil trace when MQL was applied with compressed air. By contrast,
when the MQL was used in conjunction with CO2, no such splashing existed. The authors
note this as an expected consequence of the increased flow speed of the CO2 jet (relative to
the compressed air) focusing the oil droplets.

Figure 10. Experimental set-up employed during temperature measurement, MQL dispersion and
milling trials. Reprinted with permission from Daniel Gross (2019), Copyright 2019 MM Science
Journal [50].

Whilst many of the prior observations are valuable for the optimization of cryogenic
machining research, one of the most important observations made during the trials of
Gross et al. was that temperature reduces exponentially (rather than linearly) as the nozzle
is moved further away from the tool. As the relative success of an MWF strategy is highly
contingent upon the ability of the coolant to dispel the heat generated in the machining
process (and thus cool the tool), this observation is incredibly important to the relative
success of cryogenic MWFs. These data thus clearly infer the likely importance of the
nozzle’s proximity to the tool and thus provide motivation to revisit and optimise trials
in which CO2 cooling has in the past proven to be ineffective. In many cases, it may be
true that where the poor performance of CO2 coolants was previously assumed to be a
consequence of inappropriate material selection, poor selection of feeds and speeds or
inadequate tooling, the adverse results rather may have been a consequence of the nozzle’s
lack of proximity to the tool.
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Figure 11. Temperature distribution for four nozzle/pressure configurations. Reprinted & adapted
with permission from Daniel Gross (2019), Copyright 2019 MM Science Journal [50].

7. Future Work and Conclusions

It is clear that CO2 MWFs are one of the best candidates to replace conventional MWFs
in many machining scenarios. Despite this promise, this review has clearly outlined the
limitations of the technology, wherein the performance of a given MWF strategy, i.e., its
ability to drive improved machinability outcomes, is highly contingent upon several factors,
ranging from the material species being machined (Sections 5 and 6.1) to the nozzle set-up
employed (Section 6.3). Further to this point, it is not immediately clear as to the interplay
between these variables, and the dependencies that very likely would present as a greater
volume of data is accumulated. This complexity creates uncertainty around the technology,
which impedes uptake and creates hesitancy. It is thus the task of researchers in the field to
alleviate the unknown, and thereby reduce the risk associated with early adoption. It is the
opinion of the author that there are two primary forms of data that must be gathered to
facilitate this:

7.1. Machinability Data

The pure gathering of machinability data can be thought of as a full factorial approach
to acquisition. In order to have true confidence in adopting a CO2 coolant strategy for a
given context, prior experimental data supporting its use, in said context, must be available.
By focusing on conducting a multitude of machining trials across a broad parameter set,
we are able to produce data with a high degree of specificity; if the process outlined in a
trial is replicated in industry with equivalent experimental control, the industrial adopter
can reasonably expect similar performance outcomes. Unfortunately, however, whilst this
approach informs us as to whether a specific process will or will not be successful, it does
little to increase understanding regarding the physics of the process.

7.2. Explanatory Data

Whilst understanding the physics of a CO2 MWF strategy does not remove the ne-
cessity of machining trials, it does increase the probability that the resources used during
those trials are wisely allocated. Knowledge of the science informs an engineer as to which
variables would be prudent to manipulate in order to drive improved performance out-
comes, and as such, data that explains the fundamental physics of a process are crucial. In
the context of CO2 MWFs, knowledge of the thermo/fluid dynamics of the coolant or the
tribology of the cut allows a machinist or project engineer to make on-the-spot adjustments
based on feedback received during the machining operation. As an example, knowledge of
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the machinability data informs an engineer that CO2 MWF strategies perform poorly in the
context of machining Inconel (Section 6); however, knowledge of the phenomena is needed
to explain why that is the case.

Undoubtedly, both machinability and explanatory data are crucial to encourage the
uptake of CO2 MWF strategies; however, it is clear that the majority of the research outlined
in this review has been focused upon developing a broad machinability data set, with much
less emphasis on understanding the science of the process. This is a reasonable strategy
during the genesis of a new technology, as it explores whether a technology has the scope
to be of value; this, in turn, paves the way for significant research commitment in the
future. Nonetheless, as the prospective benefits of CO2 MWF strategies are made clear (in
this review and elsewhere), it becomes apparent that explanatory experimentation should
become the focus of future research efforts, not least to allow for more direct and effective
machinability research going forward.

To summarise, this review was produced with the outlook of assessing the operational
implications of cryogenic cooling, as well as the practicalities of employing cryogenic
MWFs. The review also served to assess the sustainability of CO2 MWF strategies by
considering the social, operational, and economic implications of conventional MWFs and
contrasting that against CO2 cooling. Further, this work begins to highlight the contexts
within which cryogenic coolants are most suitably applied in lieu of the current industrial
standard of conventional emulsion-based cooling. In this sense, a compelling case for
cryogenic-assisted machining is made and, as such, it is shown that there is clearly a
significant motivation for future research, and undoubtedly a great deal of remaining scope
for novelty within the field.
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Abstract: Many efforts have been made over the years to minimize the usage of mineral oil-based
MWFs. This includes the trail of its alternatives, such as vegetable oil-based MWFs, nanofluids, etc.
These alternatives have shown comparable results to mineral oil-based MWFs in producing a better
surface finish and machining efficiency. Apart from the conventional flooding of MWFs, several
alternative techniques have been developed by researchers to minimize or eliminate the usage of
MWFs, including dry machining, high pressure coolant technique, minimum quantity lubrication, etc.
which have also demonstrated promising results. This review attempts to highlight the drawbacks of
mineral oil-based MWFs and to assess the applicability of vegetable oil-based MWFs in machining
applications. Furthermore, other sustainable machining techniques are discussed in the literature
review section, which highlight the main issues associated with the mentioned machining operations
and their shortcomings based on the most recent literature. From the comprehensive and critical
review that was performed, we inferred that the alternative methods are not mature enough at this
stage and that they fall behind in some associated outcomes, some of which may be the tribological
properties, surface finish or surface roughness, the cutting forces, the amount of working fluid
consumed, etc. More efforts are still needed to fully eliminate the use of MWFs. Moreover, the
applications of nanofluids in machining operations have been reviewed in this paper. We concluded
from the critical review that nanofluids are an emerging technology which have found their place
in machining applications due to their excellent thermophysical properties, but are still in their
developmental stage, and more detailed studies are needed to make these a cost-effective solution.

Keywords: metalworking fluids; sustainability; machining; nanofluid; vegetable oil; mineral oil

1. Introduction

Sustainable machining is being adopted all over the world in manufacturing units as
a common practice, as all economic and business activities demand sustainability. It would
not be wrong for sustainable manufacturing to be characterized as a branch or extension of
the sustainable development philosophy [1]. The sustainable manufacturing philosophy
adds value to the final product while keeping the quality environment for the upcoming
generations [2]. A wide range of parameters are included in sustainable manufacturing,
such as the personal health of the workers, environmental issues, and the safety related to
machining operation. As all the basic ingredients of sustainability are an integral part of
sustainable manufacturing processes, which include the cost associated with machining
operation, safety of the environment, and society, it therefore has a broader perspective
than just green and eco-friendly machining operation [3]. The beginning of sustainable
manufacturing processes start from the selection of the raw materials, into the early process
of manufacturing, and until the finishing of the final product, keeping in view the integrity
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and objectives of the organization and its performance. The major manufacturing activity
is machining, which encompasses a wide range of operational variables that have the
room or potential for transformation towards sustainable development. These operational
variables include but are not limited to the cooling and lubricating fluids used in machining
operation, disposal of water or other working fluids, energy conservation, life of the tool,
and recycling of the chips [4]. MWFs are generally used to cool the workpiece during
the machining process and serve to lubricate the workpiece from the beginning, and it is
well-known that these fluids are generally required to achieve a high quality output as
well as a smoother and higher efficiency in the machining process. Additionally, MWFs
are used to decrease the friction between the tool and the workpiece during machining
operation, thereby reducing the potential for detrimental effects such as adhesion, galling,
and welding; they remove the heat generated at the interface and carry away the chips and
other debris that are generated during the machining operation [5,6].

The widely used mineral-based MWFs are the primary cause of many diseases in
the machine operators such as skin infections, lung problems, and may also lead to the
development of cancer. In addition, studies have found that they are not biodegradable,
therefore it is required to treat them before disposing them off into the environment.
Otherwise, they may cause serious issues to the environment [7]. In order to achieve
sustainability in machining operation, several improvements are needed in this regard,
such as developing new materials and applications methods; newer technologies are also
needed to dispose-off MWFs [8]. Furthermore, green MWF development will also allow
for cutting-edge technology to make processes more sustainable and ensure the safety of
the workers and environment. The opportunities for performing sustainable machining are
illustrated in Figure 1, and these opportunities can be used in order to address the issues
pertaining to MWFs that are based on mineral oil. The most important aspect, in terms of the
quality and economical perspectives, is the dimensional exactness of the workpiece [9,10].
Therefore, the machining operators should be able to identify the conditions which result
in the precise dimensions for most of the used working materials [11–13].

 

Figure 1. The opportunities for performing sustainable machining.

MWFs hold a major percentage of the effluents that are disposed into the environ-
ment [14], and in a study by Cheng et al. [15], it was quoted that the volume of MWF
waste had been estimated to be more than 20 billion liters. To curb this issue, environmen-
tal regulation authorities have been urging companies to adopt or develop new ways of
controlling and discharging the industrial MWFs to mitigate their detrimental effects to
the environment and natural habitats. Consequently, there is a need for environmentally
friendly MWFs to achieve sustainability in machining operations [16]. New MWFs such
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as the ones based on vegetable oil provide better results than mineral oil-based MWFs.
This is because of the fact that a far more effective layer of lubricant is formed between the
tool and workpiece, developed by the saturated fatty acids present in vegetable oil [17–19].
The vegetable oil-based MWFs have shown an enhanced performance compared to the
mineral oil-based MWF for the drilling operation performed on AISI 316L steel, increasing
tool life up to 177% and reducing the thrust force up to 7%. It was also demonstrated by
Lawal et al. [12] that the presence of triglycerides in the vegetable oil gives better properties
that are needed in the lubricants.

Several studies have been conducted to assess the economic impact of MWFs.
Adler et al. [20] provided figures that over two billion gallons of machining fluids were
consumed by manufacturers in North America in the year 2002. Similarly, another research
by Marksberry and Jawahir [6] showed that the total annual consumption of MWFs was
640 million gallons globally in 2007, whereas around 100 million gallons were utilized in US
manufacturing sectors; the actual consumption was far larger than this figure, according to
other sources. Lawal et al. [21] revealed that in 2005, the global consumption of MWFs was
quite high, i.e., more than 1200 million gallons, and the projected increase over the decade
was 1.2 percent. The actual estimate was not possible, due to the pervasive nature of filed
processes. Pusavec et al. [22] revealed that 15% to 20% of the overall cost of machining
processes is due to the MWFs utilized for cooling and lubrication purposes. Replacing the
cutting fluids with sustainable machining processes so that it can save up to 20% of overall
machining costs would be a huge achievement for manufacturers. King et al. [23] also
discussed that about 7% to 17% of the total manufacturing costs is related to the cutting
fluids, and 4% is related to tooling expenses. Fluid expenses in industries include the
purchase of fluids, setup of a fluid dispensing system, maintenance, waste treatment, and
fluid disposal [10]. Brinksmeier et al. [24] showed that MWFs have expenditures of around
16.9% of the overall manufacturing sectors in European automotive industries. Hence, it is
obvious from all of these studies that the cost for the handling of MWFs is almost 17–20%
of the total manufacturing cost.

2. Scientometric Analysis

Scientometric analysis [25–28] is usually carried out after importing the databases
from authentic libraries. Usually, the Scopus and Web of Science databases are selected
for the analysis, but it has been reported and observed that Scopus provides a wider and
more inclusive coverage of content. The access to profiles of all authors, institutions, serial
sources, and the availability of the interrelated databases interface makes the use of Scopus
more convenient and comfortable for practical use [29]. Therefore, the Scopus database has
been selected for analysis.

Scientometric analysis usually starts by selecting some of the most frequent or widely
used keywords on the topic. Therefore, some relevant keywords were used to start the
analysis after a preliminary literature review. A total of 1834 documents were filtered out
and only the published articles were selected. Articles that were in press were omitted from
the analysis. After the search was complete, the database was exported to the commercially
available integrated development environment (IDE) R Studio [30], which was used to
analyze the database.

2.1. Annual Scientific Publication

Figure 2 shows the annual scientific publications, which range from 1975 to 2021. It
can be seen from the figure that research on metalworking fluids and sustainable machining
started from 1975 and only had a few articles published until the early 2000s. However,
a spike was observed in the research from 2003 onwards, where the number of annually
published papers increased and in the past seven years, a substantial advancement has
been made in the research area of sustainable MWFs and sustainable machining operations.
Therefore, the prime focus of this article was to review the papers published in the past
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10 years, but for the sake of establishing some basic concepts and forming the bases, some
earlier literature has also been cited.

 
Figure 2. Annual scientific publication on metalworking fluids and sustainable machining operations.

2.2. Sources of Documents

The comparison of different journals and the number of documents in the journals
can be seen in Table 1. Among other journals, the highest number of papers have been
published in the International Journal of Advanced Manufacturing Technology, with a total of
106 articles. After that, the second highest number of publications has been in the Journal
of Cleaner Production, with a total of 101 articles; the lowest number of articles has been
in the Wear journal, i.e., 15 articles. It can be deduced from the analysis that most of the
articles targeted the sustainability and machinability aspects of the different metalworking
fluids, and therefore a limited number of articles have been published that examine the
wear characteristics.

Table 1. Most relevant sources and their number of published articles.

Sources Number of Articles

International Journal of Advanced Manufacturing Technology 106
Journal of Cleaner Production 101

MATERIALS TODAY: PROCEEDINGS 73
PROCEDIA CIRP 64

Journal Of Manufacturing Processes 38
Advanced Materials Research 32

Lecture Notes in Mechanical Engineering 32
Proceedings of the Institution of Mechanical Engineers Part B: Journal

of Engineering Manufacture 32

IOP Conference Series: Materials Science and Engineering 29
Journal Of Materials Processing Technology 29

Procedia Manufacturing 29
AIP Conference Proceedings 25

Materials And Manufacturing Processes 24
International Journal of Machining and Machinability of Materials 21

Tribology International 21
Key Engineering Materials 20

Applied Mechanics and Materials 17
Journal of the Brazilian Society of Mechanical Sciences and Engineering 15

Machining Science and Technology 15
Wear 15
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2.3. Word Cloud

To pictorially illustrate the representation of the different keywords used in the differ-
ent articles related to metalworking fluids and sustainable machining operation, a word
cloud highlighting the different keywords is shown in Figure 3. It can be seen from the
figure that the most frequently used keywords are “cutting tools”, “minimum quantity
lubrication”, “sustainable development”, etc. Therefore, it can be inferred by the word
cloud that a considerable amount of research work has been conducted on transforming
conventional machining operation to a more sustainable machining operation through the
adoption of different strategies such as nanofluids, minimum quantity lubrication, dry
machining, and vegetable oils, among others.

Figure 3. Pictorial representation of the most frequently used keywords.

From the scientometric analysis, it is evident that a considerable amount of research
has been carried out in the area of metalworking fluids for the development of machining
and different sustainable techniques and is still in progress. Therefore, considering the sub-
stantial amount of research output, a comprehensive review is needed which summarizes
the impact of mineral oil-based MWFs, comparing it with its counterparts (i.e., vegetable
oil-based MWFs) and also shedding light on the different sustainable machining techniques
available in the market.

