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Fermin Bañon, Bartolome Simonet, Alejandro Sambruno, Moises Batista and Jorge Salguero

On the Surface Quality of CFRTP/Steel Hybrid Structures Machined by AWJM
Reprinted from: Metals 2020, 10, 983, doi:10.3390/met10070983 . . . . . . . . . . . . . . . . . . . . 125

Irene Del Sol, Asuncion Rivero and Antonio J. Gamez

Effects of Machining Parameters on the Quality in Machining of Aluminium Alloys Thin Plates
Reprinted from: Metals 2019, 9, 927, doi:10.3390/met9090927 . . . . . . . . . . . . . . . . . . . . . 147

Antonio Rubio-Mateos, Asuncion Rivero, Eneko Ukar and Aitzol Lamikiz

Influence of Elastomer Layers in the Quality of Aluminum Parts on Finishing Operations
Reprinted from: Metals 2020, 10, 289, doi:10.3390/met10020289 . . . . . . . . . . . . . . . . . . . 159

Fernando Berzosa, Beatriz de Agustina, Eva Marı́a Rubio and J. Paulo Davim

Feasibility Study of Hole Repair and Maintenance Operations by Dry Drilling of Magnesium
Alloy UNS M11917 for Aeronautical Components
Reprinted from: Metals 2019, 9, 740, doi:10.3390/met9070740 . . . . . . . . . . . . . . . . . . . . . 175
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1. Introduction and Scope

Though new manufacturing processes that revolutionize the landscape regarding the
rapid manufacture of parts have recently emerged, the machining process remains alive
and up-to-date in this context, always presenting itself as a manufacturing process with
several variants and allowing for high dimensional accuracy and high levels of surface fin-
ish [1–3]. Indeed, machining has numerous aspects that constantly need to be investigated
due to the constant evolution of materials to be machined, the materials and geometry
of tools, and the evolution of coatings normally applied to the tools’ surfaces [4–6]. In
view of this evolution, the parameters used in machining also need to be optimized, thus
contributing to increased attention by researchers in this area of manufacturing [7–10].
In fact, metal alloys have significantly evolved in terms of properties, which poses addi-
tional challenges for research [11–13]. The market’s demand for new alloys that need to
meet increasingly demanding requirements is a constant, thus creating a greater diversity
of alloys in the market and new challenges in their processing in order to achieve the
characteristics required by customers. When the requirements are truly challenging, it
becomes necessary to make polymeric or metallic matrix composite materials, creating
even more demanding challenges in their processing that have further expanded the re-
search field in the machining area [14–16]. Composite materials still have a huge margin
of progression in terms of research, which will also allow the scientific community linked
to the manufacturing processes to continue to have a lot of available topics to explore.
For example, the chip that can be formed during the machining processes has been the
subject of several studies because chip formation provides valuable and useful information
about the way the machining process is being conducted and can provide information
on the problems related to its removal from equipment and occupied space [17–19]. Dry
machining has always been a great challenge [20] because lubrication causes environmental
problems [21] and, in some cases, is not even allowed. Thus, aspects related to lubrication
in machining have also been widely explored by using techniques that seek to minimize
the use of lubrication (minimum quantity lubrication) [22,23]. On the other hand, the
need to increase productivity levels has not only resorted to the science of materials and
technological processes to offer the industry the necessary means to produce with the
necessary quality at increasingly competitive costs but also captured the attention of the
industrial engineering field [24,25]. This has led to numerous research projects aimed at the
development of models and procedures that allow for the optimization of all operations
involving machining processes, as well as some tools used in the process itself, such as
more advanced jigs [26].

Recently, new research opportunities have opened up because machining operations
are largely linked to the concepts of Industry 4.0. In fact, the operations traditionally
developed between equipment can be integrated by using computer systems with greater
decision power, making the whole production process much more agile [27,28]. The con-
cepts of Industry 4.0 have also made it possible to develop other areas around machining,
namely the concept of “machine learning,” which allows for the creation of standard figures
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that can be recognized by equipment and thus allowing for greater integration between
CAD (Computer-Aided Design) and CAM (Computer-Aided Manufacturing) [29,30]. Simi-
larly, the measurement operations of tools and machined parts bring new challenges that
are also being scientifically explored [31]. The vibration index and cutting forces devel-
oped in tools, which naturally evolve with wear, can also be properly monitored to bring
added information to the process and allow for the automation of tool change decisions or
maintenance interventions for equipment [32,33].

Bearing in mind all the previously mentioned factors, it is easy to realize that there
is innumerable research to be continuously developed in this field of investigation. Thus,
this Special Issue intended to gather contributions from different authors in the field of
machining, allowing for its easy dissemination and thus contributing to an increase of
knowledge of the scientific community that works hard in this area.

2. Contributions

The contributions received for this Special Issue are high-quality and show how active
the research around machining processes is. Three of the studies contained in this Special
Issue are related to the chip formation and cutting behavior that are registered during
the machining process. In the work “Assessment of Chip Breakability during Turning of
Stainless Steels Based on Weight Distributions of Chips” developed by Du et al. [34], the
breakability of the stainless-steel chip is studied in the turning of these alloys by using
a new methodology: the weight distribution of chips. This methodology was shown
to present very consistent results in the evaluation of the way a part is trimmed, thus
allowing one to perceive the machinability of a given alloy and allowing for a comparison
with similar ones. The study was developed on an AISI 316L alloy, using one without
treatment and another with treatment and showing that the treatment drastically modified
the breakability of the chip. Even though the chip looked very similar for both cases, the
developed method showed that the obtained results were significantly different, showing
how this methodology can be useful in other analyses. On the other hand, the work
entitled “Predicting Continuous Chip to Segmented Chip Transition in Orthogonal Cutting
of C45E Steel through Damage Modeling” performed by Devotta et al. [35] integrated
dynamic strain aging in the Johnson–Cook model, which is usually used to modelling
machining processes, while also using the Voyiadjis–Abed–Rusinek approach. In this way,
it became possible to predict the transition from a continuous chip to a discontinuous
chip regarding the widely used C45E steel, depending on the rake angle and feed rate
while keeping the cutting speed constant. The main outcome of the study was to discover
that chip segmentation intensity and frequency are sensitive to fracture initiation strain
models. Additionally, using the finite element method, but now based on an AA2024 T351
aluminum alloy, Muhammad Asad [36] studied the influence of the tool’s geometry, namely
hone and chamfer, on chip segmentation and burr formation. The study demonstrated
an increasing trend in the degree of chip segmentation and end burr as hone edge tool
radius or chamfer tool geometry macro parameters concerning chamfer length and angle
increased. With the development of this work, a model that helps in the definition of the
best tool geometry and the optimization of the cutting parameters was obtained, with the
aim to increase productivity, minimize the formation of burr, and avoid the formation of
a continuous chip. The quality of a machined surface is also present in this Special Issue.
In order to minimize the problems reported in the quality of finishing of aluminum parts,
Rubio-Mateos et al. [37] studied the introduction of elastomeric systems to support parts to
be machined, with a view to dampening any vibrations during the finishing process of soft
materials. For this, nitrile butadiene rubber (NBR) was used. A suitable flexible vacuum
fixture was also developed, allowing for the easy implementation of the system in the
manufacturing process. Different sets of parameters that varied the degree of compression
imposed on the flexible system were tested, verifying that it perfectly accommodated
these variations. Thus, the main outcome of this work was the establishment that the
milling operations of the AA2024 alloy can benefit from more flexible fixations to the
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detriment of very rigid jigs. Del Sol and Rivero [38] also investigated the parameters
that could give rise to skin panel and thin plate components obtained by machining,
thus eliminating the need to use chemical milling in the manufacture of parts for the
aeronautical industry because the rigidity presented for this type of parts is quite low. The
study was essentially conducted by using the experimental pathway, measuring the cutting
forces that developed during the process and keeping the surface roughness within the
imposed limits. The correct selection of the cutting parameters led to a 40% reduction in
the thickness variation of the components and a 20% decrease in the cutting forces, which
makes the clamping process of parts easier. The study also resulted in the creation of
a model capable of monitoring the quality of the process based on the measurement of
equipment power consumption. The work of Berzosa et al. [39], entitled “Feasibility Study
of Hole Repair and Maintenance Operations by Dry Drilling of Magnesium Alloy UNS
M11917 for Aeronautical Components,” also investigated the best set of parameters to be
used for drilling holes in magnesium alloys, which are increasingly used in the aeronautical,
aerospace, and even automotive industries. The study of the parameters allowed for an
improvement of the surface quality obtained in holes made in that alloy, mainly in repair
or maintenance operations. Additionally, based on the aeronautical industry, Martín
Béjar et al. [40] investigated the macro-geometric deviations reported in the turning of a
UNS A97075 alloy, verifying that the parts provided with a lower stiffness presented a
greater sensitivity to macro dimensional deviations when adjusting parameters. It was
once again verified that feed speed is the parameter with the greatest influence on the
deviations recorded during the turning process. Based on the obtained results, models
that allow for the prediction of macro dimensional deviations as a function of machining
parameters were presented. Bañon et al. [41] carried out a quality study of the cut surface
in structures composed of different materials. In that case, the abrasive waterjet cutting
of a mixed structure of CFRTP (carbon fiber-reinforced thermo-plastic) with steel was
studied, which presented quite different behaviors under the same cutting conditions. Two
different stacking configurations were studied to investigate different sets of parameters
that would lead to lower levels of roughness in waterjet cutting when using abrasives. The
experimental work made it possible to draw several diagrams that enabled the correlation
of the cutting parameters with the cut surfaces’ quality. The sustainability related to
the machining processes is also represented in this Special Issue. Indeed, sustainability
can be explored in its most diverse aspects because productivity is fundamental but
environmental impact—with important factors such as power consumption, the minimum
use of lubricants/coolants, and social issues in which health conditions at work and
ergonomics must be respected—cannot be ignored. Iqbal et al. [42] investigated the use
of cryogenic coolants in the machining of the Ti6Al4V alloy, which is widely used in
aeronautics. At the same time, they tried to optimize the parameters with a view to
minimizing the consumption of tools by acting on the parameters of the milling process.
As main outcomes, it was found that micro-lubrication was more effective than cryogenic
cooling with CO2 or liquid nitrogen; it could increase tool life while also improving the
surface quality of machined parts, reducing energy consumption, and reducing the overall
cost of process. These authors also verified that the high levels of cutter’s helix angle and
cutting speed clearly contributed to an increase in process sustainability. Diaz-Álvarez
et al. [43] also investigated new cutting parameters in the turning of the Haynes 282 nickel
alloy while avoiding the use of lubricants/coolants. The used coated tools allowed them
to optimize the cutting parameters, making it possible to obtain roughness values in the
machined parts as low as those obtained using lubricants/coolants. The proper selection
of parameters also kept the cutting forces as low as those obtained with lubrication, as
well as extending the tools’ life. In this way, the process can become more environmentally
sustainable without jeopardizing product quality or economic sustainability.