This paper reviews the adverse effects of mineral oil-based MWFs and compares it
with vegetable oil-based MWFs, highlighting the tribological performances of the vegetable
oil-based MWFs. The paper also highlights the potential of other sustainable machining
operations such as dry machining, high pressure coolant technique, minimum quantity
lubrication, and the potential use of nanofluids in machining operations.

3. Relevant Literature

3.1. Adverse Effects of Mineral Oil-Based MWFs

Almost all of the available MWFs are derived from petroleum products, and the
elements that are present in mineral oil-based MWFs are the major cause of the moisture
and oil smoke observed during machining operation, which causes an uncomfortable
environment for machine operators [31]. The health and environmental aspects are of the
utmost importance in most countries, and regulations pertaining to the use of MWFs have
aimed to guarantee the health of workers and to protect the environment [32,33].

There are several methods to apply MWFs onto the interface of the workpiece and
the tool. This can be in the form of flooding, through a jet, or through mist in the several
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directions, as illustrated in Figure 4 [34]. In 1987, the International Agency for Research
on Cancer (IARC) declared that the mineral oil-based MWFs, which were widely used in
machining operation, were carcinogenic [31]. In an experimental investigation conducted
on laboratory animals to investigate the toxicity of water-based MWFs by Bennett [35], it
was reported that the specific additives and surfactants present in the MWFs caused cancer
to the animals. In a review study by Park et al., the authors reported that nitrosamine
and other amines in MWFs were carcinogenic, which are formed by the nitrates and are
also used as corrosion inhibitors [33]. In 1984, the US Environmental Protection Agency
(USEPA) fully banned the usage of nitrites that contained alkanol amines for cutting fluid,
due to the detrimental effects they have on human health [31]. It was also reported in a
review article that the mineral oil-based MWFs are composed of constituents which are
suspected to be carcinogenic, and which favor the spread of tumors [33]. Any combination
of sulfur, nitrosamines, long chain aliphatic compounds, formaldehydes, and Polycyclic
Aromatic Hydrocarbons (PAHs) release biocide contaminants, which are also regarded as
carcinogenic in nature, thereby posing a serious threat to machine operators [36,37]. The
use of acid-refined MWFs results in the development of skin cancer. In order to decrease
the PAHs present in crude oil, refining is performed. However, acid-refined MWFs contain
a substantial amount of PAHs, which are a cause of skin cancer. Skin irritation is thought to
be the most common health related issue resulting from the use of mineral oil-based MWFs
during machining operation. These can be caused by the direct contact of the operator
with MWFs [33,38]. It has been found that almost all of the mineral oil-based used in
metalworking are found to have pH levels ranging from 9.5 to 11.0, where the higher acidic
MWFs cause skin-related problems and, in the worst case scenario, can lead to skin diseases.
Therefore, researchers around the globe are working to develop MWFs that can ensure the
safety of workers and avoid any undesirable outcomes for machine operators [31].

 

Figure 4. The methods of supplying a lubricating medium to the work–tool interface, inserted from:
(a) from the side of the rake face; (b) on the rake face; (c) on the flank and rake face [39].

Certain elements are added to enhance the properties of the mineral oil-based MWFs,
e.g., sulfur, which increases the heat capacity of MWFs and also increases their ability to
lubricate under extreme pressure conditions [40]. Another problem related to the health of
machine operators is linked to the inhalation of MWF vapors, which has also increased since
the increase in machining speed. The inhalation of mineral oil-based MWFs may lead to
digestive problems and respiratory system diseases and may also lead to the development
of cancers. Choi et al. [41] reported that the presence of dissolved ions of Co, Cr, and Ni in
mineral oil-based MWFs are the potential source of skin disorders, and that many skins
reactions occur when neat mineral oil-based MWFs are used.

3.2. Vegetable Oil-Based MWFs

A considerable amount of research around the world has been aimed at developing
alternatives of the harmful mineral oil-based MWF in order to make machining processes
sustainable. Recent studies on sustainable machining have revealed that the vegetable oil-
based MWFs have shown a better performance [42–48]. The vegetable oil-based MWFs have
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demonstrated better cooling and lubrication characteristics when used during machining
operation compared with the mineral oil-based MWFs. As a result, they have gained much
attention, and they have been a topic of interest for many researchers. Over the years, it
has been the practice to choose the MWFs based on the cutting process, the tool material,
the work material, and the operation conditions [49,50]. This was the old trend, but as
the research is progressing in this area, the selection of MWFs is also changing. Now, the
selection of MWFs is more concerned about their impact on the environment and on the
health of the machine operators, in addition to other process requirements.

One of the most important advantages of a vegetable oil-based MWF is that it can
easily be broken down into eco-friendly species with the aid of enzymes or chemical re-
actions. The residue can easily be disposed-off in an environmentally friendly manner
without posing any serious challenge to the environment, therefore maintaining sustain-
ability. Furthermore, the toxicity level of the vegetable oil-based MWFs is considerably
less than that of the mineral oil-based MWFs [51]. Vegetable oil-based MWFs are also
less severe than mineral oil-based MWFs when machine operators become exposed to
the bio-degradable vegetable oil-based MWF. Another advantage of vegetable oil-based
MWFs is that filtration is not required before it is disposed-off, which considerably re-
duces the costs associated with it. The environmental and economic benefits of vegetable
oil-based MWFs, compared with the mineral oil-based MWFs, is shown in Figure 5. The
figure illustrates that the environmental impact of mineral oil-based MWFs is considerably
lower than that of vegetable oil-based MWFs; because different additives are also added
to minimize the environmental impact of mineral oil-based MWFs, they prove to be less
economical than vegetable oil-based MWFs. In a study by John et al. [52], it was concluded
that by using a vegetable oil-based MWF, better cooling rates were achieved and improved
lubrication characteristics were observed due to their higher retention time. In a study
by Mannekote and Kailas [53] on the effect of oxidation on the tribological properties
of vegetable oil-based MWFs, they reported that when compared to mineral oil-based
MWFs, the vegetable oil-based MWFs had a higher tendency to oxidize when exposed to
oxygen, and they can easily be converted to compounds like H2O, CO2, and CH4. On the
other side, Erhan et al. [54] showed that vegetable oil-based MWFs have a lower ability
to maintain their characteristics in high temperature and high humidity environments,
which are properties that are needed to perform cooling and lubrication operations. One
of the solutions to address the shortcomings of vegetable oil-based MWFs is through the
formulation of water-soluble MWFs, where the surfactants are other introduced additives,
resulting in the modification of the chemical structure; this method makes the MWF capable
of operating satisfactorily in extreme conditions without jeopardizing its lubrication and
cooling characteristics, and it has been confirmed in different studies [55,56].

One of the most successful methods for the formulation of vegetable oil-based, water-
soluble MWFs is the process of emulsification. In this process, the aquatic and oleic phases
are mixed and are rigorously shaken to disperse oil droplets in water and vice versa. The
addition of water plays a crucial role in altering the properties of the MWF. Water acts
as the cooling agent as it possesses a higher specific heat capacity [57]. However, one of
the challenges associated with emulsification is effective mixing or, in other words, the
homogenization. The main reason for this is the dispersion resistance of the vegetable oil
droplets during the mixing process. As a result, ultrasonic technology was introduced
into the market to obtain effective homogenization and thus obtain stable emulsified
products [39,58]. In the criterion for determining the stability of the emulsion, one of the
parameters used is the hydrophilic-lipophilic (HL) value. The values of the HL can be used
to identify whether or not the surfactants or additives have a higher inclination towards
the vegetable oils [14,59]. To highlight the basic components of the emulsifier, it should
be noted here that it consists of the hydrophilic group in the case of water and lipophilic
group for oil. The hydrophilic group has a stronger affinity towards water, whereas the
lipophilic chain has a higher proclivity towards oil [60]. The emulsifiers can be classified
based on their hydrophilic and/or their lipophilic value [61].
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Figure 5. The economic and environmental impact of vegetable oil-based MWFs and mineral oil-
based MWFs [51].

In order to represent the relative composition of the hydrophilic group and the
lipophilic group, a parameter known as the hydrophilic-lipophilic balance (HLB) is used.
The HLB scale ranges from 1 to 20, and it shows the affinity of the emulsifier towards water
or oil. One way to explain the parameter is that emulsifiers with higher HLB values are
more effective for oil in water emulsions, and less useful for water in oil emulsions [62].
The HLB value plays a significant role in the synthesis of the vegetable oil-based MWFs.
The surfactants or additives that are to be added and the base oil can be selected based on
the HLB values, which are a good indicator of solubility during the preparation of stable
emulsions for bio-lubrication purposes [63]. The hydrophilic head points out towards the
water phase, while the hydrophobic tail points out towards the oleic phase [64].

3.3. Characteristics of Vegetable Oil-Based MWFs in Machining Applications

It has been shown that vegetable oil-based MWFs have shown superior cooling and
lubrication properties compared with mineral oil-based MWFs. This is mainly because of
the fact that the presence of saturated fatty acids in vegetable oil aid the formation of the
lubricant layer at the work–tool interface, and the structure of the triglycerides provides the
desired lubrication characteristics [65]. In a study by Sani et al. [66], it was shown that by
using modified jatropha oil with ionic liquid, the cutting energy was reduced. Ionic liquids
consist of acidic ionic liquids (AIL) and protic ionic liquids (PIL). The authors also reported
that better results were obtained when the mixture consisted of 10% AIL with jatropha
oil and 1% PIL with jatropha oil. They highlighted that the specific cutting energy was
reduced around 4 to 5%, the cutting temperatures were reduced by 7 to 10%, the friction
coefficient was reduced by 2 to 3%, and the tool–cup contact’s length was reduced by 8
to 11% when the results were compared with the reference mineral oil-based MWF. Their
results are also shown in graph form in Figure 6.
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Figure 6. The variation of the specific cutting energy with respect to the mixture of modified jatropha
oil (MJO) and AIL/PIL [66].

Vamsi Krishna et al. [67] showed in their research that better surface quality was
obtained when using nano-boric acid in coconut oil compared with the surface quality
obtained from the industrial lubricant SAE 40, and their results are shown in Figure 7. It
can be seen from the figure that the coconut-based oil resulted in lower values of surface
roughness while also changing the cutting speed.

 

Figure 7. The variation of the surface roughness with the cutting speed [67].

3.4. Sustainable Machining Techniques

As in the machining process, the heat produced is a major problem, and it can incur
economic and technical costs either directly or indirectly [68]. Taylor [69] in the early
1900s pointed out that heat generated in the cutting zone plays a significant role in the
cutting process. MWFs were used to address this, which imposes a serious challenge to the
environment and the machine operators as discussed above in detail. In order to minimize
the use and side effects of MWFs, several potential methods are available, including dry
machining, machining with minimum quantity lubrication, machining with high-pressure
jet assistance, and machining with alternative fluids such as gas, vapor, and solid lubricants.
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3.4.1. Dry Machining

As the name suggests, dry machining does not make use of conventional cutting fluids
during the machining process. This process is only accepted by companies if it makes
sure that the quality of the product is better or at least the same as when cutting fluids are
used [70]. Several techniques are adopted to improve the dry machining process, such as
the tool material and tool coating. In terms of the tool material, it is important to optimize
the flute width, number of flutes, and margin size to have an extended tool life. Since
cutting fluids are absent in this process, different methodologies are adopted to achieve the
desirable finish of the workpiece, of which include the use of diamond-like carbon (DLC)
coatings on the surface of tools, among others. In an investigation by Fukui et al. [71], the
tribological behavior and performance of the DLC-coated tools working on the aluminum
alloy workpiece were assessed. They reported that the DLC coatings on the surface of the
tool resulted in improved tool life when compared with uncoated tools during the dry
machining process. The comparison of the surface roughness in both cases is shown in
Figure 8. It can be seen from the figure that when a DLC coating is applied, the surface
roughness is lower.

Figure 8. The variation of the surface roughness with along the cutting length [71].

Klocke and Eisenblätter [72] carried out several investigations to implement the dry
machining process in the production of cast iron, steel, aluminum, and some other materials.
They reported that for the case of uncoated tools, some unwanted built-up edges were
formed, and that the surface quality was also disturbed. The improvements in the dry
machining process were further discussed by Sreejith and Ngoi [73]. According to their
study, the dry machining process cannot match the wet machining process in many aspects,
and it is only acceptable if the surface finish and other desired properties are equivalent to
that obtained by the wet machining process; the authors stated that if it was to be employed,
several improvements were necessary. A new system was proposed by Vereschaka et al. [74]
in which the cutting tool was coated with a multi-layered, nano-scale coating, along
with an ionized gas dispensing system and exciting system. They reported an improved
performance in terms of the surface finish when cutting titanium alloys, steel, and nickel-
based alloys. In a study by Devillez et al. [75] concerning the successful implementation of
dry machining processes for Inconel®718 using a coated carbide tool, they reported that
a reasonable surface finish and micro-hardness was observed, and that the values were
comparable to the ones obtained in the flooded conditions. Additionally, no severe changes
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were observed in the microstructure. The authors had merged different cutting techniques
to reduce the cutting forces and surface roughness.

From several studies on the dry machining process, it can be inferred that although
many researchers have reported successful implementations of the dry machining process
for different materials such as cast iron, steel, and aluminum, etc., major technological
improvements are still necessary in order to minimize the cutting forces and cutting tem-
peratures. Furthermore, improved methods are still needed to flush out the chips that are
formed during the machining process. Researchers have also reported the improved per-
formance of coated tools such as coated carbide tools and DLC-coated tools when it comes
to the surface roughness, but a high tool wear rate was still reported by many researchers.

3.4.2. High Pressure Coolant Technique

Out of the several techniques to increase the machining efficiency, one of the techniques
is the high-pressure coolant technique [76]. High-pressure coolant refers to the pumping
of coolant at pressures exceeding 300 psi. In general, the pressures are in the range of
1000 psi. In some ultra-high-pressure coolants, the pressure reaches up to 3000 psi and
therefore, solely depend on the requirements of surface being machined. There are several
advantages to using of the high-pressure coolant technique, such as optimal chip control,
which is accomplished by virtue of the coolant at high pressure breaking the chips into
smaller pieces, preventing the chips from wrapping around the workpiece and chuck.
High-pressure coolant evacuates the chips from the work area before the cutting tool gets
into contact with them, therefore resulting in a better surface finish. Because of the above
two benefits, the high-pressure coolant technique allows machine operators to work at
increased feed rates, resulting in faster cycle times. Dahlman and Escursell [77] reported in
their study that when the high-pressure coolant technique was applied, the chip control
and reduction in the amount of built-up edges considerably improved during the turning
process of decarburized steel. They also reported that the surface roughness was reduced
as much as 80%, and that the tool wear was significantly reduced, of which the tools were
prone to high temperature cracking. Ezugwu et al. [78] investigated the high-pressure
coolant technique for the machining of hard metal alloys, such as Inconel 718, AISI 1045,
and Tie6Ale4V steel; they also used different tool materials, such as cubic boron nitride
(cBN) and TiAlN-coated carbide tools. They reported that by increasing the supply pressure
of the coolant, the cooling and lubrication conditions were enhanced, along with a reduction
of the cutting forces. This also resulted in the improved separation of chips and improved
the surface roughness values. Kramar et al. [79] experimentally investigated different
machining techniques, including the dry machining, conventional flooded machining, and
the high-pressure cooling techniques for performing turning operations on piston rods
which were already surface-hardened. They reported that out of all of techniques, the
high-pressure cooling technique showed promising results, as the chip deformation was
enhanced and the fluid consumption was reduced. However, the only shortcoming of
the high-pressure coolant technique as reported by them was in its inability to reduce the
depth of cut notches. The graphical interpretation of their results is shown in Figure 9.
Pusavec et al. [22] conducted an experimental investigation on the cost analysis of the
high-pressure cooling, conventional flood machining, and cryogenic machining techniques.
They reported that the high-pressure cooling technique was 30% less costly compared to
the other two techniques. Ayed et al. [80] experimentally investigated the tool deterioration
and wear patterns on uncoated WC inserts, employing the conventional flooded machining
and high-pressure water-jet-assisted machining. They reported promising results when
compared with flooded machining with respect to the plastic deformation and flank wear
of the cutting tool. They also reported a drawback of this technique, which was in its
inability to reduce abrasion and adhesion wear, which led to notch wear. In a study by
da Silva et al. [81], they studied the effect of the high-pressure coolant technique while
machining a Ti-6Al-4V alloy with a polycrystalline diamond under high-speed conditions.
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They reported that by increasing the fluid pressure, the tool life increased, and the adhesion
was considerably reduced, specifically at 20.3 MPa.

  
(a) (b) 

Figure 9. The effect of coolant pressure on (a) the feed force, and (b) the radial force [79].

3.4.3. Minimum Quantity Lubrication (MQL)

As has been discussed, efforts are being made by many researchers to achieve manufac-
turing goals that are eco-friendly in nature due to the polices regulated by governments for
preventing pollution globally, with the long-term aspects of the environment in mind [82].
There are many examples of such countries, including the USA, EU, China, and Malaysia,
in particular which is clearly shown by Figure 10 that the number of publications are
increasing gradually on yearly basis. [83]. As machining is one of the main processes in
manufacturing sectors, it is therefore considered to have a significant process and important
role to play in the context of green metalworking and sustainability, as it has a direct impact
over the cost, life, and performance quality of so many components [84–86]. Therefore,
minimum quantity lubrication (MQL) is one of the highlighted techniques that is playing a
key role in sustainable machining in the last two decades, and the research needs to work
more on this process to make manufacturing environmentally friendly as per the demand
of industrial sectors.

Figure 10. Research articles published about the advancements of MQL from 2014 to 2019 [83].

There are many researchers that are in agreement with the argument that MQL has the
potential to replace the conventional methods of flooding which are used for machining
processes i.e., grinding, milling, drilling, and turning [87–90]. Najiha et al. [91] reported
that the MQL technique is one of the practical ways for a green manufacturing process,
as it is one of the most cost-efficient techniques and also guarantees both sustainability
and worker health. This claim has also been supported by many other scientists and
researchers who believe that the minimum quantity of cutting fluid should be consumed
in this way [88,92,93]. All of these studies depict that the MQL technique has importance
in the emerging efficient and eco-friendly manufacturing techniques of the modern era. It
can be seen in Figure 11 that around 7% to 17% of the cost of the manufacturing process
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constitutes cutting fluid, and if replaced by minimum quantity lubrication, it will save a
substantial amount of budget. Hence, a substantial amount could be saved by switching
the conventional methods with the MQL technique in industries to reduce budget costs.

Figure 11. The quantitative distribution of manufacturing costs in industries [94].

Khan and Dhar [95] studied the benefits of using vegetable-based oil in manufactur-
ing instead of cutting fluids, as they are very good pressure absorbents, have the ability
to accelerate the material removal rate (MRR), and provide very minimum loss due to
vaporization, misting, among other reasons. Moreover, many other researches have sup-
ported these advantages of MQL, especially in studies focusing on milling, drilling, and
turning [19,96–98]. Dixit et al. [99] observed that synthetic oils are also very effective for
machining and have similar properties to vegetable oil-based MWFs, having high boiling
temperatures, low viscosities and better flash points. Moreover, some studies have revealed
that synthetic oil machining is far better than both vegetable- and mineral-based oils [100].

Commercially, the MQL technique comprises five major parts, which are the cutting
fluid tank, air compressor, flow control system, tubes, and spray nozzle [90]. It generally
uses an atomizing method and a minimum amount of spraying, composed of an oil
mixture and pressurized air sent at a flow rate below 1000 mL/h, and it directly sprays
the mixture into cutting zone as has been described in many studies [101–103]. This
consumes 10,000 times less cutting fluid volume as compared to the flooding technique.
Furthermore, the MQL system is categorized into internal and external applications, as
shown in Figure 12.

Figure 12. Minimum quantity lubrication delivery system categorizations [95].
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All of these review studies indicate that the use of both vegetable oil-based MWFs
and synthetic esters are safe to use for machining in place of conventional techniques and
cutting fluids, as they are non-toxic and sustainable; MQL is a more feasible choice for
machining applications due to being risk-free for the health of workers and environment.

3.5. Nanofluids

When the fluids are suspended with nano-sized particles, they are referred to as
nanofluids. Nanofluids are the colloidal dispersion of the nanometer-sized particles, which
are referred to as the nanoparticles in the base fluids [104]. The base fluids may include
water, ethylene glycol, engine oil, or any other cutting fluid. The current recent advances in
nanotechnology allows us to use nanofluids as conventional MWFs in conjunction with
the minimum quantity lubrication technique in machining processes [105]. The inherent
properties that nanofluids offer, such as enhanced heat transfer and improved tribological
properties, allow them to be used in applications where better cooling and lubrication
are required during the machining process, thus making the machining process more
viable. Therefore, using nanofluids as an alternative to the conventional MWFs is one
of the novel technological approaches in machining. Based on their heat transfer and
tribological characteristics, nanoparticles that comprise MoS2, CuO, ZnO, diamond, Ag,
and titanium have been investigated for their use in machining operation. A considerable
amount of research is being conducted to investigate the feasibility of nanofluids prepared
from the colloidal dispersion of nanoparticles in the base fluid for machining operation. The
decision to use nanofluids as a coolant is solely due to the enhanced thermal conductivity
characteristics of the nanoparticles that are suspended in the base fluids [106]. It has been
reported that the size of the nanoparticles also play an important role in determining the
thermal conductivity of the nanofluids [107–110]. Furthermore, it has been reported that the
nanofluids with smaller-sized nanoparticles have more enhanced thermal conductivity due
to their extended specific surface area. Other factors which affect the thermal conductivity of
nanofluids include the temperature of the nanofluid and the concentration of nanoparticles
in the base fluid [111–115]. The thermal conductivity of nanoparticles and the base fluid
also considerably affect the thermal conductivity of the nanofluid. The higher the thermal
conductivity of the nanoparticles and thermal conductivity ratio i.e., the higher the ratio of
the thermal conductivity of the nanoparticles and thermal conductivity of the base fluid, the
higher the thermal conductivity of the resulting nanofluid will be [116,117]. Adding to the
thermal conductivity, the pH of the base fluids and additives also play an important role. It
has been observed that an increase in the pH of the base fluids and additives increase the
thermal conductivity of the nanofluids. This is because of the fact that an increase in the
pH value of the base fluids and additives results in the prevention of agglomeration and
the improvement of the nanoparticle suspension [118–122].

In addition to thermal conductivity, other factors which affect the performance of
nanofluids include the stability and viscosity of the nanofluids. The stability of the
nanofluid is very important for improved heat transfer and thus the stability depends
on various factors, such as the characteristics of the nanoparticles themselves, the methods
of preparation, ultrasonication, stirring, etc. [123] Moreover, the viscosity of the nanofluids
plays an important role in the performance of the nanofluids. Viscosity is defined as the
internal resistance of the fluid to flow, i.e., the fluid’s internal friction to flow, expressed as
the force per unit area, which resists the flow; this property is widely affected by external
physical parameters, such as temperature. Therefore, viscosity is an important parameter
to be considered in thermal and fluid flow applications. Several investigations have been
carried out to investigate the viscosity of nanofluids, and these investigations have reported
an increase in the viscosity of the nanofluids with an increase in the volume fraction. Addi-
tionally, the size of the nanoparticles was seen to have a minimal effect on the viscosity of
the nanofluids [124–127].

Nanofluids are widely used in the MQL technique to minimize the amount of lubricant
used, and numerous attempts have been made to perform machining operation using
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nanofluids under the MQL method. Various studies have reported better surface finish,
lower cutting forces, lower power consumption, and a higher tool life wen nanofluids
were used, compared with dry machining and machining using flooded cooling methods.
Prasad and Srikant [128] performed an experimental investigation on the turning of AISI
1040 using nanographite particles mixed with cutting fluid using the MQL method. They
reported that as the concentration of the nanoparticles was increased, there was a spike
in the values of the pH, viscosity, and thermal conductivity, in addition to lower tool
wear, surface roughness, nodal temperatures, and cutting forces. They also observed
a better machining performance at 0.3% nanoparticle concentration and a flowrate of
15 mL/min. Rahmati et al. [129] performed the slot milling of Al6061-T6, allowing the
use of nanoparticles under the MQL approach. They reported that at 1% nanoparticle
concentration in the mineral oil, the lowest cutting forces were observed; the lowest cutting
temperature was observed at 0.5% nanoparticle concentration. Similarly, Sarhan et al. [130]
reported a considerable reduction in the coefficient of friction at the tool–chip interface and
consequently a decrease in the cutting forces, specific energy, and power when using SiO2
in tandem with mineral oil under the MQL method. Yücel et al. [131] performed a turning
operation on the AA 2024 T3 aluminum alloy, using the MoS2-based nanofluid and the
MQL technique, in order to investigate the tribological and machining characteristics. They
reported that significant improvements were achieved in the surface roughness, surface
topography, and maximum temperature. They also added that by using the nanofluid-
based MQL, the built-up edges were eliminated, and they obtained less damaged edges
compared with dry machining.

Recently, Şirin and Kivak [132] performed a milling operation on the Inconel X-750
superalloy to see the effects of hybrid nanofluids using the MQL technique. They in-
vestigated the combination of different nanofluids, cutting speeds, and feed rates, and
reported that using the hexagonal boron nitride (hBN)/graphite nanofluids resulted in a
better performance compared to their counterparts under all criteria. They also added that
hBN/graphite nanofluids achieved 36.17% and 6.08% improvements in tool life, respec-
tively, compared to the graphite/MoS2 and hBN/MoS2 nanofluids. Junankar et al. [133]
conducted a performance evaluation of a Cu nanofluid in a turning operation of bearing
steel using the MQL approach. They analyzed the effect of the cutting sped, feed rate, and
depth of the cut to perform a multi-objective optimization; this analysis was conducted
using the grey relational analysis technique, and it was performed to obtain the optimum
conditions of operation and their impact on the surface roughness and the cutting zone
temperature. They reported that Cu nanofluid in conjunction with MQL resulted in the
most significant cooling environment compared with vegetable oil MWFs. They also re-
ported that the surface roughness and the cutting zone temperature were considerably
reduced when the machining operation was performed using a Cu nanofluid under the
MQL method. Haq et al. [134] evaluated the effects of a nanofluid-based MQL technique
while performing a milling operation on the Inconel 718 superalloy, and compared the
results of the simple MQL and nanofluid-based MQL approaches. They investigated the
effect of feed rate, speed, flow rate, depth of the cut on the material removal rate, and the
surface roughness, and conducted the optimization using the response surface methodol-
ogy. They reported that the nanofluid-based MQL approach was better as compared with
the simple MQL method, and resulted in decreased surface roughness, temperature, and
power. Barewar et al. [135] investigated the sustainable machining of the Inconel 718 super-
alloy using an Ag/ZnO-based hybrid nanofluid and the MQL method, and performed the
optimization using the Taguchi method with the grey relational analysis. They reported
that the nanofluid-based MQL method resulted in an improved surface finish, minimum
tool wear, and lower cutting temperature when compared with the simple MQL method
and dry machining. Tiwari et al. [136] performed a computational analysis to see the char-
acteristics of the surfaces of different concentrations of different nanofluids in conjunction
with the MQL technique. They analyzed different nanofluids such as Al2O3, CuO, and
TiO2 at different concentrations (1% to 6%, at an interval of 1%) through the MATLAB
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software. From their analysis, they reported that the nanofluid-based MQLs resulted in
intermittent chips which were easy to remove in contrast to the normal MQLs, which
resulted in continuous chips. They also added that by using the nanofluid-based MQL
method, cutting power was reduced, and a better surface finish was obtained. Mohana
Rao et al. [137] performed an experimental investigation to observe the effects of cutting
parameters on the tuning of EN-36 steel using both dry MQL and nanofluid-based MQL
methods. They performed the investigations at 6% and 8% volume concentration of Al2O3
nanofluid and used the Taguchi analysis to optimize the process. They reported that at the
8% volume concentration, the surface roughness, temperature, cutting forces, and tool wear
was lower compared with the 6% volume concentration and compared with dry machining.

Khanafer et al. [138] investigated the micro-drilling of the Inconel®718 superalloy
using a MQL-Al2O3 nanofluid, and reported that the thrust forces were lower in the case
of MQL-based nanofluid cooling compared with simple MQL cooling and flood cooling.
They also reported that burr formation, tool wear, and cooling rates were improved in the
case of the MQL-Al2O3 nanofluid. Sharma et al. [139] compared three different types of
nanofluids, namely Al2O3, TiO2, and SiO2, with varying volume fractions to be utilized
in metal cutting fluids. They concluded that the Al2O3 nanofluid exhibited better thermal
properties compared with SiO2 and TiO2. Sharma et al. [140] experimentally investigated
the turning operation of AISI 1040 steel using Al2O3 nanoparticle-based cutting fluids
and the MQL approach. They reported that the performance of Al2O3 nanofluids were
better in terms of the surface roughness, tool wear, cutting force, and chip morphology
when compared with dry machining and wet machining with conventional cutting fluid.
Minh et al. [141] investigated the performance of 0.5% (by volume concentration) Al2O3
nanofluids in MQL in the hard milling of 60Si2Mn steel using cemented carbide tools.
They reported that the tool life was considerably improved, and they observed a reduction
in the roughness and cutting forces in the range of 35–60% under the MQL conditions.
They added that it could be attributed to the improved tribological behavior as well as the
cooling and lubricating effect of the nanoparticles.

The above analyses indicate that cutting fluid applications, as well as cooling and
lubrication media, can be customized by using properly selected nanofluids in varying
amounts. For an enhanced cooling effect, i.e., for an enhanced heat removal rate, nanofluids
can be tailored to meet the requirements. When the objective is to obtain more lubrica-
tion, nanofluids can be used as a cutting medium in the form of droplets with the MQL
technique. From the above analyses, we inferred that the Al2O3 nanoparticles have shown
promising results compared with their counterparts. However, nanofluids are still in the
developmental phase, but the applications of nanofluids in machining have promising
prospects compared to nano-coolants.

4. Conclusions

In this review, we attempted to highlight the properties and associated drawbacks
of the mineral oil-based MWFs and to perform a comprehensive literature review on
the potential alternatives to mineral oil-based MWFs, such as vegetable oil-based MWFs;
and we attempted to investigate other sustainable machining operations, including the
high-pressure coolant, dry machining, MQL, and the nanofluid methods. The pros and
cons of all of the associated alternatives were critically reviewed in terms of their appli-
cability, adaptability, cost-effectiveness, and environmental impact so that an unbiased
analysis could be performed for the use of MWFs in machining applications. As seen
from the comprehensive literature review, machining is one of the main parts of every
manufacturing plant and it cannot be ignored, and MWFs play a key role in the cost of
machining. Cutting fluids have widely been used in conventional machining process for
cooling applications, but they are a main factor of increased costs along with adverse effects
on the environment and health of workers/operators. Therefore, it is necessary to minimize
the utilization of mineral oil-based MWFs, and instead adopt vegetable oil-based MWFs
and other sustainable methods such as the MQL, dry machining, high pressure coolant,
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and nanofluid methods, among other alternatives. These alternative techniques not only
have been shown to reduce the cost of manufacturing by 10% to 17%, but also have a more
positive impact on the environment by eliminating issues concerning cutting fluid disposal
and by minimizing the contact of the workers with the MWFs, contact that may result in
severe diseases. These techniques demonstrated very promising results as compared with
the conventional methods where mineral oil-based MWFs were used in the machining
process. By keeping this in view with the latest demands of industrial sectors and modern
machining process requirements, these techniques are one of the best options to opt for,
allowing for the implementation of sustainable machining processes in replacement of
traditional methods.