In addition to the aforementioned works, this Special Issue also presents two wide-
revision works [5,8], one on the use of coated tools in turning and another that performs
an in-depth study of the literature on TiAlN-based coatings for both the turning and
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milling processes, focusing on coatings developed around that same coating, providing
information on recent uses of these coatings and what elements are used in the fabrication
of these types of coatings, showing their mechanical properties, and providing information
on their machining performance and application. Each of the reviews is based on more than
one hundred references, thus allowing for the deepening and discussing of innumerable
ideas taken from a wide range of works. These works constitute a great base of work for
MSc and PhD students who are starting in the area by providing (in a concentrated way) a
wide range of knowledge in these areas, from the cutting performance of various coated
tools in machining processes to the study of the different wear patterns and mechanisms
that these tools suffer during the machining process.

3. Conclusions and Outlook

Through the research collected in this Special Issue, it can be noted that there is much
work regarding the machining process, in its most diverse aspects, to be continuously
carried out because there is still a huge margin of progression in almost all aspects of
machining. In this Special Issue, some excellent examples of the most recent developments
in this area are shown, with special emphasis given to optimizing parameters, increasing
the quality of machined surfaces, and improving the sustainability of the process. Very
important information is also provided regarding tool coatings, with a view to extending
cutting tools’ working life, which will certainly be useful for those who conduct research in
this area or for young students who want to start their studies in this field of knowledge.

The continuous search for greater productivity in machining and for increases of tools’
working life (always based on the improvement of the global sustainability) will lead to
more and more research in this area that will continue to be collected and disseminated, thus
allowing this process to continue to be competitive and capable of producing high-quality
parts. Thus, the research around machining processes will surely remain challenging.

Conflicts of Interest: The author declares no conflict of interests.
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Abstract: The machining process is still a very relevant process in today’s industry, being used
to produce high quality parts for multiple industry sectors. The machining processes are heavily
researched, with the focus on the improvement of these processes. One of these process improvements
was the creation and implementation of tool coatings in various machining operations. These coatings
improved overall process productivity and tool-life, with new coatings being developed for various
machining applications. TiAlN coatings are still very present in today’s industry, being used due
to its incredible wear behavior at high machining speeds, high mechanical properties, having a
high-thermal stability and high corrosion resistance even at high machining temperatures. Novel
TiAlN-based coatings doped with Ru, Mo and Ta are currently under investigation, as they show
tremendous potential in terms of mechanical properties and wear behavior improvement. With the
improvement of deposition technology, recent research seems to focus primarily on the study of
nanolayered and nanocomposite TiAlN-based coatings, as the thinner layers improve drastically these
coating’s beneficial properties for machining applications. In this review, the recent developments
of TiAlN-based coatings are going to be presented, analyzed and their mechanical properties and
cutting behavior for the turning and milling processes are compared.

Keywords: machining; milling; turning; tool coating; TiAlN; TiAlN-based coatings; multilayer;
nanolayer; wear mechanisms

1. Introduction

Machining remains a very important process, with the machining industry in con-
tinuous growth in recent years, and still having a considerable expected growth in the
following years. The turning and milling process are the most used machining processes;
however, the drilling process is quite relevant for the machining industry as well. This
importance of the machining processes is based on the high demand for high-quality and
complex parts for various industry applications such as, the aeronautical and the aerospace
industries [1,2]. These two industries benefit specially from the machining process, as it
can produce highly complex parts accurately, by employing 5-axis machining methods
or even 6-axis machining methods, enabling the complete production of complex parts,
from the raw material to the final part, without the need to stop [3,4]. The need for these
types of parts also creates the need for process improvement, by reducing machining
times, improving tool-life or by applying new machining methods. These topics are still
researched recently, with many being focused on the tool used for the machining process,
as the tool directly influences the machining process’s productivity, with studies being
made on the creation of new and improved tool designs, such as the study performed by
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Siddiqui et al. [5], where the development of a self-lubricated textured tool and its employ-
ment in the dry turning of aluminum alloy Al6061- T6 is described. The textured cutting
tool allowed for the use of MoS2 as a solid lubricant. It was found that this novel design
significantly reduced the wear of the tool (by up to 35%), and also, the cutting temperature
was reduced by up to 40% when compared to turning with the conventional tool under dry
machining conditions. Still regarding the development of new tools and methods, there
have also been improvements regarding the cemented carbide tools used, for example,
gradient carbide tools [6] (with different layers with different values of hardness) have
been developed. This enables one to tailor the base tool (uncoated substrate) to a certain
machining application, conferring the tool with increased wear resistance. There have been
some studies conducted on this topic, such as this study performed by Zhou et al. [7] where
various gradient cemented carbides (coated and uncoated) are tested in machining tests of a
titanium alloy. It was found that the gradient’s layer thickness influences the cutting perfor-
mance and that this thickness can be altered by changing the composition of the cemented
carbide itself. Moreover, the tool with thicker layers exhibited the best cutting performance,
suffering less wear damage. This is a very interesting study, as the base tool offers a
better set of properties (compared to normal cemented carbide tools) that, when combined
with a tool coating, will improve even further the tool’s performance. Tool coatings have
greatly contributed to the machining sector since they were first developed, but there is
still room for improvement in this area and thus, recent studies made on machining tools
also focus on the employment of coatings to machine certain materials, especially titanium
alloys [8], aluminum alloys (these aluminum alloys are primarily applied to the aerospace
and aeronautical industry, with some applications in the automotive industry) [9,10] and
hard-to-machine materials such as Inconel [11], given that these materials are heavily used
in the production of parts for the aeronautical industry. These studies are very important as
they provide valuable information on what coatings are best suited for machining a certain
material, or which coating to use when wanting to optimize the machining process [2,12].

Machining tools that are employed in today’s machining processes are usually coated
tools, either solid coated tools, machining tools with coated inserts, or just coated inserts in
the case of the turning process. The use of coated tools has greatly improved the machining
processes, enabling the machining of materials at higher speeds, when compared to regular
uncoated tools and inserts (steel and solid carbide tools) [13–15]. These coatings have
proved to be especially useful when it comes to improving tool-life and overall tool
performance, when machining materials with low machinability [16,17]. This is due to the
improvement of the mechanical properties of the tool by the coating, such as increased
hardness, oxidation resistance, toughness, thermal stability (ability to retain microstructure
at higher temperatures) and reduced friction coefficient. The employment of tool coatings
also contributes for a better surface quality of the machined part [18] and reduction of
the cutting forces developed during the machining process (especially due to reduction
in friction coefficient), still a very important aspect in today’s research of these cutting
processes [19]. However, regarding tool-tip temperature and machining temperature, it has
been reported that coated tools usually experience higher machining temperatures than
uncoated tools [20]. Yet this fact does not seem to negatively impact the coated tool’s life
(in most cases), since there are other factors that occur at the tool-chip interface, such as the
formation of a coating oxidation layer. Moreover, coatings can be tailored to fit a certain
application, and the introduction of multiple layers influences the coating’s properties [21].
These factors contribute to the tool’s life, with coated tools exhibiting overall less wear
when compared to uncoated tools, with numerous studies being conducted about this topic.
For example, in the study performed by Thakur et al. [22], the performance of uncoated
chemical vapor deposition (CVD) TiCN/Al2O3 bilayer and physical vapor deposition
(PVD) TiAlN/TiN multilayer coated tools was evaluated. These tools were employed
in the turning of Incoloy 825 at three different cutting speeds (51, 84 and 124 m/min).
The coated tools outperformed the uncoated tools, however, this margin increased for the
higher cutting speed values. Coated tools produced a better surface finish on the part
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when compared to the uncoated tools, furthermore, the PVD coatings suffered overall
less wear than the CVD coating, exhibiting the lowest value for friction coefficient of all
the tools (coated and uncoated). Regarding tool life, coatings improved greatly in this
aspect, with the uncoated tools lasting only 90 s, and the CVD and PVD tool lasting for
28 and 40 min, respectively. Studies such as these are very important for the optimization
of machining processes, providing valuable information regarding coating application
and material machinability. Moreover, studies such as these highlight the value that tool
coatings have when employed in machining processes, especially in improving tool-life
and part production quality.

Coatings are usually obtained by two different processes, either by CVD or by PVD,
with some differences between the two processes [23]. The CVD deposition process was
the first to be invented, being used then for the deposition of TiN and TiC coatings in
the 1960s, as a response to the tool life problem, then present in the machining industry.
CVD produces coatings by having a precursor pumped inside of a reactor (the flux of
this precursor is regulated by valves). The precursor molecules pass by the substrate
(placed inside the reactor) and are deposited on its surface, giving origin to a thin hard film
that has a relatively uniform thickness throughout the substrate’s surface. The working
temperature of this process is quite high, reaching temperatures of up to 900 ◦C. The PVD
process was developed after the CVD, having some advantages when compared to it,
such as a lower deposition temperature and the ability to create different types of coating
(such as the TiAlN coating, created as an improvement over the TiN coating). The first
coating deposited by this technique was TiN coating, achieved in the 1970s [24]. PVD
consists of various methods, such as evaporation, sputtering and molecular beam epitaxy
(MBE). Regarding sputtering, the coating is achieved by placing a magnetron near the
target (containing the elements that are going to be part of the coating), in a vacuum reactor
chamber. An inert gas is then introduced in the chamber, then a high voltage is applied
between the target and the substrate also placed inside the reactor chamber, causing the
release of atomic size particles from the target. These particles are projected onto the
substrate, causing the formation of a thin solid film. In the evaporation technique, however,
the target itself acts as an evaporation source, while the sample’s material works as a
cathode, the target material is heated at a high vapor pressure, which causes particle to
release and be dispersed inside de reactor. The gas that is being pumped inside the chamber
clashes with these particles, causing their acceleration, which in turn creates a plasma that
will be deposited onto the substrate’s surface. This process, contrary to the CVD process,
runs at a much lower temperature, under 500 ◦C. Thus, PVD obtained coatings can be
deposited onto steel substrate and cemented carbide tools without negatively impacting the
properties of these types of substrate. Furthermore, the PVD process does not involve the
use of any toxic precursors, unlike the CVD process, and is more energy efficient, having a
considerably lower energy consumption than the CVD process [25,26].