5. Future Recommendations

• It is evident that the utilization of vegetable oil-based MWFs have shown better
performance in terms of decreasing the overall cutting temperature, cutting forces, and
surface roughness, among other desired properties. They have also proved themselves
to be more eco-friendly as well, but there are some shortcomings (which can be further
studied), and there is room for improvement in these shortcomings. Little attention
was paid to the oxidation and thermal stabilities of the vegetable oil-based MWFs.

• For the vegetable oil-based MWFs, it was seen that most of the research was carried
out for ferrous materials and alloys, and little attention was paid to the non-ferrous
materials, such as copper, brass, and aluminum.

• These days, super alloys are also being widely used due to their excellent properties.
Therefore, consideration should be given in exploring the application of vegetable
oil-based MWFs in the case of super alloys and other mentioned materials.

• Nanofluids have become an emerging technology due to their excellent thermophysical
properties and they have proven themselves to be an excellent candidate in machin-
ing applications, offering desired properties such as decreased interface temperature,
lower cutting forces, lower power consumption, and improved surface finish. How-
ever, the properties of the nanofluids can be further enhanced by tweaking different
parameters such as the size of the nanoparticles, shape of the nanoparticles, volumetric
concentration, and spray nozzle angle, among other parameters.

• The application of nanofluids has not been cost-effective up to this point, and some
studies have reported a negative impact on the environment. Therefore, efforts can
be made to develop novel nanofluids which are more eco-friendly and provide cost-
effective solutions.

• A limited number of research has been done on hybrid nanofluids, i.e., the combination
of different nanoparticles and their properties; therefore, efforts can be made to test
different hybrid nanoparticles and their performance under different conditions, in
terms of the thermal conductivity, stability, viscosity, material removal rate, cutting
forces, cutting temperatures, and power consumption, among other attributes.
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Abstract: Currently, there is a lack of affordable and simple tools for the estimation of these costs,
especially for machining operations. This is particularly true for manufacturing SMEs, in which the
cost estimation of machined parts is usually performed based only on required material for part
production, or involves a time-consuming, non-standardized technical analysis. Therefore, a cost
estimation tool was developed, based on the calculated machining times and amount of required
material, based on the final drawing of the requested workpiece. The tool was developed primarily
for milling machines, considering milling, drilling, and boring/threading operations. Regarding
the considered materials, these were primarily aluminum alloys. However, some polymer materials
were also considered. The tool first estimates the required time for total part production and then
calculates the total cost. The total production time is estimated based on the required machining
operations, as well as drawing, programming, and machine setup time. A part complexity level was
also introduced, based on the number of details and operations required for each workpiece, which
will inflate the estimated times. The estimation tool was tested in a company setting, comparing the
estimated operation time values with the real ones, for a wide variety of parts of differing complexity.
An average error of 14% for machining operation times was registered, which is quite satisfactory, as
this time is the most impactful in terms of machining cost. However, there are still some problems
regarding the accuracy in estimating finishing operation times.

Keywords: cost estimation; budgeting; machining; operation times; operation costs

1. Introduction

Having good budgeting tools and methods is crucial for the future success of a com-
pany [1,2], and is also useful for smaller-to-medium enterprises (SME). Moreover, correct
budgeting can solve common problems, such as poor material/resource management,
especially in manufacturing companies, as analyzed by Siyanbola et al. [3] in their study of
the impact of budgeting operations on the performance of a manufacturing company. Usu-
ally, in these companies, particularly SMEs, the provided budget is based on the required
workpiece material coupled with the empirical knowledge acquired by each company, not
following a standardized procedure. Indeed, this was also registered by the previously men-
tioned authors, who state that it is common for the production team (machine operators) to
know and have an influence on the budgetary process. Furthermore, as stated by Nikitina
et al. [1], there is a need for communication within the company, especially between the
production department and the financial one, to perform budgets and cost estimations. As
these budgets are made with the knowledge of the production team (operators/workers),
this makes the budgeting process a random one, prone to mistakes and cost miscalculations.
Moreover, as the budgeting process largely depends on the empirical knowledge acquired
over time, if there is a staff change in the company, this can cause adaptation problems for
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the new budgeter, resulting in budget errors. These problems can cause order cancelations,
especially due to the delay in budget delivery, injuring the companies’ competitiveness, as
miscalculations in cost can drive clients away to the competition (if the budget value is too
high) or result in revenue losses (if the budget value is too low). There is a lack of estimation
tools for machining times and cost, especially for cases where the parts are usually pro-
duced in small series, with varying geometries and machining operations involved, as seen
in SME manufacturing companies. Silva et al. [4] reported that there is a growing interest
in outsourcing machining operations to these SMEs; however, this results in requests that
have high part variability (in terms of dimensions, detail, and geometry), as well as being
requested in small series/quantities. Therefore, the budgeting process for these companies
is quite hard, requiring careful analysis of each part, even resulting in a need to perform
multiple budgets. This high part variability and order amount hinders the accuracy of
budgets and makes the cost estimation process quite a time-consuming one. This, coupled
with the intricacies of the machining process, such as the influence of tools, material, and
process parameters on the overall performance of the machining process, induces even
more budgeting errors.

Machining processes are still the most used to produce high-precision parts for the
manufacturing industries, and due to the popularity of these processes, there is a large
amount of research performed about them, focused on studying the influence of process
parameters and developing ways to optimize them [5,6]. There is, also, a lot of research
conducted about the use of coated tools, that improve the overall tool’s life by reducing
the amount of sustained wear, usually by employing coatings with high wear resistance,
as reported by Martinho et al. [7], these coating extend tool-life. Studies around this
subject are usually focused on hard to machine materials, evaluating the tested tools’ wear
behavior, as seen in this study by Gouveia et al. [8] where a comparative study of various
machining tools is made, when machining a duplex stainless-steel alloy. Studies such
as these offer a valuable insight on the influence of cutting geometry, tool coating, and
machining parameters on tool wear [9]. Parent et al. [10] mention that the machining
parameters also have quite a relevant impact on the performance of a certain machining
operation, being tightly related with process optimization, especially regarding machining
cost optimization. These studies are important when trying to optimize the machining
process, also having the possibility of registering the cutting forces developed during
these processes, allowing for further optimization, as these are strongly related to the
overall process’ stability, efficiency, and even energy consumption [11]. The study of the
machining processes and their optimization may prove quite useful for cost estimation,
as it provides ways to best manage material/resources [12] and machining operations
times. Choosing tools, coatings, and even more efficient machining strategies, induces
an increase in productivity reducing the overall part production cost by, primarily, reducing
the machining time. This was reported by Huang et al. [13], where the authors devise
a new machining strategy, where the cutting length and machining time are promoted for
pocket milling operations. A model was successfully developed, able to generate a spiral
toolpath that can be applied for a multitude of pocket milling operations, in which the
material removal rate, cycle time, and tool-path length were optimized. The employment
of lubricants can also be beneficial. These are known to improve machining times, as
they allow for higher feeds and cutting speeds, as reported by Agarwal et al. [14], where
the authors employ a solid lubricant in the machining of AISI 304 stainless-steel alloy
and then compare the results to dry and wet machining. The authors report that even
when compared to wet machining (commonly used for part production when valuing
machine surface quality), the use of solid lubricant improves the produced surface quality,
reduces the cutting forces, and improves the material removal rate. The use of these solid
lubricants not only shows advantages in terms of machining performance (for some alloys),
but also shows promissory results in terms of sustainability [15]. Cryogenic machining is
also a popular and promising lubrication/refrigeration method, as reported by Agrawal
et al. [16]. The authors analyze the tool-wear, tool-life, machined surface roughness and
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overall process cost of machining operations of Ti6Al4V titanium alloy, using cryogenic
machining, and then comparing the results with wet-machining operations. The authors
have reported that for lower speeds, the cryogenic turning of this alloy does not present
considerable advantages over wet turning.

From a cost estimation standpoint, the selection of an adequate machining strategy for
part production is crucial, requiring knowledge about the machining parameters and their
influence [1,4]. A careful planning of the machining operations required for a determined
part is very beneficial, for example, optimizing the material consumption for a set of op-
erations, by grouping up similar shapes that require the same machining operation [17].
Correct operation sequence planning is also beneficial, especially when producing a series
of parts. This is true for a wide variety of processes, such as additive manufacturing [18]
or even machine assembly processes [19]. Plaza et al. [20], propose a decision system for
optimizing machining operations by selecting an appropriate strategy based on the part
request. The authors relate the correct strategy selection to a reduction in tool wear, machin-
ing forces, and overall machining cost. Machining parameters have a great influence on
the process [21], affecting factors such as tool wear [22], surface quality [23], and material
removal rate [24], which affect the total operation time and, thus, the cost of the machining
operations. Zhang et al. [25], study the reduction of energy consumption for micro-milling
processes, by proposing an energy model. The authors successfully developed a mech-
anistic model for the prediction of energy consumption. The optimization method was
put into practice, and, with the proposed methodology, the authors were able to reduce
energy consumption by almost 8%. Still, regarding the machining process optimization,
this time regarding the production of better surface quality, Mersni et al. [26], have studied
the optimization of machined surface quality, for ball-end milling operations of Ti6Al4V
titanium alloy. The authors have employed the Taguchi method and analysis of variance,
to determine the best set of machining parameters to obtain the best possible surface rough-
ness quality. In another interesting study, by Narita [27], a method to minimize machining
costs is proposed. The method consists of analyzing the most influential parameters on the
overall machining cost and then determining the best set of parameters to minimize this.
Cost optimization is a common research topic, either by the implementation of optimal
parameters or by monitoring tool behavior, such as a monitoring system [28], which can
also be used to determine the economic impact of the process itself [29]. To optimize the cost
of the machining processes, there have been some applications developed for this purpose,
with cost estimations based on machining times, as proposed by Ben-Arieh and Li [30],
where a web-based application, based on the Java 2 Enterprise Edition was developed. The
prototype was successfully developed and able to predict the machining time of rotational
parts, based on the machining parameters that were used. The work proposes the linking
of multiple design stations inside a manufacturing shop, to provide these cost estimations
in a faster manner; however, there was no practical validation presented for this work.
Machining times are usually acquired from empirical knowledge, obtained from years of
working at a certain company, making it hard to use the application for different machining
processes. Energy consumption also impacts machining costs. In fact, the optimization of
energy consumption is quite a popular research topic. The most influential parameters on
machining cost are the toolpath, cutting tool selection, and tool sequence [31–33]. Machin-
ing parameters also influence the machine’s energy consumption during milling. In fact,
tests were conducted on milling titanium alloy by Tlhabadira et al. [34], concluding that
increases in cutting speed and depth of cut produce an increase in energy consumption.
Still, regarding energy consumption, in companies with multiple machines that produce
a high number of parts, there is a need to properly schedule the production orders, with
a correct machine selection being important [35,36].

Cycle times significantly influence the overall efficiency and cost of a process, being
tied closely to productivity [37]. Estimation of these times is important when wanting to
reduce/predict the cost of a determined operation. This is especially true for machining
operations, where the total part production cost is largely dependent on this factor. In terms
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of cost estimation for machining processes, it is very important to have accurate methods
to predict these times, either by acquired empirical knowledge or by the development and
implementation of methods that seek to estimate and optimize these times. Regarding
optimization based on empirical knowledge, Pal and Saini [38], propose the optimization
of cycle time when machining a forged crankshaft. A study of the process was performed,
identifying possible improvements in terms of actions performed during machining and
setup operations. The authors were able to improve the cycle time by 4.42%, resulting in
a reduction in overall machining cost of about 7%. However, these empirical studies are
quite time-consuming and expensive, as they require the use of consumables to perform
the required tests. In terms of machining simpler parts, the machining time prediction is
much more straightforward, when compared to parts with more organic shapes. However,
there are some methods that can be used for these complex shapes, as proposed by Timar
et al. [39], by optimizing the tool path for the machining of curved surfaces, determining
the best strategy, and set of machining parameters to perform the task in the least amount
of time. Regarding cycle time optimization, the Taguchi method can be successfully
employed to reduce machining times, while maintaining productivity requirements, as
studied by Sakidaze et al. [40], where the authors use this method to reduce the cycle
time in plateau honing of a diesel engine cylinder. Still, regarding machining parameter
optimization for reducing the operation time, Cafieri et al. [41] propose an approach for
the optimization of plunge milling time is presented, based on mixed-integer nonlinear
programming. The authors optimized the machining parameters and validated the obtained
results from tests performed on CNC machines, finding that they could reduce the operation
times by 55%. This highlights the importance of machine selection in the machining
process’ performance [42,43]. Still, regarding the development of algorithms for cycle time
optimization/prediction for milling operations, these are usually developed based on the
parameters used during the process. However, there are some methods that can be coupled
with this simple calculation, especially for complex parts. One of these methods is toolpath
evaluation [44]. This data can be used to predict the machining times, with some authors
creating methods that use this stored information and apply it to new processes, where
information regarding outputs such as machining times and surface roughness can be
obtained [45], even offering process cost estimations as proposed by Ning et al. [46]. In that
study, the authors propose a process for machining cost estimation based on convolutional
neural network part feature recognition. The model was successfully developed by the
authors, offering a fast and accurate way of determining machining costs. However,
this has a quite complex implementation, requiring constant learning of new parts for
an accurate estimation.

Regarding the overall production time for a certain machined part, there is also the
need to consider the preparation times of the machined parts on the budget, especially
machine setup and part design times [47,48]. Some machined parts undergo multiple
machining operations, needing to be extracted from the machine to be re-adjusted or placed
in a different machine. These preparation times can cause problems from a cost estimation
standpoint, as these setup times are not always well defined. The use of optimized jigs
enables the fixturing of multiple parts, which undergo different machining operations, or by
producing systems that are simpler to operate, resulting in faster setup times [49]. Kumar
et al. [50], present a study on the development of a fixture that is meant to reduce operation
time for a machined part that undergoes a variety of machining processes, including
turning, milling, and drilling. The authors developed a fixture that was able to hold the
part in place for different operations without requiring extracting, which resulted in a gain
of 4 min per produced component. In a similar study, by Kumar et al. [51], a modular jig for
machining parts was designed. This jig enabled the performance of machining operations
on more parts simultaneously, registering a reduction of up to 32% in part production
time [51]. These studies highlight the importance of machine setup, as well as its influence
on the overall production time.
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There are a lot of factors influencing the machining processes, from parameters, lubri-
cation methods, and even the material’s machinability. All these factors have an impact on
the overall machining cost and machining times. Determination of the machining cost and
cost estimation is critical for the success of a manufacturing company [48]. Some methods
have been developed for the direct cost estimation to produce some parts [52,53], with
some recent studies using deep learning methods to predict the manufacturing cost of
a part by using 3D CAD models. This enables the optimization of the part’s production in
the design stage [54].

There is little recent research on the prediction of machining costs based on calculated
machining times. These times have the greatest influence on the overall machining cost,
due to the cost per hour of the machining operator, equipment amortization, and machine
energy consumption. Other factors, such as machine consumables and material quantity
also influence the production cost. The analyzed models and methods for cost estimation
and optimization are quite complex, showing low adaptability for other applications,
especially in the machining of parts. As such, in this paper, the development of an affordable
and simple cost estimation tool for machined parts, based on the machining times and
required material is presented. The tool was developed to be quite flexible, with easier
adaptation for different machining processes. An MS Excel® interface was designed,
enabling the fast configuration as estimation of part production times, from preparation
to finishing operations. These times are then used to calculate total production costs,
which can be used to create and supply accurate budgets to clients, in a short amount
of time. The developed method and tool would benefit the budgeting process of part
manufacturing companies, mainly SMEs, that see many budgeting problems, mainly
associated with high part variability. The budgeting process for these SMEs is usually
performed based on the amount of required material for part production, or by involving
a careful, non-standardized analysis from the operators that have acquired empirical
knowledge over a period (working on the area). As such, the SME budgeting process
is quite time-consuming and prone to mistakes, lacking standardization. Furthermore,
SMEs lack a vast number of resources, not being able to implement complicated or costly
solutions for these problems. Due to these aspects, the developed cost estimation tool has
the potential to be used by these SMEs, although it can be employed by any enterprise/user
that seeks to perform cost estimation of machined parts.

The present study is divided into five main sections (including the present section),
in the following subsection, the background and contextualization for the developed cost
estimation tool will be presented. In Section 2, Methodology, the considerations made for
the development of the tool will be presented, namely the milling machining centers, types
of material, and machining parameters. Furthermore, the working principle and operation
time calculation method will be presented. Finally, the validation method that was adopted
is presented at the end of Section 2. In Section 3, the results regarding the development of
the cost estimation tool are going to be presented, namely the input and output sheets of
the developed tool, as well as the implementation results for two case studies. Section 4
offers a discussion of the obtained results and, finally, in Section 5, the concluding remarks
about the developed work are given.

Background–Development of an Affordable and Simple Cost Estimation Tool

The development of the cost estimation tool was made based on an SME manufactur-
ing company that produces machined parts, primarily by the milling process. The analyzed
company followed a conventional cost estimation process, shown in Figure 1. However,
due to the high variability and small series of requested parts, the created budgets had
some errors, usually resulting in over-estimated production costs and, in some cases, under-
estimated production costs, which resulted in company revenue loss. This was the case,
especially for more complex parts. Thus, there is an opportunity to develop a tool that
can be useful for this sector but also provide the necessary knowledge to be adapted and
adopted by other kinds of industries.
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Figure 1. Schematic representation of the conventional budgeting process.

To speed up the budgeting process and reduce the errors associated with it, a cost
estimation tool based on the analyzed company’s resources and conditions, such as ma-
chines, workforce, and client requests, was developed. In the subsequent sections, the
methodology used for the development and validation of this tool, and the results obtained
from this validation, are going to be presented. Furthermore, a discussion of the obtained
data is going to be made, analyzing the advantages/disadvantages of the developed tool.

2. Materials and Methodology

To develop the cost estimation tool, it was decided that an approach based on the
calculation of machining times and founded on the final part’s dimension would be the best
choice. The calculations were developed for each of the milling machine types considered
for validation of the model. The different milling machines that were considered can be
observed in Table 1, where the different specifications of each machine are presented.

Table 1. Considered CNC milling machining centers.

Machine Number of Axes Workspace Volume Part Fixation Method Type

M1 3 (+2) 1620 × 810 × 760 mm3 Mechanical Vertical
M2 4 1000 × 450 × 550 mm3 Mechanical H
M3 5 800 × 650 × 550 mm3 Mechanical Vertical
M4 4 4000 × 2100 × 275 mm3 Vacuum table Vertical

As observed in Table 1, the main difference between machines is the workspace
volume, the amount of axis, and the workpiece fixation method. These machines were
considered as they are selected based on the requested final workpiece (size, tolerances,
number of needed axes, etc. . . . ). The machines with vacuum tables are mainly used for the
machining of parts with small heights or thickness. In Figure 2, some parts being produced
on the mentioned machined can be observed.
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(a) (b) 

Figure 2. The part being machined in an M1 milling machine (a), and an M4 milling machine (b).

The developed tool’s working principle is shown in Figure 3.

Figure 3. Schematic representation of the working principle of the developed tool, for the cost
estimation of machined parts.

The inputs for the tool, as observed in Figure 2, are the part’s material, the initial
required material amount (based on the part’s dimensions), machining strategy (parameters
and operations), and required machines to obtain the workpiece, and part complexity level
definition. Based on all this information, the tool performs the calculation of machining
time, which can be used to estimate the overall production cost for the machined parts.

Total production time and, consequently, the total production cost are obtained by
determining the operation time for the five production steps that each part undergoes,
as follows:

(1) CAD (2D/3D): The 2D technical drawings are needed for part production; additionally,
the 3D drawings can be used to perform the CAM software. If these are not provided,
they need to be made.
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(2) CAM: The execution and introduction of the CAM software that is required for
part production.

(3) Machine setup: This step encompasses all the required machine preparation steps for
machining, including machine cleaning, tool preparation, tool and holders exchange,
and jig placement.

(4) Machining operations: The different machining operations that the parts are subject to.
(5) Finishing operations: The operations required to finish the part according to spec-

ifications, including machining and manual finishing operations, such as surface
roughness improvement (finishing passes) or manual deburring.

These five steps are applied for every part that is produced in the milling machines;
however, due to the existing variability from part to part in terms of geometry complexity
and required details, the determination of the operation times is insufficient to provide an
accurate prediction. Thus, a part complexity level was created to be applied to each of the
parts that are being analyzed in terms of cost, which influences the estimated times for each
of the production steps.

In the following subsections, the operation time calculation method for each of the
five production steps is going to be presented. Furthermore, the working principle of the
model will be described in more detail, including the determination of the part complexity
level and its influence on the estimated times are going to be explained. Furthermore, the
methodology adopted for the validation tests is going to be presented.

2.1. Considered Workpiece Materials

The considered workpiece materials were selected based on the requests that are usu-
ally performed to the company where the tool was validated. These are mainly aluminum
alloys, although some requests are for parts made in a polymeric material. Regarding the
considered aluminum alloys, these can be classified as “hard” aluminum alloys and “soft”
aluminum alloys, indicating their hardness relative to one another. As for the “hard” alu-
minum alloys, AW7050, AW7075, AW2017, and AW2030 alloys were considered. Regarding
the “soft” ones, the AW6082, AW6063, AW5083, and AW5724 were considered. The most
relevant mechanical properties of these alloys can be observed in Table 2, these properties
were taken from the material data sheet, provided by the material supplier.

Table 2. Mechanical properties values for the considered aluminum alloys.

Alloy Ultimate Yield Strength [MPa] Ultimate Tensile Strength [MPa] Hardness (HB)

AW7050 465 520 140
AW7075 365 450 130
AW6063 215 241 73
AW6082 250 290 90
AW5083 105 250 70
AW5724 185 245 63
AW2017 240 385 110
AW2030 250 370 115

In addition to the mentioned alloys, some polymers were also considered, as some
parts made from these materials are requested by the company. These polymeric materials
can also be divided into “hard”, (e.g., PET and PVC) and “soft”, (e.g., HD-PE and PTFE)
plastics. Due to their properties, polymeric materials are usually easier to cut than metals;
as such, the machining parameters selected for the machining of these parts are usually
higher (namely feed rate and axial depth of cut). Taking these higher values as reference
(100% of feed rate value is used for these materials), in Figure 4, the percentual values of
feed rate and axial depth of cut can be seen for both “hard” and “soft” aluminum alloys
and polymeric materials.
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Figure 4. Variation of feed rate (a); and axial depth of cut (b) value, percentual, for the machining of
soft and hard aluminum alloys and polymeric materials.

As can be observed in Figure 4, the machining parameter values are higher for softer
materials, this will make the machining of these materials faster (given that the workpiece
is the same). The variation in axial depth of cut is also dependent on the chosen value of
radial depth of cut. This value is divided into three levels:

• First level: the radial depth of cut is equal to 20% of the tool’s diameter, mainly selected
for contour operations. Enables the selection of higher values of axial depth of cut;

• Second level: radial depth values go from 20% to 45% of the tool’s diameter, used for
some contour operations, as well as the machining of cavities or slots;

• Third level: radial depth of cut from 45% to 100% of the tool’s diameter, used mainly
for roughing operations, in cavities or slots. Allows only for low values of axial depth
of cut.

2.2. Operation Time Estimation

In this subsection, the various methods for the calculation of the operation times for
each of the five steps of production are going to be presented, with each of these being
divided into one subsubsection. The total operation time estimation is obtained by adding
the estimated values obtained for each of the production steps.

2.2.1. Operation Time Estimation: CAD 2D/3D

For the estimation of total part production time, the 2D and 3D drawings must be
considered. These are a necessity for part production and are not always provided by the
client, meaning that in some cases these must be produced. The configuration of the cost
estimation tool was made considering the types of drawings for milled parts received. Base
times were attributed for 2D and 3D drawings, and are presented in Table 3.
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Table 3. Base times for the steps regarding the CAD preparation of the parts.

CAD Step Time (Min.)

2D technical drawings 5
3D drawings 15

These base times will be influenced by the part’s complexity, which will be explained
in more detail in Section 2.2.2.

2.2.2. Operation Time Estimation: CAM

Regarding the CAM production step, the estimated based time was defined in a similar
way to that determined in the last subsection. This time was determined to be 10 min;
however, some parts need to be adjusted inside the machine to be produced, sometimes
even requiring multiple clamping operations. These clamping operations would be added
to the base time, as they need to be considered in the CAM software. It was determined
that each of these clamping operations would add 10 min to the base time.

2.2.3. Operation Time Estimation: Machine Setup

The time estimation method for the machine setup production step is the same as the
one presented for the CAM production step. The base time for the machine preparation
was set to 10 min. Part clamping operation steps were also considered, each of these adding
10 min to the determined base time for this production step.

2.2.4. Operation Time Estimation: Machining Operations

For the development of the cost estimation tool, the required machining operations for
part production were identified, as follows: side-milling; face-milling; end-milling; drilling,
and boring or threading. The equations were obtained from already documented work
(such as the Sandvik manual for machining operations), conjugating acquired empirical
knowledge to adjust some of these equations, to yield more accurate results in terms of
machining time.

Regarding these operations, it is important to note that both part complexity level
and production quantity affect the machining times. The influence of the latter will be
explained at the end of this subsection.

Calculation of Side-Milling Time

Firstly, the part’s exterior perimeter (Pext) is calculated, considering the part’s length
and width values. Secondly, the estimated number of roughing passes (No. R.P.) is defined.
This is calculated as shown in Equation (1), considering part thickness (t, in mm) and the
depth of cut (ap, in mm).

No. R.P. = (
t
ae
) (1)

The value obtained from the calculation of (1) should be rounded up, being equal to
an integer. Moreover, the number of finishing passes (No. F.P.) are also calculated, as shown
by the Equation (2), considering part thickness and the tool diameter (Øtool).

No. F.P. = (
t

0.5 × Øtool
) (2)

With both the values of the number of finishing (No. F.P.) and roughing (No. R.P.) passes,
and the values for the exterior perimeter (Pext) and the feed rate (Vf, in mm/min), the
machining time for side-milling (M.T. S.M., in minutes) could be calculated, as shown by
Equation (3).

M.T. S.M. =
Pext × (No. R.P. + No. F.P.)

Vf
(3)
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For this kind of operation, the chosen tool diameter usually depends on the thickness
of the machined part, as presented in Table 4.

Table 4. Different tool diameters chosen in function of part’s thickness.

Part’s Thickness [mm] Tool Diameter [mm]

35 12
36–65 16

65–100 20

Regarding feed rate value, it is chosen based on the machined material and on the
current cutting length. For lower cutting lengths the value of feed rate will be lower
and, consequently, for higher cutting lengths, the value of feed rate could reach up to
3000 mm/min, for high-performance tools.

Calculation of Face-Milling Time

For this kind of operation, face-mills with diameters between 44 and 64 mm are typi-
cally used, using a value of the width of cut (ae) corresponding to 70% of the tool’s diameter.
The number of facing passes (No. FM.P.) is calculated by dividing the material’s width by
the chosen ae value, and the result should be rounded up, as for Equations (1) and (2).

With the knowledge of the number of facing passes and knowing the length of the part
(Plength) and the tool’s diameter (Øtool), the facing length (LFacing, in mm) can be calculated,
as shown in Equation (4).

L Facing = (Plength +∅tool)× No.FM.P. (4)

The value chosen for ap is usually 1 mm, however, in some cases, face-milling must be
performed on the opposite side of the part, requiring its clamping. For the second facing
operation the value for ap is 5 mm. The machining time for the first (M.T. 1st Facing) and
second machining operation (M.T. 2nd Facing) is determined by Equations (5) and (6).

M.T. 1st Facing =
LFacing

Vf
(5)

M.T. 2nd Facing =
LFacing × ( 5

ae )

Vf
(6)

Calculation of End-Milling Time

End-milling time estimation is performed based on the value of ae, dependent on the
tool diameter (40% of this value). The value for end-milling distance per depth increment
(lE.M., in mm) needs to first be calculated, and this is dependent on the length and width of
the machined cavity. This value is then multiplied by the number of increments (in depth)
that will be performed to machine the cavity, obtained by dividing the depth of the cavity
(Dcavity) by the depth of cut value (ap). The obtained value is the total end-milling distance
of the operations (LE.M.).

The total machining time for the end-milling operations (M.T.E.M., in minutes) can be
calculated, by using Equation (7), essentially dividing the LE.M. by the feed rate value (Vf).

M.T. E.M. =
LE.M.

Vf
(7)

Regarding finishing operations, these are performed on the interior cavity walls and
can be calculated in the same way as the side-milling operations.
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Calculation of Drilling Time

Drilling time calculation depends on tool diameter (Øtool), chosen according to the
desired hole diameter, the depth of the hole (Dhole, in mm), the value for feed per rotation (f,
in mm/rotation), and the rotational speed (N, in RPM) employed during drilling operations.
During the drilling process, the machine performs plunges, quickly retracting and then
resuming drilling for a few more millimeters, after retracting again, performing this cycle
until the operation is concluded. This promotes a correct chip evacuation from the cutting
zone. The number of plunges (No.plunges) that need to be performed during the process is
calculated by Equation (8).

No. plunges =
Dhole
∅tool

(8)

The value for the number of plunges should always be rounded up; next, to this
number, one more plunge should be added. After determining the value for No.plunges, the
total drilling length (Ldrilling, in mm) is next. The calculation of this value is determined
based on the No.plunges needed for the operation and the tool diameter. Equation (9) shows
the calculation process for total drilling length.

L drilling =

No.plunges

∑
n=1

n ×∅tool × 2 (9)

The machining time for drilling operations (M.T.Drill, in minutes) is calculated accord-
ing to Equation (10).

M.T. Drill =
(

Ldrilling
f )

N
(10)

Calculation of Boring or Threading Times

The method for calculating the machining time of boring and threading (M.T.Thread, in
minutes) operations is shown in Equation (11), where the depth of the hole (Dhole), the feed
per rotation (f ), and rotational speed (N) values are considered.

M.T. Thread =
(2 × Dhole

f )

N
(11)

Influence of Production Quantities on the Times

The quantity of requested parts is also considered in the estimation of machining times,
as it was found that this factor had an influence on the total production times of machined
parts. A larger quantity implies that the worker is more familiar with the production
procedures of a certain part. This familiarity causes a slight increase in the production
rate. As such, an inflation factor was created for certain quantity levels, which should be
multiplied by the estimated machining times, as shown in Table 5.