Choosing the right coating deposition method is very important, as seen in the previ-
ous paragraph. Different techniques confer the coatings with different properties, being
increased mechanical properties, adhesion properties and even residual stresses. Both CVD
and PVD methods have certain advantages and disadvantages, for example, CVD coatings
are very difficult to deposit onto steel substrates, due to high deposition temperature.
However, there have been studies that seek to solve this problem, by implementing an
interlayer, between the coating and the substrate, that will protect the substrate during the
deposition of the outer coating [27,28]. Regarding the PVD process, due to its deposition
temperatures, usually, good adhesive strength of coatings can be achieved when these
are deposited onto steel substrates [29]; however, this process is a line-of-sight process,
which means that coating deposition on complex geometries is considerably harder when
compared to CVD. Moreover, the control of the thickness throughout the substrates surface
is also harder. These problems can be attenuated by using a different PVD process, such
as pulsed high-power sputtering [30]. However, this can come at a cost, such as inducing
excessive residual stresses in the coating or even sacrificing adhesive strength. These two
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deposition processes (CVD and PVD) also influence machining performance, for example,
PVD coatings are usually thinner than CVD coatings, however, there are some studies that
report coatings with thicknesses up to 15 μm [31]. This coupled with the fact that PVD
coatings exhibit compressive stresses, makes the cutting edge of the coated tool a very
strong and resistant edge, making these types of coatings ideal for finishing operations,
whereas in the case of CVD coatings, these exhibit tensile residual stresses and are usually
thicker, making them more suited for roughing operations where, for example, a high
material removal rate is preferred [32–34]. The control over these coatings properties makes
them very versatile, moreover, they can be specifically made for a certain application, ex-
periencing various combinations of coating’s structures and compositions. Coatings are
not only used on tools for metal cutting operations [35,36], their mechanical properties,
high wear resistance, high temperature resistance and high corrosion resistance makes
them very appealing for a wide range of applications. For example, they have seen some
recent use in wood cutting processes [37], medical applications [38], mold industry [39],
automotive (especially for brake pads) [40] and even being deposited in alloys used for
nuclear fuel cladding [41,42].

As previously mentioned, the PVD process involves various methods for the deposi-
tion of coatings. These methods influence not only coating composition, but their properties
as well. These methods are primarily divided into two groups: sputtering and evaporation.
All these methods can be observed in Figure 1.

Figure 1. Physical vapor deposition (PVD) techniques currently being used in the production and
deposition of coatings [27].

Currently, the most used method to produce PVD coatings is the direct current method
(DC) for magnetron sputtering; however, there seems to be a shift in the use of these
techniques to ones such as, unbalanced magnetron sputtering (UBMS) [25,26] and the
high-power impulse/pulse magnetron sputtering (HiPIMS/HPPMS), the latter rising in
popularity in recent years. There are several studies conducted regarding these deposition
techniques, as they confer the coating with different properties, more suited to certain
applications. For example, in the study carried out by Romero et al. [43], an evaluation of
microstructure and tribological performance of TiAlTaN-(TiAlN/TaN) coatings has been
observed. Various coatings of this type were deposited onto AISI M2 steel, the deposition
consisted of a first layer of TiAlN/TaN followed by a second layer of TiAlTaN. In total,
four combinations with different volume fractions for each layer were tested. Furthermore,
the deposition was achieved by DC sputtering using two magnetrons and two targets,
and by controlling the substrate rotation speed. The authors were able to control the
coating’s architecture, and thus their mechanical properties, by varying the rotation speed
of the substrate during deposition. They were able to find the best values for the volume
fractions of each layer, concluding that the combination of 48% TiAlTaN and 52% of
TiAlN/TaN exhibited the best balance between adhesion properties, hardness (29 GPa) and
friction coefficient (0.68). Recently, there have been some studies highlighting the benefit
of some deposition techniques such as HiPIMS, linking this technique with an increase in
mechanical properties and a betterment of adhesion properties. Zauner et al. [44] studied
the influence of the HiPIMS parameter choice in the properties of TiAlN films, by using
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a TiAl composite target in mixed Ar/N2 atmospheres. The parameters in question were
the pulse frequency and duration, the N2 flow ratio, target composition and substrate bias
voltage. The authors found that changing these parameters has a great influence on the final
coating’s properties, even enabling the control of the coating’s structure. The authors claim
to obtain hardness of the TiAlN coating of up to 36 GPa. Still regarding the influence of
deposition parameters in the coating’s properties, in the work performed by Zhao et al. [45]
the influence of the bias voltage chosen during deposition of TiAlN coatings is evaluated.
Coatings have been fabricated using a multi-arc ion plating device. Various values for
this parameter were tested, the lowest value of bias voltage being −40 V and the highest
value being −120 V. The lowest value produced the coating with superior toughness, being
the most suited for cutting applications. Increasing the bias voltage resulted in a loss of
toughness, however, there was an increase in hardness and plasticity. Choosing the right
deposition technique is of great importance when fabricating a tool coating. Thus, there
have been some studies whose compare some of these techniques in the deposition of
tool coatings, as seen in the study presented by Tillman et al. [46] where a comparison
between DCMS (Direct Current Magnetron Sputtering) and HiPIMS in the deposition of
TiAlN and TiAlN/TiAlCN coatings is made. The films were deposited in heat-treated AISI
H11 steel, and the samples were evaluated regarding wear resistance and residual stresses.
The authors found that the coatings obtained by HiPIMS had significantly higher residual
stresses than the DCMS coatings. Furthermore, the adhesion of the coatings obtained by
DCMS was higher. However, the TiAlN coatings deposited by HiPIMS displayed higher
wear resistance than the other coatings obtained by DCMS. The problems presented in the
last study have been researched as well, with some solutions for the adhesion problems
and the higher compressive stresses of HiPIMS coatings being presented, such as the use of
substrate surface texturing methods using etching process, which can help increasing the
coating’s adhesion and relieve excessive compressive stresses [47]. There are also some very
recent studies on a novel deposition technique that can produce high ionization rates like
the HiPIMS method. This method is the Continuous High-Power Magnetron Sputtering
(C-HPMS). Liu et al. [48] studied TiAlN coatings obtained by this technique. The authors
were able to obtain a coating with a very high hardness value (34.4 GPa) and a good
adhesive strength (75 N). Moreover, the deposited coating presented very few particles
on its surface. The method described in this paper paves the way to obtain droplet-free
coatings and good mechanical properties by employing this method, presenting benefits
such as fast deposition rate and efficient ionization.

Evaporation methods are seeing some recent research as well, with DC arc evaporation
being the most common technique among them. However, some attention is being given to
the cathodic arc deposition method, with studies being made relating deposition method
and parameters to the coating’s overall properties [49], even relating rotation speed during
deposition and substrate orientation to the mechanical properties of deposited coatings [50],
such as the study previously presented [43]. However, this deposition technique is being
recently used mostly for the deposition and synthetization of borides and borides-related
coatings, which are unable to be obtained by DC arc evaporation [49,51].

Regarding coating characterization as it was previously mentioned, coatings can be
designed in order to fit a certain application, by controlling its architecture and composi-
tion, and thus, its microstructure and mechanical properties. There are various different
coating designs applied to substrates for a wide range of applications. These can be
observed in Figure 2.
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Figure 2. Different types of coating structure commonly applied to substrates [24].

The coatings can be identified as follows:

a. Monolayer (single layer) coating;
b. Bilayer (double layer) coating;
c. Gradient coating;
d. Multilayer coating;
e. Nanolayer coating;
f. Nanocomposite coating.

Different types of coating structure are chosen to deal with different kinds of problems,
for example, the use of a multilayer coating can improve significantly upon the properties
of the single layer coated tool. For example, a multilayered coating has significantly more
crack propagation resistance than a single layered coating. The number of layers contributes
to this, furthermore, an increase in the number of layers will also increase properties such
as hardness [24,52,53]. A scheme of how crack propagation usually behaves depending on
coating structure can be observed in Figure 3.

Figure 3. Crack propagation behavior for each of the common coating structure [24].

Layers can also be added to improve adhesion properties, enabling that the deposition
of the outer layer, usually the “work” layer, with high adhesive strength. Usually this
is done when the outer layer has problems with adhesion to the substrate. Coatings are
also characterized by their chemical composition. The elements that constitute the coating
confer it with different properties, as certain elements can improve properties such as,
corrosion resistance, wear resistance and even thermal conductivity. For example, the first
coatings (TiN) were improved by the addition of aluminum, creating the TiAlN coating.
This coating proved itself to be very useful in high-speed machining application, being
widely employed in many machining applications to this day, because they present an
oxide layer created between the tool–workpiece interface, thus conferring this coating
with high oxidation resistance [54–57]. Still regarding coating characterization, these
are also characterized by their microstructure. Different coatings have different types of
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microstructure, depending on the deposition method, composition and their architecture,
as described in the paper developed by Du et al. [58], where the effect of interlayers of Cr
and Ti on the structure of TiAlN based coatings is studied. The authors deposited four types
of coatings onto cemented carbide substrates, these being Cr/(Ti,Si,Al)N; Ti/(Ti,Si,Al)N;
Cr/TiAlN; and Ti/TiAlN. It was found that the presence of these interlayers influenced
the microstructure of the coatings. The Cr interlayer affects the growth of TiAlN based
coatings, with the structure of the coatings containing this interlayer exhibiting a mix
between columnar crystal morphology and equiaxed crystal morphology. In the case of
Ti interlayer, the morphology was columnar. The Cr interlayer also promoted a better
adhesion of the TiAlN based coatings onto it.