Table 5. Inflation factors applied to machining operation estimated times for different part quantities.

Part Quantity Inflation Factor

1 1.25
2 to 4 1.2
5 to 8 1.2

9 to 15 1.15
16 to 20 1.1
21 to 25 1.08
26 to 30 1.08
≥30 1.08
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2.2.5. Operation Time Estimation: Finishing Operations

Expected machining times for finishing operations (M.T.Finishing, in minutes) were
determined, based on the part’s dimensions (in mm), namely length (Plength), width (Pwidth),
part thickness (t), and feed value (Vf). Equation (12) shows the way to determine the
expected finishing time.

M.T. Finishing =
(4 × Plength ) + (4 × Pwidth) + (4 × t)

Vf
(12)

The finishing times are also affected by part complexity level, which will increase with
the part’s level, as seen for the estimated machining operation times (addressed in detail in
Section 2.2.2).

Estimated times obtained from this equation may present deviation, as finishing oper-
ations are quite difficult to estimate in this case. As these are dependent on the machining
strategy and part geometry, additionally, some parts may require manual finishing, with
some of them even needing supplementary clamping to undergo these operations.

2.3. Cost Estimation Tool Working Principle

The cost calculation method can be divided into two main steps, one regarding the
definition of the initial inputs, such as part’s dimensions, client requirements, and needed
material volume. The other step encompasses the definition of the part’s complexity level
and the calculation of the total operation times, based on the conjugation of all the defined
parameters and the influence of the complexity level. These steps will be presented in the
following Sections 2.2.1 and 2.2.2.

2.3.1. Step 1 of Cost Calculation

A flowchart was created to depict the cost estimation model. In Figure 5, the flowchart
for the first cost calculation step can be observed.

 

Figure 5. Flow chart of the developed model, for the first cost calculation step.
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The initial client’s requirements are considered, as well as the part’s dimensions. The
latter is used to determine the amount (in kg) of raw material that will be used in the
production process, with a higher volume of material being used for wider parts. With all
this information defined, the machining strategy can also be determined, ending the first
step of cost calculation.

2.3.2. Phase 2 of Cost Calculation

After machining strategy definition, the part complexity level is attributed based on
three main parameters of selection:

• Level of detail: Refers to the amount of detail that each of the part’s need, based on
the number of operations applied for part production. The number of operations that
correspond to each level is presented in Table 6.

• Geometry: Regards the complexity of each part, divided into three categories, as seen
in Figure 6.

• Machine axis needed: Differentiates the parts that need three or five axes for the
machining operations.

 

Figure 6. Flow chart of the developed model, for the second cost calculation step.
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Table 6. Number of operations for each level of detail, considered for the definition of part complex-
ity level.

Level of Detail Number of Threaded Holes Number of Simple Holes

Very low 0–3 0–6
Low 4–7 7–14

Medium 8–20 15–40
High 21–30 41–60

Very high ≥31 ≥61

As previously mentioned, the part complexity level influences each of the production
steps, from CAD to finishing operations. For the CAD, CAM, and machine setup production
steps, the influence of the part complexity level in the estimated time is applied in the
same manner. As with an increase in part complexity level, comes an increase in detail and
number of machining operations, more operations imply more drawing, programming,
and setup steps. The determined times can be observed in Table 7. These should then be
added to the base times to obtain the production times for each of mentioned steps and are
presented as minutes per detail added to the drawing (min/detail).

Table 7. Time increment that should be applied to the production steps for each part complexity level.

Part Complexity
Level

Added Time for Each Production Step (Min/Detail)

CAD CAM Machine Setup

1 1.5 1 1
2 2.5 2 2
3 3.5 3 3
4 4.5 4 4
5 5.5 5 5
6 6.5 6 6
7 7.5 7 7
8 8.5 8 8

Regarding the influence of the part complexity level on the machining and finishing
operations estimated time, this is applied in the same manner. An inflation factor was
devised for each part complexity level, and this value should be multiplied by the estimated
times for these operation steps. Table 8 presents the inflation factor for each of the parts’
complexity levels.

Table 8. Inflation factors applied to machining and finishing operation estimated times for the
different part complexity levels.

Part Complexity Level Inflation Factor

1 1.25
2 1.2
3 1.2
4 1.15
5 1.1
6 1.08
7 1.08
8 1.08

With all this defined, the tool can estimate the total production time of a certain
part, and these times can then be used to calculate the total operation cost of the process.
This value will also be added to the amount of raw material determined in step 1 of cost
calculation, to determine the total cost of part production.
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2.4. Validation of the Developed Tool

The cost estimation tool was subjected to a series of validation tests, being used for
two case studies. For Case Study 1, the validation consisted of the analysis of a total of
24 parts, 3 for each different complexity level. The tool was used to estimate the total
production time of these parts (for all the mentioned production steps), which were then
produced, and their production times were clocked by the machine operators (after each
production step the worker would register the time taken up to perform the said task,
this would later be compared to the estimated machining times). These times were then
compared to the estimated ones, and the percentual deviation from each of the produced
parts’ production time was registered. The percentual deviations are presented with
either a positive or negative value, with it representing a time over-estimation and under-
estimation, respectively. This comparison of time estimation is key, as the tool performs the
calculation of total operation cost based on these production times.

Regarding Case Study 2, the validation was performed in the same manner; however,
the machine types for this case study were slightly different, being CNC milling centers
with vacuum tables. These machines performed the same operations as those of Case
Study 1; however, the part complexity of the workpieces produced on these machines is
somewhat constant, with the parts having low amounts of detail with low complexity (in
terms of geometry). Additionally, the finishing operations for these machines are usually
performed by the machine itself (differing from the manual finishing operations conducted
for parts produced in the machines considered for Case Study 1). For Case Study 2, a total of
10 parts were produced, registering the machining time that was estimated, then, producing
the workpiece and timing this manually (as for Case Study 1). These deviations were then
averaged and are subsequently presented in the Results section of this study.

3. Results

The cost estimation tool was successfully developed and tested, and in the present
section the application is going to be presented in Section 3.1, showing the interface while
explaining each of the different main interface elements. Furthermore, the accuracy of this
tool was tested by estimating and producing various machined parts and then comparing
the deviation of the predicted times from the real times. The data obtained from these tests
will be presented in Section 3.2.

3.1. Developed Cost Estimation Tool

The developed cost estimation tool considers the inputs given in the manner described
in the previous section to give a production time estimation for parts produced in CNC
milling centers, having an interface in MS Excel®, as seen in Figure 7. The interface is
divided into six main sections:

• General data: This is where the information regarding the client, part and project
name, and part quantity is defined;

• Material: In this section, the material information is filled, mentioning designation,
material properties, raw material tolerances, and dimensions, as well as material price;

• Dimensions: Regarding the part’s dimensions;
• Strategy: Here, the part complexity level is set, as well as the variables that directly

influence the estimated times, such as low tolerance requirements, as well as cavity
and 2D/3D drawing consideration;

• Technical observations: This section should be filled if there is a need to request
drawings or drawing corrections for part production.
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Figure 7. MS Excel® interface of the developed cost estimation tool.

To input data in the developed interface requires knowledge of machining processes
currently being applied, for example, in the “Strategy” section of the interface, a choice for
cavity consideration was added. This should be defined according to the total area of the
cavities, in relation to the workpiece area. The chosen value will influence the machining
time for end-milling operations; however, this input can be left blank.
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After filling the input interface, the cost estimation tool will estimate the operation
times for each of the mentioned production steps, exhibiting the results in an output sheet,
observed in Figure 8.

Figure 8. Output sheet of a machined polyethylene part produced for Case Study 1.

The output sheet is divided into five main sections, displaying the filled data regarding
the material and project information, the adopted strategy, observations, and the part’s
technical drawing. Estimated times are displayed in the “Operation times” section. Note
that in this section there is an input table for the real machining times, which was added for
the validation of the cost estimation tool. These real times were registered by the operator
after machining.

As can be observed in Figure 6, there are some deviations that originate from the
lack of need to perform the CAD drawings of the part. Furthermore, there are some
deviations registered for the machine setup times and finishing operations. This can be
attributed to the fact that these operations are performed manually, being harder to estimate
correctly (highly dependent on the operator). It is also worthy of noting that, although the
finishing times have quite a large deviation from the real times, this is since these operations
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usually have a short duration. This can also be observed in another part, as depicted in
Figure 9. Observing the output sheet shown in Figure 9, it can be noted that the highest
percentual deviation, in terms of real machining time, is registered for the calculation
of finishing operations (−80%). Although this value is considerably high, the difference
between estimated and real times is less than one minute. Again, this lack of accuracy in
the estimation of these operations is since finishing operations are performed manually (for
the parts produced in these machine types). However, analyzing the deviation from all the
other production steps, the maximum deviation is +8%, which is incredibly satisfactory.
This was registered for the parts of a similar complexity level, with lower deviations
being registered.

Figure 9. Output sheet of a machined aluminum part, with low complexity level.

3.2. Cost Estimation Tool Validation

The developed cost estimation tool was validated according to the procedure in
Section 2.3. The average percentual deviations were registered for each of the production
steps and are presented in Figure 10. Additionally, an influence of part complexity level
in these deviations was noticed. Furthermore, this influence behaved slightly differently
depending on the analyzed production step. A graph that depicts the variation in absolute
percentual deviation of each production step, over the different part complexity levels can
be observed in Figure 11.
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Figure 10. Average percentual deviation for each part production step.

Figure 11. Absolute percentual deviation variation of each part production step, over different part
complexity levels.

Cost Estimation Tool Validation: Case Study 2

An additional case study was conducted, as the tool can be adapted to different
machines. Tests were conducted for CNC milling machines with vacuum tables. These
machines conduct mainly: side-milling; end-milling; drilling and face-milling operations,
which meant that the equations are presented in Section 2.1 could be used to estimate
machining operations. It was noted that the parts usually produced in these machines did
not exhibit much variability in terms of shape or complexity. This enabled a more accurate
time prediction based on the equations, especially for the step regarding machining and
finishing operations, without the need to define part complexity levels. One of the produced
parts can be observed in Figure 12, as well as its technical drawing.
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Figure 12. Produced part for Case Study 2 in a CNC milling center with vacuum table.

Regarding machining time operation for these parts, it was quite accurate for all the
tested ones; however, regarding the performance of CAM software for the machining, it
was the step that had the biggest deviation (this is depicted in Figure 13). This is due
to the number of holes that these parts have, inducing delays from the developers of
the CAM for these parts. Although some of these parts imply complex programming, it
was noted that the average percentual deviation registered for this step (−19%) is not as
accentuated as that registered for Case Study 1 (38%), this is because the complexity of
some the part’s machined in machines of this case study is considerably higher, especially
in terms of geometry.

Figure 13. Average percentual deviation values for each of the production steps, for parts produced
in milling centers with vacuum tables (Case Study 2).

A total of 10 parts were estimated and produced using these machines, registering
the average percentual deviation values from the real production times, as presented in
Figure 13.
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4. Discussion

In Figure 10, it can be observed that the percentual deviations are mostly positive. This
is quite satisfactory, as a positive percentual deviation is preferred since there will be no
direct revenue loss from the production of the parts (associated with negative percentual
deviations). For this case, the higher percentual deviation is for the “Finishing operations”
step, exhibiting a −71% percentual deviation. This value is quite high, due to the complexity
of these types of operations, and the fact that these are usually carefully performed, and are
dependent on human work. The second highest percentual deviation is for the “CAM” step,
at about 38%. The most influential production step on the overall production cost is the
“Machining operations”, due to the influence of machining time [34]. This step registered
an acceptable percentual deviation of about 14%.

The part’s complexity level was also found to influence the percentual deviation error,
increasing this error for higher levels. This can be observed in Figure 11, where the highest
values for all the considered production steps are registered for higher part complexity
levels. Additionally, the error of “Finishing operations” tends to be higher when compared
to the other production steps. Again, this is due to the difficulty in predicting these times, as
there are many variables that cannot be controlled directly, such as finishing and inspection
operations that are performed outside the machine [44]. This is corroborated by the data
obtained from Case Study 2, presented in Figure 13. A side-by-side comparison of the
average percentual deviation values for each of the production steps, for both case studies,
can be observed in Table 9.

Table 9. Average percentual deviations for each of the production steps, for both case studies.

Production Step
Average Percentual Deviation

Case Study 1 Case Study 2

CAD 2D/3D +15% +6%
CAM +38% −19%

Machine setup −7% +6%
Machining operations +14% +12%
Finishing operations −71% +12%

In Case Study 2, the produced parts were of similarly low complexity, with finishing
operations being conducted inside the machine. This is reflected in the obtained results,
as the values for percentual deviation are quite consistent and low when compared to the
values for Case Study 1. For the second case study, the highest percentual deviation was
−19%, for the “CAM” step, with all the other values being positive deviations.

5. Conclusions

The present study presents the development of a cost estimation tool that calculates
total operation cost based on the material requirements and machining times while applying
a part complexity level as a way of standardization for the budgeting process to expedite
it while considering multiple factors that affect the total operation time and thus, the
total cost of part production. The cost estimation tool was successfully developed and
validated for two machine types; these being milling machines capable of producing parts
of different heights.

• Machining time and material are the main factors that influence machining cost;
• The developed tool offers a quite accurate way of predicting machining times and,

thus, the operation cost of machined parts obtaining an average percentual deviation
of 14% and 12% for Case Study 1 and 2, respectively;

• The tool exhibits high accuracy in predicting CAD 2D/3D drawing times and machine
setup times, registering 15% and −7% of percentual deviation, respectively, for Case
Study 1, and 6% for both steps for Case Study 2;
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• The created part complexity level introduces a level of standardization in the bud-
geting process, ensuring accurate and fast budgets, especially for parts of lower
complexity level;

• The deviation from estimated to real machining times increases with part/complexity
level, especially for finishing operations; this is shown by the high deviation registered
for the prediction of finishing times, with Case Study 1 exhibiting 71% of average
deviation from predicted to real-time values;

• These high deviation values can be attributed to the performance of manual tasks,
which are difficult to estimate correctly;

• This is also shown by the CAM production step associated error, which is quite
high for Case Study 1 (38%); this is due to the number of operations that need to be
programmed by the operator. For simpler parts, such as those of Case Study 2, the
deviation drops to 19%;

• Case Study 2 yielded fewer spread results than Case Study 1; this is due to the simpler
geometry of the parts considered for this case study and the fact that the number of
manual operations is quite reduced (mainly for machine setup operations).

The model can be improved by conducting additional experiments and validation
tests, as this tool is easily reprogrammable and adapted to different processes. Furthermore,
since the estimation of manual operations can be quite difficult (resulting in deviations
from the estimated to the real operation time), these operations should be minimized.
Alternatively, the creation of normalized procedures for these operations can improve the
accuracy of the time estimations. Despite this, the cost estimation tool can predict the
manufacturing times accurately, resulting in the obtention of accurate and fast budgets.
This is particularly useful for manufacturing SMEs, as this tool provides a faster and easier
alternative to providing budgets for machined parts. The advantages and drawbacks of the
developed tool can be observed in Table 10.

Table 10. Main advantages and drawbacks of the developed cost estimation tool.