In this review paper the properties of TiAlN based coatings are going to be evaluated
and presented, based on the information collected from recent articles conducted on this
topic. The various types of coatings are going to be presented in the subsequent sections,
mentioning in more detail these coating’s properties such as, structure, microstructure and
composition and its influence on the coating’s mechanical properties, especially hardness
values and young’s modulus values. Moreover, the recent applications of these TiAlN based
coatings in machining are going to be analyzed, highlighting the coating’s performance
on the various machining process (primarily turning and milling). Still regarding coating
performance in machining, the wear mechanisms that these coatings suffer are also going to
be analyzed and compared between each-other, as the analysis of these wear mechanisms
gives very valuable information regarding the optimization and improvement of these
machining processes [39,43]. This review intends to fill an existing gap about structured
information regarding TiAlN-based coatings utilized in machining tools, mainly based on
the most recent developments published in this field. This information, regarding wear
behavior and the mechanical properties of the coatings, is going to be presented under
the form of tables in order to convey a clear and easy-to-read message. Furthermore, the
various types of structure of TiAlN-based coatings were divided into sections, with a section
for monolayered, multilayered and nanolayered TiAlN-based coatings being created.

2. TiAlN-Based Coatings

Since its development in the 1970s, the TiAlN coating offered a great opportunity for
enhancing tool life and performance for high-speed machining applications. Due to its
properties, TiAlN and TiAlN-based coatings are still among the most used coatings for
machining applications today, making them a very appealing research matter, with many
new coatings being tested and evaluated for a wide variety of machining applications.
Furthermore, recent studies also focus on the influence of new doping elements in the
properties of TiAlN-based coatings.

In this chapter, recent developments made on TiAlN-based coatings are going to be
presented, namely:

• The studies being conducted about monolayered TiAlN-based coatings, mentioning
the influence of doping elements (such as, Ru, Ta, Y and Mo) on the overall properties
of these coatings;

• Studies about multilayered coatings, presenting the new structures and composition
combination which are being employed recently and analyzing its influence on the
coating’s properties;

• Studies being conducted about nanolayered coatings, mentioning the recent develop-
ments being made on this topic, presenting the various structures and their benefits
when compared to the other types of TiAlN-based coatings.

In total, three coating types are going to be divided into subsections inside this section.
Additionally, the information regarding these coating’s mechanical properties, especially
Hardness and Young’s Modulus values, are going to be presented in a subsection for each
of the coating types. The wear mechanisms that these coatings suffer for various machining
applications are also presented, mentioning the wear behavior of these types of coatings
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and presenting the obtained values for tool life based on the information provided by the
various analyzed articles.

2.1. Monolayered TiAlN-Based Coatings

Regarding monolayered TiAlN-based coatings, recent research has been made on the
effects on the coating properties of doping TiAlN coatings with certain elements. It has been
found that the addition of certain elements to the coating can improve properties such as
corrosion resistance and wear behavior. Additionally, the addition of these elements is also
linked to an improvement in mechanical properties such as hardness and Young’s Modulus.
In the study performed by Yang et al. [59], the influence of Mo content on TiAlMoN films
is presented. The authors have produced five types of TiAlMoN coatings, varying the
amounts of Mo. Composition of the samples used in this work can be observed in Table 1.

Table 1. Chemical composition of the TiAlMoN coatings developed in the work presented
by Yang et al. [59].

Sample ID
Composition (at. %)

Ti Al Mo N

S1 27.6 24.1 2.8 45.6
S2 23.9 22.2 6.9 47.0
S3 17.8 18.0 8.3 54.9
S4 18.2 19.4 10.1 54.4
S5 16.4 16.7 12.1 54.8

The authors analyzed these coatings determining the mechanical properties for each
one of the produced samples. Furthermore, the microstructure of each of the TiAlMoN
films was analyzed. It was noticed that the hardness and Young’s Modulus increased with
the addition of Mo, reaching peak levels of hardness for 12.1% Mo content (S5), concretely,
and 50 GPa and 610 GPa for hardness and Young’s Modulus value, respectively.

Authors registered the influence of the Mo content on the microstructure, by obtaining
SEM images of the coating’s cross-section. This phenomenon can be observed in the
following images, starting with Figure 4, depicting the film’s structure with a Mo content
of 2.8 at. % (a) and 6.9 at. % (b).

Figure 4. SEM cross-section of the TiAlMoN films with differing Mo contents: 2.8 at. % (a); 6.9 at. %
(b), presented by Yang et al. [59].

It can be observed that at low Mo contents, the structure presents some columnar
grains, however, it is not yet uniform. This uniformization was registered at a Mo content
of 8.3 at.%. This can be observed in Figure 5.
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Figure 5. SEM cross-section of the TiAlMoN films with differing Mo contents: 8.3 at. % (a); 10.1 at. %
(b), presented by Yang et al. [59].

There is a change in the film’s structure at 10.1 at. % of Mo content, the film’s structure
starts becoming columnar, finally becoming fully columnar at a Mo content of 12.1 at.%. The
latter structure exhibited face-centered cubic TiN-based phases with a preferred orientation.
The film’s structure with a 12.1 at. % Mo content is displayed in Figure 6.

Figure 6. SEM cross-section of the TiAlMoN films with differing Mo contents: 12.1 at. %, presented
by Yang et al. [59].

The addition of Mo can also improve the wear behavior of the coating, however, the
wear behavior of the TiAlMoN films did not increase with the Mo content, as seen for the
mechanical properties. The coating’s that exhibited the best wear behavior was the S3
coating, with a Mo content of 8.3 at. %. This is based on the toughness and mechanical
properties of the film. One way to evaluate the wear performance of the film is by the
analysis of the H/E (Hardness/Young’s Modulus) ratio. This ratio can be related to the
film’s toughness; however, it provides information regarding the plastic deformation of
the film (with high H/E ratio values being tied to high plastic deformation resistance).
The S3 coating displaying the highest value for this ratio, among all the other TiAlMoN
coatings. Still regarding the influence of Mo addition to TiAlN-based coatings, the work
presented by Tomaszewski et al. [60] also evaluated the influence of the addition of this
element, concluding that the addition of this element is linked to an improvement of
mechanical properties. Indeed, a small addition of up to 7.7 at. % allowed to report a
significant improvement on the wear behavior of the coating. The authors also registered
an improvement on the corrosion resistance properties of the coating, observing that the
coating exhibited an improved resistance to pitting corrosion.

The addition of Nickel to TiAlN-based coatings is also an interesting topic. Similar to
Mo, the addition of Ni to coatings also has an influence on the microstructure, as reported
by Yi et al. [61] in their study, where three samples of AlTiN-Ni with differing contents
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of Ni are analyzed and subsequently tested in the turning of Inconel 718. The analyzed
AlTiN-Ni coatings had 0%, 1.5% and 3% Ni. The AlTiN-Ni coatings were obtained via PVD
cathodic arc evaporation. Figure 7 shows the three cross-sectional images of the coatings.

Figure 7. AlTiN-Ni coatings with differing Ni contents: 0% (a); 1.5% (b); 3% (c), presented
by Yi et al. [61].

There is an evident change in microstructure depending on the Nickel content. Observ-
ing Figure 7a, the microstructure of the AlTiN-Ni coating is columnar. However, it can be
noted that the addition of Ni promotes a homogenization of the structure (nanocrystalline
structure). The authors registered the hardness and Young’s Modulus values for these
coatings. AlTiN-Ni with 0% Ni content exhibited the highest values for these properties
(26.2 GPa and 315 GPa for hardness and elastic modulus, respectively). These values
decreased with the increase in Ni content. For a Ni content of 1.5%, the values registered
for hardness and Young’s Modulus were 24.3 GPa and 315.8 GPa, respectively, seeing
another decrease to 20.9 GPa and 300.5 GPa for a Ni content of 3%. From these presented
values, the decrease in mechanical properties was not very accentuated from 0% to 1.5% Ni
content. Furthermore, the authors observed that the toughness of the AlTiN—Ni (1.5%)
coating was the highest of all the coatings, improving tool life by 160%.

Still regarding the addition of elements to TiAlN-based coatings, in the study carried
out by Liu et al. [62], the addition of Ruthenium (Ru) to TiAlN coatings is performed
and evaluated. The authors compared the microstructures of base TiAlN coating and
two other coatings with differing Ru contents—7% and 15%, respectively. As seen in the
work presented above [61], it was noted that the Ru addition promoted a change in the
coating’s microstructure, and similar to the addition of Ni, it promoted a homogenization
of the microstructure. By analyzing Figure 8, the microstructure changes from a columnar
structure to a homogenous structure.
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Figure 8. SEM cross-sectional image of TiAlN coatings with different Ruthenium contents: 0% (a), 7% (b), 15% (c), presented
in the study carried out by Liu et al. [62].

An increase in mechanical properties was also registered for the coating with 7% Ru
(33.15 GPa and 498.55 GPa for hardness and Young’s Modulus, respectively), however,
the coating with 15% Ru content showed a decrease in hardness and Young’s Modulus
value, even when compared to the base TiAlN coating. Other elements, such as Ytrium
(Y) and Tantalum (Ta), are linked to an increase in properties for TiAlN-based coatings,
as seen in the study performed by Aninat et al. [63], where the addition of Y is linked to
an increase in hardness values. Ta, however, did not have a significant influence on the
coating’s mechanical properties, influencing the amount of residual compressive stresses
of the coating, which is linked to the wear behavior of the coating. Ta coatings exhibited
a better wear behavior, whereas Y doped coatings exhibited overall better mechanical
properties. Regarding coating residual stress control, this factor has also been linked to
coating thickness, with this being analyzed by Chandra et al. [64]. In total, three TiAlN
coatings with differing thicknesses were studied. Their mechanical properties suffered
low variation, exhibiting a small decrease with a thickness increase. However, the residual
stresses are greatly influenced by the coating’s thickness, exhibiting higher values for
thinner coatings.

Another element related to a significant increase in mechanical properties is Silicon
(Si), significantly increasing hardness and Young’s Modulus values. TiAlSiN is an example
of a TiAlN coating doped with Si. As seen in [65], TiAlSiN coatings have better mechanical
properties and wear behavior when compared to TiAlN coatings.