Advantages Drawbacks

Affordable cost estimation tool Estimation accuracy drops for more complex parts
Easy implementation and configuration Requires some knowledge of the machining processes and operations

High adaptability for different processes/machines Finishing operations are difficult to estimate correctly
Fast estimation of operation costs Accuracy is hindered by the performance of manual operations

Simple interface -
Accounts for all steps of part production in its estimation -

Regarding further improvements to the developed tool, some other prediction methods
can also be employed in conjunction with this tool, to improve prediction accuracy. The
average error detected in the model can be smoothly corrected by a determining factor, and
the profit yield of the manufacturer can easily accommodate this error in the first stage,
being successively corrected through experiments.
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Nomenclature
ae Radial depth of cut (mm);
ap Axial depth of cut (mm)
CAD Computer-aided design;
CNC Computer numerical control;
Dcavity Cavity depth (mm);
Dhole Hole depth (mm);
f Feed per rotation (mm/rot);
Ldrilling Total drilling length (mm);
lE.M. End-milling distance per depth increment (mm);
LE.M. Total end-milling distance (mm)
Llength Facing length (mm);
M.T. 1st facing Machining time for the first facing operation (min);
M.T. 2nd facing Machining time for the second facing operation (min);
M.T. drilling Machining time for drilling operations (min);
M.T. E.M. Machining time for end-milling operations (min);
M.T. thread Machining time for threading operations (min);
M.T. finishing Machining time for finishing operations (min);
M.T. S.M. Machining time for side-milling operations (min);
MS Excel Microsoft Excel®

N Rotational speed (rpm);
No Plunges Number of plunges required;
No. F.P. Number of finishing passes;
No. FM.P. Number of face-milling passes;
No. R.P. Number of roughing passes;
Pext Part’s exterior perimeter (mm);
Plength Part length (mm);
Pwidth Part width (mm);
SME Smaller-to-medium enterprises;
t Thickness (mm);
TiAlN Titanium aluminum nitride;
TiAlSiN Titanium aluminum silicon nitride;
Vf Feed rate (mm/min);
Øtool Tool diameter (mm);
2D Two-dimensional;
3D Three-dimensional.
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Abstract: One of the most critical factors in producing plastic injection molds is the cost estimation
of machining services, which significantly affects the final mold price. These services’ costs are
determined according to the machining time, which is usually a long and expensive operation. If
it is considered that the injection mold parts are all different, it can be understood that the correct
and quick estimation of machining times is of great importance for a company’s success. This article
presents a proposal to apply artificial neural networks in machining time estimation for standard
injection mold parts. For this purpose, a large set of parts was considered to shape the artificial
intelligence model, and machining times were calculated to collect enough data for training the
neural networks. The influences of the network architecture, input data, and the variables used in the
network’s training were studied to find the neural network with greatest prediction accuracy. The
application of neural networks in this work proved to be a quick and efficient way to predict cutting
times with a percent error of 2.52% in the best case. The present work can strongly contribute to the
research in this and similar sectors, as recent research does not usually focus on the direct prediction
of machining times relating to overall production cost. This tool can be used in a quick and efficient
manner to obtain information on the total machining cost of mold parts, with the possibility of being
applied to other industry sectors.

Keywords: machining; machining times; machining time prediction; cost estimation; artificial
intelligence; artificial neural networks

1. Introduction

With a wide range of applications, plastics comprise a large and varied group of
materials, essentially processed using heat and pressure. Injection molding is the leading
plastic transformation process, and it is the most technical and the most widespread. It is
used for mass production and has a high production rate of items, with tight tolerances and
with little or no need for finishing operations [1]. The surface quality of the molded parts is
incomparably superior to that of other competing technologies [2]. The injection-molding
process requires an injection machine and a specially manufactured mold that defines
the geometry of the final product. Despite having similar elements and structures, mold
production is individual, which makes the mold-making industry project-driven. One
of the primary sources of risk in managing these projects is the inaccurate prediction of
manufacturing costs of the mold, which is usually produced using machining services and
can influence, for example, up to 45% of a molded automotive part’s price [3].

Machining processes are some of the most relevant processes in the industry. The
requirements of some parts, such as injection molds, are only fulfilled using these pro-
cesses, which makes them irreplaceable [4,5]. Due to their complexity and popularity,
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many studies aim to understand and improve the different variables involved, not only
in traditional but also in modern machining processes [6]. In recent years, part of the
evolution of these processes is due, above all, to the progress registered in the performance
of cutting tools, with the creation and implementation of coatings suited to different and
challenging conditions [7,8]. Thereby, performance studies typically focus on the behavior
of these coatings on difficult-to-machine materials [9,10]. All this research aims to identify
the best cutting conditions for each situation, vibration being one of the main concerns
among users [11]. The analysis of the cutting forces developed throughout the process can
make a solid contribution to its stabilization and consequent efficiency [12]. Choosing the
appropriate cutting parameters also safeguards the cutting operation and reduces process
costs and energy consumption [13]. Some proposed models allow a 7.89% reduction in
energy consumption [14] and seek to help operators balance energy consumption and pro-
cessing costs at the same time [15]. Still, some surveys carried out by both manufacturers
and end mill users reveal that the quality and process time is more relevant than energy
savings [11], which is shown by some studies that prove that the decrease of processing
time has more potential to increase energy efficiency than decreasing the process load [16].
The selection of the right machining strategy and cutting tool also plays a vital role in
reducing cutting times, as well as the final cost and quality of the process [17]. Some authors
seek to improve the calculation of some common cutting strategies, achieving a reduction
in cutting forces and longer tool life [18] or reducing machining time by more than 55% [19].
Other approaches have shown that the sequence of cutting tools used can influence the
amount of energy consumed and the cost of the process [20], and that the correct plan-
ning of operations allows for the reduction of errors, setup times, and non-productivity
times [21]. The machining strategy used also influences the roughness and quality of the
surface produced [22,23], as well as the wear of the cutting tools [24]. Trying to cool and
lubricate the cutting contact area, the cutting fluids also optimize the performance of the
cutting tools and, consequently, the entire process [25]. However, the use of conventional
cutting fluids has proved to be a threat to the environment and the health of operators.
Therefore, the use of solid lubricants has been the subject of several studies, proving to be
an economic and ecological alternative in addition to offering better material removal rates
and surface quality [26], as well as increased tool life [27]. Cryogenic cutting has also been
analyzed, which leads to a reduction in tool wear, energy consumption, surface roughness,
machining costs, and carbon emissions [28]. Both solid lubricants and cryogenic cutting
have proved to be better alternatives to traditional machining processes. Often neglected,
the part clamping system also plays a critical role in machining processes, guaranteeing
easy operation to reduce setup time and the number of assemblies while ensuring the
quality of the cutting process [4]. Some studies increased the number of parts machined per
day by 32% [29] and reduced the machining time by applying suitable modular jigs [30].

All these variables make the machining process complex and difficult to budget, which
is one of the main difficulties of machining services. It is common practice to set an hourly
cost for the service and to determine the cost of manufacturing a part as a function of
its machining time. Machining times, in turn, are commonly determined either through
calculation or through human analysis. In the first case, CAM software simulates the
operative sequences and the time needed to manufacture the part. In the second, the
machining time is defined by a human evaluator based on a visual analysis of the part and
their experience in this type of task. The first method is more accurate but requires more
time to calculate machining time. The second one is faster but, as it depends on human
analysis, it is less accurate, which can lead to underestimation of budgeting, resulting in
losses for the company, or overestimation of budgeting, which will drive away potential
customers. Thus, different studies have been developed to improve the cost estimation
operation related to injection molds, with some methods showing high accuracy in applying
cost drivers to estimate the cost of the manufacturing phases of the mold [31], while other
authors proposed an analytic approach to determine the cutting time [32]. Other research
focuses on calculating the machining cost according to cutting speed [33].
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With a broad spectrum of applications in the industrial world, artificial neural net-
works (ANN) are mathematical models that, inspired by the functioning of the human brain,
seek to understand complex relationships existing in each set of data. Therefore, some
studies aim to assist in estimating manufacturing costs for different components [34,35]
and to optimize the injection mold manufacturing process by implementing ANN [36,37].
The application of ANN in improving the performance of the machining process has also
been studied [38,39], making it possible to predict machined surface roughness [40] and
production quality [41], cutting tool wear [42], and cutting forces [43,44], as well as other
computational approaches [45]. Regarding cutting tool condition monitoring, this is a very
useful manner to evaluate the process’s overall stability and productivity [46], contributing
to overall process improvement and a reduction in the production costs. There are various
opportunities to implement ANN and other computational methods for machining tool
monitoring [47], either for milling or for turning [48], contributing to an improvement of
these processes, particularly regarding fewer tool exchanges and quality improvements
of machined parts [49]. Some authors proposed artificial neural networks for feature
recognition [50] to further establish relationships between the number of features and the
cost of the part [51]. Other authors presented models using ANN to estimate machining
time with average errors of 10.20 min [52] or to estimate injection mold manufacturing
time with a percentage error of less than 25% [53]. Artificial intelligence tools to estimate
manufacturing costs in the design phase have also been studied [54] as the effectiveness of
different types of ANN in estimating machining times [55].

As seen from the studies presented in the previous paragraph, the use of ANNs can
be quite useful in predicting the cost of manufacturing a certain part. However, there are
some constraints regarding the use of this approach, with some approaches showing high
degrees of error or deviation [53]. Despite this, there is potential for application of these
ANNs in predicting these costs and thus in aiding budgeting operations for machining
services. Thus, the budgeting process is time-consuming, prone to mistakes, and heavily
dependent on previously acquired empirical knowledge. It is known that the machining
time, especially for mold machining operations, is the most impactful parameter on the
overall cost of the tool. Given this, by predicting the machining time, a somewhat accurate
prediction of the final part’s cost can be made. In the present paper, a methodology for
using an ANN to predict machining times for standard injection mold parts is presented
by choosing and comparing different architectures, input data, and training variables, and
thus finding the most accurate way of predicting machining times. The implementation
of this ANN was compared to the previously employed method, in which the time is
determined through careful modelling and simulation of the part. This is an expensive
and time-consuming way of cost-estimating the machined parts. By employing the ANN
presented in this work, companies should have a fast and accurate way of predicting the
machining times of their produced parts.

2. Methods

The present work aims at creating an artificial neural network (ANN) mode that allows
the machining time of standard plastic injection mold parts to be estimated in a quick and
effective way. For this purpose, it was considered that these parts usually present groups
of similar features, which only diverge in dimensions, such as metric threads, clearance
holes, fitting holes, rectangular and circular pockets, among others. Thus, the proposed
solution consists of an ANN whose input variables are (see Figure 1):

• The workpiece material;
• Each feature group’s total number of elements;
• The volume of removed material from each feature group;
• The surface area machined in each feature group.
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Figure 1. Diagram of the input variables of the proposed solution.

2.1. Data Preparation

Data preparation was the first step in the development of the ANN. The goal was to
simulate a machining process, calculating the machining time of several plastic injection
mold plates using CAM programming software (MasterCAM® 2022), and a library of
tools created for this purpose. As seen before, the amount of data used for training
the ANN influences its accuracy, making it necessary to calculate the machining time of
hundreds of different parts to generate enough data. The traditional method for calculating
machining times requires a 3D model and the CAM programming of each part, which is
time-consuming considering the high number of parts needed; usually this calculated time
is then compared to the actual required machining time to produce a said part. Therefore,
an empirical-based method was created where the machining time of each element is
calculated individually and subsequently assigned to each part at random, allowing the
calculation of a multitude of different parts. The workpiece material and the machined
geometries are defined based on common requests obtained to produce injection mold
parts. These parts are usually standardized. Furthermore, literature research provided
insight on the best-suited parameters and strategies to produce said parts. This information
is complemented by contacting manufacturers of these standardized components. They
usually offer practical and industrially acquired knowledge, which can be very useful when
defining these parameters. Then, the machining times of 30 modeled parts are calculated
by the traditional (simulation and modeling, offering a comparison of measurements made
after component production) and empirical methods to compare the obtained values and
validate the devised empirical method. A definition of these methods can be found below:

• Traditional method: To try and predict the required machining time to produce
a certain part, these must be modelled in 3D. Subsequently, the CAM program is
performed, and the machining time is estimated. Afterwards, these times are validated
with those obtained from the part production itself. It is accurate; however, it is also
time-consuming and cost inefficient;

• Empirical method: Input and output data are generated for the training of the ANNs,
based on the machining time of individual operations (standardized machining opera-
tions for mold production). These operations are then compiled and considered for
each of the produced part (Figure S1).
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2.1.1. Features Definition and Sequence of Operations

The features used in this work are presented in Table 1, and the sequence of operations
is also defined. This sequence of operations is defined based on the information displayed
on the previous section (Section 2.2. Data preparation). In addition to the operations
mentioned in Table 1, more machining operations were considered, such as circular and
rectangular cavities, guiding holes, and low-depth circular cavities.

Table 1. Feature definitions and corresponding sequences of operations.

Feature Group Illustration A (mm) B (mm) C (mm) D (mm)
Sequence of
Operations

Metric threads

M3; M4; M5; M6;
M8; M10; M12;
M16; M20; M24;

M30.

– – –
1st—Drill;

2nd—Chamfer;
3rd—Tap.

Clearance holes

 

6.00; 7.00; 9.00;
10.00; 11.00; 11.50;
13.50; 14.00; 15.50;
16.00; 17.50; 20.00;
22.00; 22.50; 27.00.

46.00;
– –

1st—Drill;
2nd—Chamfer.

66.00;
86.00;
96.00;
136.00.

Screw clearance holes
10.00; 11.00; 14.00;
17.00; 21.00; 23.00;
26.00; 32.00; 37.00.

6.00; 7.00; 9.00;
11.00; 13.50; 15.50;
17.50; 21.00; 27.00.

6.00; 7.00; 9.00;
11.00; 13.00; 15.00;
17.00; 21.00; 27.00.

46.00;
1st—Drill;

2nd—Counter-
boring;

3rd—Chamfer.

66.00;
86.00;
96.00;
136.00.

Fitting holes 10.00; 12.00; 16.00;
20.00.

10.00; 16.00; 25.00;
30.00. – –

1st—Drill;
2nd—Bore;

3rd—Chamfer.

2.1.2. Machining Time Calculation

The workpiece material also significantly influences the final machining time by
influencing the cutting parameters possible to use with the selected cutting tools. Therefore,
two tool steels commonly used in injection mold structures were considered (Table 2).

Table 2. Tool steels used to calculate machining time.

Material No. AISI DIN

1.1730 1045 C45E

1.2311 P20 40CrMnMo7

Based on the features presented in Table 1 and the materials to be machined in Table 2,
30 parts like the one shown in Figure 2 were generated and modeled. Each of the parts was
assigned to one of the workpiece materials, as well as the elements in Table 1 in different
quantities. Subsequently, and based on the sequences of operations assigned for each
feature, a library of cutting tools was created, and machining strategies were defined.
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Figure 2. Examples of models used to produce the mold parts (Figure S1).

Then, the 30 parts were calculated using traditional and empirical methods, with the
machining times obtained being shown and compared in Figure 3.

Figure 3. Machining times of each of the 30 parts obtained by the traditional method (TM) and the
empirical method (EM).

2.1.3. Validation of the Empirical Method

Machining times are divided into cutting time (Ct) and rapid travelling (Rt) movement
time when the tool approaches the workpiece and moves between elements. These times
are shown in Figure 3 and allow one to conclude that the cutting times obtained in the two
methods are the same, which is explained by the fact that the same tools were used with the
same cutting parameters and sequence of operations. The difference between the values
obtained is in the rapid movement times. In the traditional method, the tool displacement
time between elements and the tool approach time to the workpiece is calculated, while
in the empirical method, due to lack of knowledge about the position of the elements in
the workpiece, only the tool approach time is counted. This is the main reason for the
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difference in times obtained between these two methods. Thus, the empirical method is
valid for calculating cutting times but is invalid for calculating rapid movement times.
Thus, bearing in mind that they are the primary influence on the final machining time, as
seen in Figure 4, only cutting times are used to develop the artificial neural networks.