Regarding recent improvements made on the properties and performance of TiAlN-
based coatings, in the study carried out by Chaar et al. [66] two TiAlN coatings with high
aluminum content and differing structures were studied. One coating had a fine-grain
structure, consisting of a mixture of cubic and hexagonal phases (dual-phase coating), the
other coating had a coarse-grain structure of cubic phase. It was found that, although
the coatings are very similar in terms of composition, their structure greatly impacts the
thermal behavior of the coatings, highlighting the advantage of controlling the coating’s
structure in order to obtain a desired result, especially in terms of thermal stability.

There have also been recent studies conducted on the improvement of TiAlN-based
coatings’ performance by applying texturing treatments to the substrates. These texturing
treatments are linked with a slight increase in wear behavior and mechanical properties.
Moreover, coating adhesion improves greatly in textured tools [67,68].

2.1.1. Machining Applications and Coating Wear Behavior

In this subsection the recent studies on machining applications of monolayered TiAlN-
based coatings are going to be presented. An analysis of recent studies was conducted on
the wear behavior of these coatings. The tool wear mechanisms suffered by monolayered
TiAlN-based coatings for milling and turning are going to be presented.
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Milling Process

The milling process has a huge presence in the machining industry, with many studies
being conducted about the improvement of this process, either by using new tool geome-
tries, coatings or by employing optimization techniques, such as the Taguchi method [43,69]
to optimize machining parameters. TiAlN-based coatings are also being researched, in
order to try and improve the various machining processes where they are employed. As
seen in the beginning of this section, using doping elements to improve the coating’s
mechanical properties [59–64]. Other approaches to improve the performance of these
coatings involve the study of coating behavior under experimental machining conditions,
or the study of the wear mechanisms sustained by these coatings during machining [39,43].
Ravi et al. [70] studied the influence of various lubrication methods on TiN and TiAlN-
coated tool’s performance. The authors conducted milling experiments under, dry, flooded
and cryogenic (liquid nitrogen) conditions. Furthermore, the tests were conducted at 75,
100 and 125 m/min of cutting speed. The cutting temperature and cutting force variation
were evaluated for all tools. It was observed that the use of the TiAlN-coated tool over the
TiN caused an increase in cutting performance, exhibiting a reduction of approximately
13% in cutting force for all cutting conditions. Moreover, the cutting temperature was 18%
lower for the TiAlN-coated tools when compared to TiN. Cutting temperature increased
with higher cutting speed values, however, cutting force values decrease for higher cutting
speeds. This was particularly evident for the cryogenic cutting conditions, where the
TiAlN-coated tools benefited greatly from this, exhibiting the lower cutting force value of
all tools for all cutting conditions. This force variation for all coated tools under the three
lubrication conditions can be observed in Figure 9.

Figure 9. Cutting force variation (N) for different cutting speed values, for TiN and TiAlN-coated
tools under the three different machining conditions, presented by Ravi et al. [70].

It was reported by the authors that in this case the main wear mechanism was ad-
hesion and abrasion, for all the cutting conditions, these effects being attenuated by the
employment of flooded and cryogenic cutting conditions, especially for the TiN coating.
The TiN-coated tool suffered more adhesive and abrasive wear than the TiAlN-coated
tool, this can be explained by the Al contained in the coating. This element can confer the
coating with better thermal properties, explaining the fact that these are less affected by the
temperature dependent adhesive wear. Still regarding the wear analysis of TiAlN-based
coatings, Siwawut et al. [71] evaluated the cutting performance and wear characteristics of
TiAlSiN and CrTiAlSiN coatings. These coatings were deposited by filtered cathodic arc
onto WC (Tungsten Carbide) inserts. The authors tested the coated tools and one uncoated
tool in the dry milling of cast iron turbine housings, using a range of 14–300 m/min for
cutting speed. Coating’s mechanical properties were evaluated, namely hardness and
Young’s Modulus values. The TiAlSiN coating exhibited the highest hardness value of
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all tools and the highest Young’s Modulus value of both the coated tools, although these
values have been very similar to those of the CrTiAlSiN. This produced a higher surface
finish quality when using the CrTiAlSiN-coated tool when compared to the CrTiAlSiN
coated tool. The H/E ratio of these coatings was also evaluated, as this ratio is strongly
correlated with wear performance. The CrTiAlSiN coating exhibited the highest value of all
tools (0.112), being followed by the TiAlSiN coating (0.105). The insert wear was analyzed
using SEM, whose images can be observed in Figures 10 and 11.

Figure 10. SEM micrographs of the TiAlSiN-coated WC insert, low magnification (a), and high magnification (of the zone
marked with a pink square) (b), presented by Siwawut et al. [71].

Figure 11. SEM micrographs of the CrTiAlSiN-coated WC insert, low magnification (a) and high magnification (of the zone
marked with a pink square) (b), presented by Siwawut et al. [71].

Both the coatings improved the wear behavior of the WC inserts, however, the Cr-
TiAlSiN coating performed better in this regard, exhibiting lower values for flank wear
and suffering overall less damage, when compared to the TiAlSiN-coated insert. The
authors observed that TiAlSiN-coated inserts displayed primarily ploughing abrasive wear
behavior, while the CrTiAlSiN-coated inserts exhibited wear related to thermal cracking
and partial coating delamination.

As mentioned previously, the level of residual stresses inside the coatings impacts their
properties and, thus, their machining performance [30,38,39,43]. There are some recent
studies made on this topic, as the work presented by Hou et al. [72], where the influence
of compressive stresses on the TiAlN-coated tool’s performance when milling Ti alloy
Ti-6Al-4V was investigated. Both coatings had the same composition and were deposited
onto the same substrate material, one of them was unaffected by compressive stresses
(Coating 1) and the other was affected (Coating 2). These coatings were characterized,
determining hardness and Young’s Modulus values, presented in Table 2.
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Table 2. Hardness and Young’s Modulus values determined for TiAlN coatings (Coating 1 and 2),
presented by Hoy et al. [72].

Coating
Hardness Young’s Modulus

(GPa) (GPa)

1 (Unaffected) 30.6 482
2 (Affected) 34.9 567

The residual stresses have a clear benefit for the coating’s mechanical properties,
with Coating 2 having an increase in hardness and Young’s Modulus values by 12% and
15%, respectively. These were then subjected to milling tests, having their wear behavior
analyzed. In Figures 12 and 13 the wear mechanisms sustained by the two coated tools can
be observed.

Figure 12. Wear patterns exhibited by Coating 1 after machining: SEM image of flank face (a); magnifi-
cation of area b (b); magnification of area c (c); magnification of area d (d). Presented by Hou et al. [72].

Figure 13. Wear patterns exhibited by Coating 2 after machining: SEM image of flank face (a);
magnification of area b (b); magnification of area c (c); magnification of area d (d). Presented
by Hou et al. [72].
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From Figures 12 and 13, it can be observed that the wear sustained by Coating 1 is
more intense than that of Coating 2, the former presenting more cracking and spalling than
the other coating. There is, however, material (titanium) adhesion on both the tool coatings.
The sustained flank wear over the cutting length for both coatings was also analyzed. The
authors determined that the wear was less intense on Coating 2. The wear behavior for
both coatings can be observed in Figure 14.

Figure 14. Flank wear measurements (μm) for various cutting lengths, for both coatings, presented
by Hou et al. [72].

Compressive stresses can improve the wear behavior greatly and reduce the wear,
as seen from Figures 12 and 13, because the coating unaffected by stresses suffered more
cracking, and subsequently, coating spalling damage, while the coating affected by com-
pressive stresses exhibited less cracking and less wear damage for equal cutting length
values. As the crack propagates deeper into the coating, high stress values can prevent this
crack propagation, retarding this damage.

As seen from presented recent works, there seems to be a focus on the optimiza-
tion/study of milling processes of hard-to-machine materials, as titanium alloys [72] and
some other alloys with high strength applied primarily to the aeronautical industry such
as aluminum, particularly from the 6000 and 7000 series [69]. Another of these alloys is
Inconel, with some recent works being conducted on the study of milling cases of this
alloy. TiAlN coatings have seen some application in the machining of this alloy, as seen
in the study performed by Sen et al. [73], in which the wear behavior of TiAlN coated
carbide tools is analyzed in the milling of Inconel 690. Similar to the study presented by
Ravi et al. [70], the authors have studied the influence of different lubricating conditions
on the performance of TiAlN coating, using flooding, MQL (Minimum Quantity Lubricant)
with palm oil, and MQL with 0.9% alumina enriched palm oil. Due to the high tempera-
tures developed during the machining of this material and its characteristic high hardness,
the wear mechanisms that were reported were mainly abrasion and adhesion. The wear
related to these mechanisms can be observed in Figure 15. This was registered for all the
lubricating conditions, however, the MQL 0.9% alumina enriched condition led to less
wear damage on the tool.

21



Metals 2021, 11, 260

Figure 15. Abrasion marks and adhered material on TiAlN coating after milling of Inconel 690 (under
the MQL with palm oil lubricating condition), presented by Sen et al. [73].

The main wear mechanisms that TiAlN-based coatings suffer in milling operations
are mainly adhesion and abrasion. These mechanisms are more evident and intense in the
milling experiments conducted on hard-to-machine materials, where the high machining
temperature and material hardness heavily impacts tools life. High hardness values will
induce heavy abrasive wear on the coatings and the high temperatures will promote
adhesion of the machined material to the tool. This leads to coating delamination and,
ultimately, to tool failure. These wear mechanisms are also registered for micro-milling
experiments. There is a recent trend for the application of TiAlN based coatings for micro-
milling [74], this because of the properties that make this coating ideal for high-speed
machining, whose are also suited for this process, due to high rotational speeds usually
used in micro-machining. Recent studies focus on the machining of hard-to-machine
alloys [75], employing TiAlN coatings and AlTiN [76] coatings in the machining of titanium
alloys [75,76] and nickel-based superalloys, such as Nimonic 75 [77]. The main wear
mechanism sustained by coated micro-milling tools, when machining hard-to-machine
materials, are adhesion and abrasion, as seen for the milling process, with cutting speed
and depth of cut being registered as the main influencer on the development of this wear.

Turning Process

The turning process as also seen some applications of monolayered TiAlN-based
coated tools. Studies made on this topic, similarly to the ones conducted on the milling
process, evaluate various coatings performances and wear behavior. The studies seem to
focus on the turning of hard-to-machine alloys, however, these are focused primarily on
the machining of Inconel. Zhao et al. [78] study the influence of coating thickness on the
machining performance of TiAlN-coated tools. The authors studied two TiAlN coatings,
TiAlN-1 having 1 μm thickness, and TiAlN-2 with 2 μm thickness. Both coatings were
deposited onto a WC-Co carbide and were employed in the dry turning of Inconel 718.
Turning tests were performed at the cutting speeds of 30, 60, 90 and 120 m/min. The cutting
forces developed during turning were evaluated, concluding that using coating with less
thickness would result in lower cutting force values. Moreover, the cutting temperature
was lower when using the thinner coating. Regarding the wear mechanisms and wear
behavior of these coatings, these are presented in Figures 16 and 17. These images depict
the wear sustained by both coatings at the tested machining speeds.
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Figure 16. Wear of TiAlN-1 coated tool at different cutting speeds: 30 m/min, with magnification of
marked area (a); 60 m/min, with magnification of marked area (b); 90 m/min, with magnification of
marked area (c); 120 m/min, with magnification of marked area (d), presented by Zhao et al. [78].

Figure 17. Wear of TiAlN-2-coated tool at different cutting speeds: 30 m/min, with magnification of
marked area (a); 60 m/min, with magnification of marked area (b); 90 m/min, with magnification of
marked area (c); 120 m/min, with magnification of marked area (d), presented by Zhao et al. [78].
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The presented coatings both exhibit the same type of wear mechanisms, these being
built-up edge (BUE), pitting and coating delamination. From the figures it can be noted
that adhesion is also a problem, this last mechanism being responsible for BUE and coating
delamination. These wear mechanisms, as in milling, are characteristic of machining
hard-to-machine materials such as Inconel, due to material’s mechanical properties. Still
regarding TiAlN coating’s performance when turning Inconel, the study performed by
Kurniawan et al. [79] evaluates the machinability of modified Inconel 713C, using a TiAlN-
coated WC tool. The cutting characteristics of Inconel 713C are very similar to those of
Inconel 718, making it a very hard to machine material. The authors have reported abrasive
wear as the main wear mechanism in the tool’s flank, being followed either by tool failure
or BUE (Build up Edge) formation, as can be observed in Figure 18. High machining
temperatures and the ductility of Inconel 713C, caused material adhesion to the tool, which
promoted abrasive wear and subsequent coating delamination.

Figure 18. Flank wear of TiAlN-coated WC turning tool at 100 m of cutting distance used in machining
Inconel 713C, presented by Kurniawan et al. [79].

Another study performed by Zhao et al. [80], studies the cutting behavior of AlTiN
coatings on the turning of Inconel 718 at cutting speeds of 40, 80 and 120 m/min. Machining
temperature and cutting forces were evaluated and compared to an uncoated tool. These
factors both decreased when using the AlTiN coated tool, proving that this coating is suited
for the turning of these alloys. Similar to the studies presented in [78,79], the main wear
mechanism suffered by the tools during machining was abrasive wear. Both the TiAlN
and AlTiN coatings proved to be very useful when machining hard-to-machine materials,
effectively reducing cutting force and machining temperature values. These values are tied
to wear rate, with the coated tools exhibiting a significantly lower wear rate than uncoated
turning tools [81]. The addition of Si to TiAlN coatings is known to significantly improve
their mechanical properties [71], thus making these types of coatings ideal for the machining
of materials such as titanium alloys. Lu et al. [82] compares the performance of TiAlN and
TiAlSiN-coated tools in the high-speed turning of TC4 titanium alloy. The authors also
studied the performance of a gradient TiAlSiN coating. The microstructures of these coatings
and the distribution of Si on the gradient coating can be observed in Figures 19 and 20.
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Figure 19. Surface morphology and microstructure of: TiAlN coating (a); TiAlSiN coating (b), presented by Lu et al. [82].

Figure 20. Surface morphology and microstructure (a), and Si distribution on TiAlSiN gradient coating (b), presented
by Lu et al. [82].

The coating’s hardness was also evaluated, the TiAlSiN coating exhibiting the highest
hardness value (21 GPa) followed by the gradient TiAlSiN coating (15 GPa). The gradient
TiAlSiN coating presented an increase in hardness by 47% when compared to the TiAlN
coating. An improvement in surface quality and adhesion is also registered for the gradient
TiAlSiN coating. All the machining experiments were conducted at 100 m/min cutting
speed under flooded lubrication. The coated tools exhibited the same wear mechanism,
this being mainly abrasion and BUE, with some adhesion being registered on the TiAlN
coated tool. Although the wear mechanism has been the same, their intensity varied, being
more intense in the TiAlN coated tool. The coated tool’s wear behavior is depicted in
Figure 21, where flank wear values (measured in mm) are displayed for the three coatings,
for various cutting lengths.

The improved adhesion and surface quality of the gradient TiAlSiN, coupled with the
increase in mechanical properties due to the addition of Si provides this gradient coating
with great wear performance, suffering overall less wear and at a much later stage in the
machining process. Still regarding the addition of elements to improve coating turning
performance, in the study performed by Kulkarni et al. [83] the authors study the influence
of Cr addition to AlTiN coatings. Here, the authors evaluate the turning performance of
AlTiN, AlTiCrN and TiN/TiAlN coated tools, by analyzing cutting forces, wear mechanism
and tool-life values. The coating’s microstructure was evaluated, with all coatings showing
a dense columnar structure, however, in terms of surface morphology, the AlTiCrN coating
exhibited a smooth surface. Furthermore, the adhesion strength of this coating was the
highest of all three. The coatings were employed in the dry turning of SS 304 steel at a
constant feed rate and depth of cut, varying the cutting speed from 140 to 320 m/min (in
60 m/min increments). Regarding the cutting force values registered during the process,
these tended to decrease as cutting speed increases, however, the AlTiCrN coating exhibited
the lowest cutting force values obtained of all coatings. This can be observed in Figure 22.
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Figure 21. Tool wear of the three coated tools tested in the turning of TC4 titanium alloy: TiAlN (a),
TiAlSiN (b), Gradient TiAlSiN (c), presented by Lu et al. [82].

Figure 22. Cutting force variation for the tested cutting speeds, for all coated tools at the following
parameters: depth of cut = 1 mm; feed = 0.2 mm/revolution (based on data from [83]).

For the AlTiN tool, the main wear mechanisms were abrasion, chipping and BUE.
This was registered for the TiN/TiAlN coating as well, however, there was some adhesive
wear. For the AlTiNCrN coating, the main wear mechanism was abrasion, albeit less
intense than in the AlTiN coating. Regarding tool-life of these coated tools, it tended to
decrease with an increase in cutting speed. Further, as seen for the cutting forces, the
AlTiCrN coating outperformed the other coated tools, exhibiting the highest tool life values,
reaching 28 min (at 200 m/min). These values can be attributed to the coating’s excellent
adhesion properties, smooth surface and having high hardness.
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From the presented articles conducted about the turning process using TiAlN-based
tools, it can be concluded that the main wear mechanisms that coated turning tools are
subjected to are, abrasion and adhesion, with the formation of BUE [39]. In the following
Figure 23 a clear example of BUE can be observed; in the image the built up material can
be seen the coated tool’s edge.

Figure 23. BUE observed at a gradient TiAlSiN-coated tool’s tip, after some machining (roughly
125 m of cutting length [82].

2.1.2. Comparison of the Coating’s Mechanical Properties

In this chapter an analysis of the mechanical properties of the monolayered TiAlN-
based coatings registered in the various works presented in this section is going to be
presented. The best hardness and Young’s Modulus values for the main coatings, that were
obtained by the various authors, were collected, and are presented in Table 3.

Table 3. Monolayered TiAlN-based coatings mechanical properties.

Coating
Hardness Young’s Modulus

(GPa) (GPa)

TiAlN [60,64–66,68,84–86] 29.2–34.9 482–511
AlTiN [67,85] 20.0–24.3 337–358
TiAlSiN [65] 25.2–29.8 266–288

CrTiAlSiN [71] 24.0–27.1 200–275
AlTiN–Ni [61] 20.9–24.3 300–316
TiAlMoN [59] 21.58–37.0 510–620
TiAlYN [63] 31.6–35.2 520–575
TiAlTaN [63] 27.0–31.0 542–588

TiAlTaYN [63] 31.7–34.3 526–568
TiAlRuN [62,87] 26.09–33.2 334–492

The addition of elements is a very influential factor on the coating’s mechanical prop-
erties. However, the coating’s deposition method, microstructure and level of residual
stresses also impact on the coatings’ mechanical properties, with some elements having
a greater influence on the hardness, such as Si and Cr. This hardness increase is well
documented for these elements, with coatings such as TiAlSiN seeing great use in machin-
ing applications, due to its increased wear performance when compared to base TiAlN
coatings. New doping elements are being tried, with good results coming from the addition
of elements such as Mo, Ru and Y, causing a significant increase in hardness and Young’s
Modulus values. However, research regarding machining applications for TiAlN-based
coatings doped with these elements is quite sparce, as these types of coatings are quite
novel. The addition of Ta is also quite novel for monolayered, yet this element was already
implemented in the architectures of multilayered TiAlN-based coatings.
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Some deposition methods and even variations on the composition of TiAlN-based
coatings, such as TiAlN and AlTiN, also influence their mechanical properties (as seen in
Chapter 1). One common case study is the evaluation of the coating’s residual stresses on
their mechanical properties and wear behavior. In most cases, some amount of residual
compressive stresses is preferred, as it usually increases hardness and Young’s Modulus
values. Furthermore, these stresses are also related with better wear performance, lowering
coating wear rates and crack propagation.