 
(a) (b) 

Figure 4. Traditional method (a) and empirical method (b) machining time in percentage (Ct—cutting
time; Rt—rapid travelling time).

After the validation of the empirical method, which has the advantage of being able
to generate an infinite number of parts, two databases were created based on the features
shown in Table 1 for the development of ANNs:

• trainingdata: database with 750 parts for training, testing, and validation of ANNs to develop;
• testdata: database with 100 parts to evaluate the performance of the developed ANNs.

2.2. ANN

The back error-propagation algorithm is one of the most used algorithms in engineering
prediction models, being mainly used in layered feed forward ANNs. This algorithm is
trained considering several series of examples (database), which encompass input arrange-
ments and the desired output ranges. In this kind of algorithm, the input is introduced
to the network, and the error between the current and the desired output is propagated
backward in the network to calibrate the weights to improve the predictions accuracy. Sev-
eral ANNs were developed to find the one that best fit the proposed problem. The ANNs
were developed using MATLAB®, with the ‘feedforwardnet’ command, as it is suitable for
regression problems where the objective is to estimate a specific numerical result with a
single output, and with 80% of the data for training, 10% for validation, and the remaining
10% for testing. The activation function of the hidden layers was the ‘tansig’ function, and
the last layer’s activation function, the ‘purelin’ function. ‘Tansig’ is a hyperbolic tangent
sigmoid activation function generally used in intermediate layers of ANNs, since it is entirely
derivable and compatible with most training algorithms used. ‘Purelin’, in turn, is a linear
activation function used in regression problems. The algorithms used in the network training
are the default ones for the ‘feedforwardnet’ command in MATLAB®.

Although ANNs are tested immediately after training, it was decided to test the
developed ANNs in estimating the machining times of the 100 parts contained on the
database ‘testdata’. In this way, the performance of the ANNs are evaluated against the
same input data and not against random data. The evaluation of the network’s performance
is conducted by calculating the mean error (ME), the mean absolute error (MAE), the mean
squared error (MSE), and the percentage error (PE) between the real and estimated values.
The maximum error (EMax) is also analyzed.

257



Metals 2022, 12, 1709

The mean error (ME) was calculated according to the expression:

ME =
∑n

t=1 et

n
(1)

where et is calculated as the difference between the real time (Zt) and the estimated time
(Ze

t ), according to the expression:
et = Zt − Ze

t (2)

The mean absolute error (MAE), in turn, is obtained according to:

MAE =
∑n

t=1|et|
n

(3)

Expression (4) was used to calculate the mean square error (MSE):

MSE =
∑n

t=1 e2
t

n
(4)

The percentage error was calculated according to the expression:

PE =
|Ze

t − Zt|
Zt

× 100 (5)

2.3. Comparative Methods

The first test looked at the network architecture with the best accuracy. The 750 parts
of the ‘trainingdata’ database were used. The input variables of these networks were the
quantity and volume of each of the features groups and the material of the workpiece. The
second one sought to study the influence of the amount of input data on ANN accuracy.
For this purpose, the ANN network architecture with the lowest percentage error of Test 1
was used, differing from the amount of data used in training. Test 3 studied the influence
of input variables on the accuracy of ANNs. Once again, and keeping the percentage error
as a criterion, the best ANN from the previous tests was selected, and the input variables
were studied. Workpiece material was always used as input. To understand the tables
referring to Test 3, it is essential to define the following:

• Q—Total number of elements of each feature group;
• A—Machined surface area in each feature group;
• V—Volume of removed material from each feature group;
• Qt—Total amount of elements to machine in the part;
• At—Total surface area to machine in the part;
• Vt—Total volume of removed material in the part.

3. Results

In this section, the results obtained in each of the tests are presented and analyzed.

3.1. Test 1—Variation of Network Architectures

From the application of ANN of Test 1 to ‘testdata’, it was observed that the ANNs
with the lowest ME were T1_01 and T1_05, the ANN with the lowest MAE was T1_03,
and T1_07 presented the lowest MSE. The lowest EMax recorded was 19.54 min, in T1_06.
Using the percentage error as a criterion, the ANN with the best performance was T1_07,
with a percentage error of 2.52% (please see Table 3).
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Table 3. Regression and error of the ANNs from Test 1.

Test Arch.
R Error

Train Validation Test Total ME (min) MAE (min) MSE (min) EMax (min) PE (%)
T1_01 4-8-1 0.98 0.97 0.98 0.98 0.16 5.00 42.22 17.14 2.63
T1_02 4-4-1 0.94 0.93 0.85 0.93 −1.82 8.40 221.91 71.23 6.15
T1_03 4-9-1 0.99 0.98 0.97 0.98 0.57 4.74 38.72 23.13 2.78
T1_04 4-10-1 0.98 0.98 0.96 0.98 1.95 5.31 43.74 15.30 2.86
T1_05 4-15-1 0.98 0.97 0.98 0.98 0.16 5.37 47.20 21.72 2.89
T1_06 4-20-1 0.98 0.97 0.98 0.98 1.38 5.20 45.47 19.54 2.66
T1_07 4-8-8-1 0.99 0.99 0.98 0.98 0.26 4.85 41.42 25.71 2.52
T1_08 4-10-10-1 0.99 0.98 0.97 0.98 −0.66 5.57 62.06 37.06 2.88
T1_09 4-4-4-1 0.97 0.96 0.96 0.97 2.09 6.62 75.98 34.69 3.13

Analyzing Table 3, the following conclusions can be drawn:

• The training samples with the best results were T1_03, T1_07, and T1_08, showing an
R value of 0.99;

• The T1_07 was the network with the best validation results, having an R value of 0.99;
• T1_01, T1_05, T1_06, and T1_07 showed the second-best results with an R value of 0.98;
• The T1_07 network exhibited the overall best results, while T1_02 showed the worst results;
• Only the R value of T1_02, being 0.93, was lower, showing a 0.85 value for the test sam-

ples. The remaining networks exhibited values above 0.93, indicating good training of
these networks.

3.2. Test 2—Influence of the Amount of Input Data

Test 2, where the amount of data introduced for training was varied, revealed that the
ANN with the lowest ME was T2_13, with an average error of −0.08 min. With an MAE
of 4.85 min, T2_15 was the ANN with the best result. The ANN with the lowest MSE was
T2_14 with 40.18 min. The smallest EMax recorded was 16.73 min, which occurred in T2_09.
The lowest PE belonged to T2_15, like T1_07, and with a PE of 2.52%, which ensured the
best performance (please see Table 4).

From the training of the networks for Test 2, it was verified that:

• The networks T2_07, T2_09, T2_13, and T2_15 were the ones that exhibited the best
performance in the training samples, with a R value of 0.99;

• The T2_15 network was the network with the best performance regarding the valida-
tion sample, showing a R value of 0.99;

• With a R value of 0.98, the T2_05, T2_10, T2_11, T2_13, and T2_15 networks were the
ones with best performance in the test sample;

• Regarding the training results, the T2_13 network showed the best results (R value
equal to 0.99);

• It was observed that the R value would increase with an increase in number of
considered parts. It was noted that this value would stabilize at around 250 parts.

The graph in Figure 5 shows the percentage error variation as a function of the number
of input data. The error decreases as the number of parts increases. From 250 parts onwards,
the percentage error is reduced to a lesser extent.
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Table 4. Regression and error of the ANNs from Test 2.

Test
Input
Parts

R Error

Train Validation Test Total ME (min) MAE (min) MSE (min) EMax (min) PE (%)

T2_01 50 0.63 0.86 0.90 0.67 2.45 21.64 799.52 78.15 12.82

T2_02 100 0.85 0.74 0.66 0.82 6.74 23.99 906.34 96.35 11.29

T2_03 150 0.97 0.88 0.93 0.96 2.69 12.50 265.21 46.08 7.48

T2_04 200 0.97 0.97 0.93 0.97 −0.32 9.47 175.14 44.10 5.01
T2_05 250 0.98 0.96 0.98 0.98 0.43 6.94 85.75 37.75 3.95
T2_06 300 0.98 0.97 0.97 0.97 −0.29 6.95 81.23 33.91 3.78
T2_07 350 0.99 0.95 0.97 0.98 −1.16 6.27 62.82 23.14 3.55
T2_08 400 0.98 0.97 0.96 0.98 −1.35 6.43 67.74 24.18 3.49
T2_09 450 0.99 0.98 0.97 0.98 −0.96 5.85 52.05 16.73 3.26
T2_10 500 0.98 0.97 0.98 0.98 1.42 5.59 54.26 25.16 3.15
T2_11 550 0.98 0.98 0.98 0.98 1.80 5.72 57.80 27.27 2.99
T2_12 600 0.99 0.97 0.97 0.98 0.62 5.27 45.28 22.02 2.98
T2_13 650 0.99 0.98 0.98 0.99 −0.08 5.49 55.31 27.80 2.98
T2_14 700 0.98 0.98 0.97 0.98 0.27 4.88 40.18 17.09 2.57
T2_15 750 0.99 0.99 0.98 0.98 0.26 4.85 41.42 25.71 2.52

Figure 5. Percentage error (PE) variation as a function of the amount of input data.

3.3. Test 3—Influence of Input Variables

From the application of the ANNs of Test 3 to the ‘testdata’ database, where the input
variables are studied, the ANN with the lowest ME was T3_07, with an ME of 0.21 min. The
ANN with the lowest MAE was T3_01, with an MAE of 4.85 min. With an MSE of 41.42 min,
T3_01 was the best ANN in this parameter. The smallest maximum error recorded was
20.20 min and occurred in T3_07. The ANN with the lowest percentage error was T3_01,
like T1_07 and T2_15, with a PE of 2.52% (please see Table 5).
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Table 5. Regression and error of the ANNs from Test 3.

Test
Input

Variables

R Error

Train Validation Test Total ME (min) MAE (min) MSE (min) EMax (min) PE (%)
T3_01 Q + V 0.99 0.99 0.98 0.98 0.26 4.85 41.42 25.71 2.52
T3_02 Q + A 0.96 0.95 0.95 0.95 2.13 8.90 143.17 42.02 4.58

T3_03 V + A 0.97 0.95 0.97 0.97 −2.76 6.65 68.63 23.18 3.21

T3_04 QT + VT 0.72 0.76 0.74 0.73 1.89 18.85 600.44 67.70 10.26

T3_05 QT + AT 0.79 0.81 0.85 0.80 30.06 31.46 1373.17 91.06 14.66

T3_06 VT + AT 0.83 0.83 0.84 0.83 25.90 27.23 1154.57 105.98 12.54
T3_07 Q + V + A 0.99 0.98 0.97 0.98 0.21 5.74 52.53 20.20 2.77
T3_08 Q + VT 0.89 0.85 0.86 0.88 18.37 19.17 561.75 67.30 8.44

T3_09 Q + AT 0.93 0.93 0.94 0.93 1.80 8.98 133.10 32.55 4.43

From the training of the networks for Test 3, it can be concluded that:

• The networks T3_01 and T3_07 are the ones that showed the best training sample
results, exhibiting an R value of 0.99;

• The best R value obtained for validation samples was the one obtained for T3_01;
• The T3_01 network also showed the best R results for the training sample, with a value

of 0.98;
• The networks that showed the best overall results (Total) were the T3_01 and the T3_07

networks, with a R value of 0.98.

4. Discussion

The results obtained with Test 2 allowed for concluding something already expected,
namely, that by increasing the number of data provided to the ANN, the learning process
leads to high accuracy results, and thus the amount of data introduced in the future should
be even higher, allowing for more accurate predictions. This directly results from the
observations of Table 4 and Figure 5. This trend was previously argued by Tay and Cao [56],
namely, that ANN results depend to a large extent on the amount of data provided to the
system, being a time-consuming task.

Based on the results previously described, it can be stated that many network architec-
tures have provided very accurate results, with eight architectures showing errors lower than
3.15% (96.85% accuracy), which can be considered an excellent result in terms of machining
cost prediction. This result is less than those previously obtained by other researchers [57],
who reported average accuracies of about 98.5% using ANNs, which has been shown to be
a more accurate method to detect the different blends of fuel than RSM (response surface
methodology) methods. Moreover, another study [58] about predictions of AISI 1050 steel
machining performance has shown that ANNs presented the most accurate prediction
value (92.1%), which is below the accuracy provided by the eight different architectures
used in this work. In that work [58], it remains clear that ANN can provide more accurate
values than other prediction techniques, such as the adaptive neuro-fuzzy inference sys-
tem (ANFIS), which provided an accuracy of 73% compared to the 92.1% achieved using
ANN. Saric et al. [55] also claimed an error of 2.03% using back-propagation neural networks
in the estimation of CNC machining times. However, using self-organizing map neural
networks, the results are less accurate, showing errors of about 10.05%. Ning et al. [52] used
as a training dataset 21,943 features, and 4338 for validation, obtaining an accuracy of 97.7%,
which is very similar to that achieved through this work. Thus, it is expected that a higher
number of features used for training of the model can contribute to a better accuracy of the
predictions, but too much data cannot contribute to accuracy improvement and can cause
higher computing time, which can be unnecessary.

Regarding Table 5, the best results were obtaining using as input variables the volume
of removed materials (V) and the total number of elements of each feature (Q). Indeed,
the second most accurate result was obtained using the same variables plus the machined
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surface area (A). However, adding this variable, the results started to degrade. Among
the other combinations considered in this work, only the Q + A combination presented
acceptable results, together with the combination Q + At. Thus, it is possible to infer that
the volume of removed materials plays an important role in terms of keeping the accuracy
as high as possible, which can be combined with V for the best results and combined with
A for close to the best results.

5. Conclusions

This work allowed us to analyze, study, and test the applicability of artificial neural
networks in estimating machining times. One of the main contributions of the presented
work is the development of an ANN that predicts the machining time of standard parts for
plastic injection molds with a percent error of 2.52%.

The application of ANNs in this work proved to be a quick and efficient way to estimate
machining times. The introduction of the total quantity and volume of each of the most
common features regarding the standard parts proved to be sufficient for this purpose, and it
was not necessary to detail individually in the training of the networks the dimensions of
each element to be machined. The specification of each element to be machined would make
the presented method slower, which would not meet the proposed goals.

The different tests carried out demonstrated that:

• Network architectures had a minor influence on the accuracy of ANNs;
• The amount of data used in network training proved to be of great importance. The

ANNs trained with a more significant number of data had a lower percentage of error
and better training values. However, excessive amounts of data were time-consuming
in terms of computing and did not generate significant gains in terms of accuracy;

• The decrease in the percentage of error of the trained network was less accentuated as
the number of data used in training increased;

• The volume of removed material and the total number of elements to be machined
proved to be the input variables that provided the lowest percentage error, i.e., the
best accuracy of predicted machining costs;

• Contrary to what would be expected, the introduction of the area to the quantity and
volume of each group of elements did not represent a decrease in the percentage error;

• The variables total amount of elements to machine, total volume to machine, and the
total area to machine did not show good results. This fact indicates that it is necessary
to at least group the elements to be machined in similar groups;

• In all tests, a good relationship was confirmed between the regression results of the
network training and the percentage error results.

The present work brings new knowledge about the possibility of applying ANNs in
the estimation of machining times, which is not very common in the recently analyzed
literature. This enables the use of these methods in industry sectors, such as the mold
industry, enabling the determination of the machining time and overall production cost
of standardized mold parts. However, there are some current limitations of the proposed
work. This study was developed for an application regarding the production of mold parts,
and although this methodology can be employed in other industry sectors (particularly
machining sectors of standardized parts), this would involve calibration and training of
new ANNs. Despite this fact, this work highlights the use of ANNs compared to more
time-consuming and expensive alternatives when determining operation times and costs.
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