Regarding these coatings wear behavior, from the works presented above, it can be
noted that the H/E ratio heavily influences the coating’s wear performance, with a higher
value being usually preferred. This ratio is presented in Figure 24, based on the information
provided by Table 3. From the analysis of the table, it can be noted that CrTiAlSiN and
TiAlSiN coatings are the ones with the highest H/E value. This is especially due to the
addition of elements such as Cr and Si, that confer the tool with excellent mechanical
properties and wear behavior. The TiAlMoN coatings also show a high ratio value, making
them a very promising coating for machining applications. Furthermore, the addition of
Mo also promotes a better corrosion resistance of the coated tool. Although these values
can be indicative of the coating’s wear performance, this is also dependent on the machined
material. For example, coatings with low hardness value will experience more abrasion
(despite having a higher H/E ratio). Thermal fatigue is also a factor, for example, while
the CrTiAlSiN coating is less susceptive to the wear mechanisms such as adhesion and
abrasion, which revealed has suffered from thermal cracking due to the machining’s high
temperatures [71]. This highlights the fact that coating choice is very important for a certain
machining operation.

Figure 24. H/E ratios for the analyzed monolayered TiAlN-based coatings.

It is also worth to note that, although some coatings have very similar H/E ratios,
their composition influences greatly their wear behavior and it should be factored on the
coating choice.

2.2. Multilayered TiAlN-Based Coatings

Multilayered coatings are very appealing to the machining industry, as they enable
combinations of various coating’s properties to best fit a machining application. Further,
their multilayered structure prevents crack growth [23,53]. This versatility makes them the
most used type of coatings, in terms of coating structure, in the machining industry, for
both the turning and milling sectors [39,43]. In terms of multilayer coating developments
in general, there seems to be a trend in optimizing layer thickness [39]. Furthermore,
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there is a focus on studying the behavior of various types of coating combinations. This
seems to be the case on the studies conducted around TiAlN-based coatings. Analyzing
recent studies made on this regard, new combinations based on the coatings presented
in Section 2.1 are being studied. There are also some studies about the improvement of
already well-known TiAlN-based multilayered coatings, such as the TiAlN/TiN, Ti/TiAlN
and TiN/TiAlN coatings, as seen in this work conducted by Zhang et al. [88], where
the authors study the cyclic oxidation of Ti/TiAlN coatings with differing thicknesses
of Ti layer, having 0.15 and 0.3 μm for coating 1 and 2, respectively. TiAlN single layer
coatings with differing thicknesses were also studied. Regarding the results obtained for
the multilayered coatings, it was noted that the residual stresses of the thinner coating
would be relieved after the tests. This coating exhibited cracking, as the stresses could
not be accommodated. However, for the coating with the thicker Ti layer, the residual
compressive stresses increased, with this coating showing no cracking due to the thicker
ductile Ti layers. This is a relevant study, as compressive stresses contribute for the tribo-
mechanical properties of the coating, leading to a better cutting performance [89]. Regarding
the study of TiAlN/TiN coatings, Çomakli [90] compares the mechanical and corrosion
properties of TiN, TiAlN and multilayered TiAlN/TiN-coated tools. It was reported that
the multilayered coating presented a smoother surface, having a smaller grain than the
surfaces of the other coatings. The hardness for the multilayer coating was also higher, due
to the number of layers present in the coating [39,43]. Due to the combination of coating
surface and mechanical properties, the multilayered coating had a lower friction coefficient,
conducing to a lower wear rate. A similar study employs the use of CrN (Chromium
Nitride) on a multilayered architecture for TiAlN coatings [91]. The author compares the
wear performance and mechanical properties to TiAlN monolayer coating, reaching similar
conclusions to those of the previous study, significantly improving the wear behavior by
reducing the friction coefficient, while increasing the coating’s mechanical properties.

As mentioned in the study presented above [88], the addition of interlayers of Ti
can improve the wear performance of multilayered coatings. Similar to this, the work
completed by Shugurov et al. [92] studies the influence of TiAl interlayers on a TiAlN-based
multilayer coating. The authors study the influence of the number of layers/interlayers
and their respective thickness on coating’s mechanical properties and their wear behavior.
The coating’s structure can be observed in Figure 25.

Figure 25. Multilayer structure of one of the TiAlN/TiAl coatings presented by Shugurov et al. [92].

The authors concluded that four layers of TiAlN and three interlayers of TiAl with
thicknesses of 0.6 and 0.2 μm, respectively, would produce the best wear performance,
exhibiting a wear rate three times inferior to that of the monolithic TiAlN coating. The
results of this study provide very useful information regarding coating design, as this
method can be used for a wide range of applications, especially machining.
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The use of Ta is also being recently researched, as shown in the work presented in
Section 1 [27], where various multilayered TiAlTaN-(TiAlN/TaN) with differing layer
thicknesses were tested and subsequently characterized. In another recent study carried
out by Shang et al. [93], the mechanical properties of a multilayered TiAlN/Ta coating are
evaluated. The coating consists of three layers, a TiAl layer followed by a TiAlN layer and
finally, a Ta layer (Figure 26). The mechanical properties of the multilayered coating were
compared to a TiAlN monolithic coating. TiAlN/Ta coating exhibited a higher value of
hardness and elastic modulus (31 GPa and 315 GPa, respectively), showing an increase
of 29% and 47%, respectively. Ta is a ductile material and can dissipate energy through
deformation, thus minimizing crack propagation. Furthermore, this element confers the
coating with a better thermal stability. Studies such as these [27,93] show that Ta is very
beneficial to improve TiAlN-based coating’s wear behavior.

Figure 26. SEM cross-sectional image of the TiAlN/Ta multilayered coating, presented
by Shang et al. [93].

It is known that multilayered coatings benefit from all the properties of their layers,
as seen in the previous study [93], where a Ta layer promoted a lower wear rate for the
coating, based on its ductility (primarily). This can be true for the same coating, yet with
different mechanical properties, as seen in this study performed by Zhao et al. [94], where
various multilayered TiAlSiN coatings are studied. These coatings consist of alternating
layers of TiAlSiN deposited at different chamber pressures, thus causing hardness variation
between the two coatings. TiAlSiN-1, obtained at 0.08 Pa chamber pressure presented
32.25 GPa of hardness, while the TiAlSiN-2, obtained at 0.2 Pa, exhibited 37.56 GPa for
hardness value. Coatings were produced with 2, 5, 7 and 10 alternating layers of TiAlSiN-1
and TiAlSiN-2. It was observed that the hardness values for coatings with five or more
layers were very close (of about 37 GPa). This was also the case for their elasticity modulus,
however, the coating with five alternating layers showed the best plastic deformation
resistance, and thus, the lowest wear rate. Though, the wear rate for coatings with five or
more layers were very similar. The wear behavior of the multilayered coatings was also
compared to monolayered TiAlSiN coatings, the former being significantly lower than the
latter. There are also some recent coatings being developed, showing promising results,
such as the TiAlCN/TiAlN coatings [30], and the TiCrAlCN/TiAlN [95]. These coatings
show promising results in terms of hardness and wear behavior, however, the amount of
research made around them is still quite sparse.

Although the multilayered coating is the most used in machining, recent study
trends show that most of the research made about these types of coatings is about nano-
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multilayered coatings. This is justified by the ability to obtain very thin layers using recent
technologies. These types of coatings will be the focus in Section 2.3.

In the next section, recent machining applications of the TiAlN-based multilayered
coatings are going to be presented. This will be done in the same manner as in the previ-
ous Section 2.1.1.

2.2.1. Machining Applications and Coating Wear Behavior

Recent machining applications for TiAlN-based coatings were analyzed. As for the
development and study of multilayered coatings, recent machining applications tend to be
centered on nanolayered and nanocomposite coatings. However, there is still some research
being made about the use of regular multilayered coatings in machining operations, namely
milling in turning.

Milling Process

Regarding the study of the wear behavior of multilayered coated tools, there has also
been some research made on this regard. Based on its versatility, the multilayered coating
is very popular in the machining industry. However, in terms of recent research, there are
few papers made on the study of the milling performance of new TiAlN-based multilay-
ered coatings.

Due to their versatility and multilayer structure, these types of coatings usually
outperform regular monolayered coatings, especially due to their toughness and crack
propagation resistance. With recent studies such as the one developed by An et al. [96],
where the performance of CVD and PVD coatings on the face milling of Ti-6242S and Ti-555
titanium alloys is evaluated. The PVD coatings is a multilayered TiAlN+TiN coating and
the CVD coating is a TiCN+Al2O3+TiN coating. The cutting forces were evaluated and
during the process, these were lower for the use of the PVD coating, as seen in Figure 27.

Figure 27. Cutting force value over machining time, for uncoated, PVD and chemical vapor deposi-
tion (CVD)-coated tools, presented by An et al. [96].

The wear sustained by the coated tools was also evaluated, reporting for the milling
of Ti-624S that the main wear mechanisms for both CVD and PVD coating was micro-
chipping and adhesive wear. Milling tests carried out on the Ti-555 alloy produced severe
chipping and adhesive wear on the CVD-coated tool. However, in the PVD-coated tool,
the main wear mechanism was adhesion, being less severe than with the other tool. The
TiAlN-based coating proved to be better suited for the milling of these titanium alloys,
showing better wear resistance and fracture resistance than the CVD-coated tool (the wear
sustained by the PVD tools can be observed in Figures 28 and 29). This is not only due to
the TiAlN properties for high-speed machining, but also due to the multilayered structure
and residual stresses, characteristic of PVD coatings [43]. These characteristics make
these types of coating highly resistance to crack propagation. Still regarding TiAlN-based
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multilayer coating applications in milling processes, the TiAlN/NbN coating is also known
for its machining applications, due to their excellent mechanical properties, as shown by
Varghese et al. [97], where they determine the coating’s properties and employ them in the
dry end milling of AISI 304 steel. The authors studied and evaluated the wear suffered
by the coated inserts, reporting that abrasion was the main wear mechanism, eventually
resulting in coating chipping and breakage.

Figure 28. SEM and EDS analysis of the PVD coated tool’s wear in milling Ti-555, EDS graphics
correspond to the zones A and B, providing information regarding element composition, presented
by An et al. [96].

As seen from Figures 28 and 29, and the results reported by the authors, the wear
mechanisms sustained by multilayered coated tools in milling are very similar to those
sustained by monolayered coated tools. Indeed, the main wear mechanisms present in
the milling process are adhesion and abrasion. However, the multilayer architecture
contributes to an improvement of coating’s properties, such as wear resistance and crack
propagation resistance. This causes these mechanisms to manifest at a much later stage of
the machining process, albeit, in a similar way to monolayered coatings.
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Figure 29. SEM and EDS analysis of the PVD-coated tool’s wear in milling Ti-624S, EDS graphics
correspond to the zones A and B, providing information regarding element composition, presented
by An et al. [96].

Turning Process

Similar to the case of multilayered TiAlN-based coatings for milling applications,
there seems to be very few new researches being made on this topic, with the attention
being shifted to nanolayered and nanostructured coatings. However, there are some recent
studies that focus on the wear performance of well-known TiAlN-based multilayered
coatings, such as TiAlN/TiN. Analyzing their wear mechanisms when machining certain
materials, such as in the study presented by Zheng et al. [98], in which the wear mechanisms
of TiAlN/TiN coated tool are analyzed, for dry turning of 300 M steel. The coated tool
suffered was mainly mechanical abrasion and adhesion, leading to chipping and coating
delamination. It was also reported the existence of micro-cracks in the tool flank. This
is due to the high machining temperatures developed during dry turning, which also
promoted adhesion. The TiAlN/TiN-coated tool’s wear can be observed in Figure 30.
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Figure 30. TiAlN/TiN-coated tool wear after dry turning of 300 M steel, rake face with 200× mag-
nification (a) and 500× (b) and flank face with 200× magnification (c) and 500× magnification
(d) presented by Zheng et al. [98].

The use of these types of multilayer coatings in hard-to-machine materials, and the
study of its wear mechanisms is still a relevant subject. As the use coatings reduces
machining forces and wear rates, thus making the dry machining method viable for the
machining of these alloys. The use of TiN/TiAlN coating in the dry turning of Inconel
825 is studied by Thakur et al. [99], for finishing and roughing conditions. In total, three
lubrication techniques were employed; these being dry, flooded and MQL. However, only
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the coated tool was employed in the dry machining. For the coated tool, the machining
forces that were registered were lower, the surface finish of the machined material was
better. However, the machining temperature was the highest for coated tool use. Wear was
also analyzed for the tested tools, registering main wear mechanisms as abrasion and BUE
and some minor coating delamination for the TiN/TiAlN-coated tool.

Multilayered TiAlN coatings are also being studied for turning applications. It is
known that compressive residual stresses can improve cutting behavior and wear behavior
of the coated tool’s, however, to much compressive stresses can be detrimental for the
coating’s properties. As seen in this paper by Abdoas et al. [100], where the authors deposit
three 11 μm thick TiAlN multilayer coating with different levels of residual stress. The three
coatings, having 1.3 GPa, 2.1 GPa and 4.5 GPa, showed different cutting performances,
with the coatings with fewer residual stresses having the most tool life. However, in terms
of surface roughness, these coatings produced very similar results. The increase in tool life
for the coating will less stresses, can be explained by the fact that this coating had better
adhesion properties than the other coatings, thus promoting a better wear behavior for the
coated tool. As for the wear mechanisms, these were the same for all three coatings, albeit
in different intensities. The main ones that were registered were: material adhesion and
BUE, with some abrasion being registered as well. This follows a similar trend to the wear
mechanisms registered in monolayered coatings, similar to the milling cases mentioned in
this section.

2.2.2. Comparison of the Coating’s Mechanical Properties

As in Section 2.1.2, here the mechanical properties of the studied multilayered TiAlN-
based coatings are going to be presented. These values are taken based on the results
presented in various articles about the development/study of these types of coatings.
Unfortunately, the table is missing some values that were not provided by the authors.

The various multilayered coating’s properties are now going to be presented in Table 4.

Table 4. Multilayered TiAlN-based coatings mechanical properties.

Coating
Hardness Young’s Modulus

(GPa) (GPa)

TiAlN (multilayer) [89,100] 29.0–37.0 370–462
TiAlSiN (multilayer) [94] 32.5–37.6 400–415

TiAlN/Ta [93] 29.0–33.0 300–325
Ti/TiAlN [88] 25.0–35.0 325–410

TiAlN/CrN [91] 37–41 420–475
TiAlN/TiN [90,96,98] 42–46 N/A

TiAlN/TiAl [92] 22.5–33.1 220–350
TiAlN/NbN [97] 16–30 433–606

TiCrAlCN/TiAlN [95] 23 N/A

The study of multilayered TiAlN-based coatings and their application in machining is
not very abundant. However, the studies that are made about this topic focus primarily
on the improvement of already existing multilayered TiAlN-based coating. There are
some studies on novel coating structures such as the TiCrAlCN/TiAlN, but there is few
information regarding its mechanical properties. Furthermore, machining case studies with
the application of these are also sparse, these focusing on already existing multilayered
coatings. Recent studies also focus on the improvement of coating’s mechanical properties
by introducing a novel structure, as seen in the case for TiAlSiN recently released [94]. This
is also the case for recent research about TiAlN multilayer coatings, where layer thickness
and residual stresses are tied to mechanical properties and wear behavior. The use of Ta is
also studied for multilayered coatings, with the research made on this topic bearing better
results in terms of mechanical properties and wear behavior using a first layer of Ta, it was
concluded that coating’s hardness and wear performance was significantly improved.
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As presented in Section 2.1.2, the H/E ratio of the various analyzed coatings is going
to be presented in Figure 31. Only coatings with complete information regarding this ratio
will be presented.

Figure 31. H/E ratio for recently researched multilayered TiAlN-based coatings.

As it was noted for monolayered coatings, the addition of certain elements such as Si,
Ta and Cr significantly improve the wear behavior of the TiAlN based coatings. Recent
research also shows that residual compressive stresses, microstructure and layer thickness
also influence the wear behavior of the coatings, with TiAlN and TiAlSiN multilayered
coatings achieving high values of hardness and Young’s Modulus values, while also having
a good performance in terms of wear.

2.3. Nanolayered TiAlN-Based Coatings

Recent studies made on coatings tend, in general, to be about nanostructured and
nanocomposite coatings [39,43]. Nanolayered coatings, similarly to the multilayered coat-
ings, have an increased crack propagation resistance. This is more intense on nanolayered
coatings, due to the higher number of layers. Hardness values also tend to be higher on
these types of coatings.

Regarding TiAlN-based coatings, the research trend is the same for other coating
types, being more abundant in the area for nanolayered and nanocomposite TiAlN-based
coatings. These recent papers tend to focus on the study of various novel coatings, based
on the development of monolayered TiAlN-based coatings, more precisely, using elements
that are tied to an improvement in mechanical properties such as Mo, Ta and Cr. In this
section the various novel nanolayered/nanocomposite TiAlN-based coatings that are under
development/study are going to be presented, mentioning their mechanical properties
and wear behavior. Furthermore, as done in previous sections, the machining applications
for these types of coatings are going to be presented for turning and milling. The various
wear mechanisms that these tools are subject to are also going to be mentioned, presenting
a comparison between coatings (when possible).

There is a current focus on the study of these types of coating over regular monolay-
ered and multilayered coatings, with commonly known multilayered structures such as
TiAl/TiAN [101], being attempted at a nanometric scale, with thinner layers conferring the
coating with improved mechanical properties, such as high hardness, improved corrosion
performance and high coating adhesion. As the layers are considerably thinner when
compared to regular multilayered coatings, the number of layers is also higher in nanolay-
ered coatings. This not only increases hardness, but also increases the crack propagation
resistance of the coating. The influence of the layer thickness in nanolayered coatings is
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analyzed in the study performed by Wang et al. [102], where a TiN/TiAlN coating (another
well-known multilayered architecture) is characterized in terms of mechanical properties
and wear behavior. By controlling the rotation speed of coating deposition, the authors
were able to control the thickness of deposited TiN and TiAlN layers. They determined the
layer thickness value for highest mechanical properties (hardness and Young’s Modulus),
this value was found to be 13 nm. It was also noted that the wear behavior of the coating
was improved for lesser thick layers, as this promoted crack propagation resistance. The
coatings microstructure at different deposition rates can be observed in Figure 32.

Figure 32. SEM cross-sectional image of TiN/TiAlN coatings for a rotation speed of 1 r.p.m. (a); TEM
cross-sectional images for rotation of: 1 r.p.m. (b), 2 r.p.m. (c), presented by Wang et al. [102].

Another multilayered structure that has got some attention is the Al/TiAlN coating.
In the study carried out by Liang et al. [103], an Al/TiAlN nanocomposite coating de-
posited on AZ91D magnesium alloy is analyzed. Similar to the previous study, here the
authors studied the influence of different layer thickness on the mechanical properties and
microstructure of the coating. In addition to the properties, the authors also analyzed the
corrosion resistance of the coating. The authors produced four coatings with a thickness of
5 μm. The phases that form the nanocomposite film are TiN nanocrystal and amorphous
AlN. These coatings had different interface periods, 100 nm, 200 nm, 300 nm and 400 nm.
Regarding coating microstructure, it is columnar for 400 nm periods, however, it changes
to multi-interfaces as the period is thinner. Hardness values reached their highest value for
the lowest thickness period (100 nm), reaching 31.3 GPa. The authors also noted that the
reduced thickness induced improved corrosion resistance, with the lowest thickness per-
forming better in this regard as well. Layer thickness influence is a highly researched topic
in nanolayered coatings, being related with an increase in mechanical properties (primarily
hardness) and, as mentioned before, in nanolayered coatings the overall thickness of the
coating improves hardness, as the high number of layers promotes a hardness increase. Ad-
ditionally, this high number of layers in thick nanolayered coatings promotes a compressive
stress relief on the coatings. The number of layers and their arrangement in a nanolay-
ered coating also influences coating performance, which can be controlled by changing
target arrangement (in deposition) and altering deposition time. This is highlighted in the
study presented by Seidl et al. [104], which evaluated the influence of target arrangement
in producing various AlCrN/TiAlTaN coatings. The control of the number of layers of
AlCrN or TiAlTaN can influence greatly the coating’s properties, with AlCrN (in this case)
promoting better mechanical properties, while the TiAlTaN coating promoted a better
oxidation resistance at higher temperatures. As seen in this study, the authors used a TiAlN
coating with Ta addition, an element that is recently being researched for monolayered
TiAlN-based coatings, as its addition is tied to improve mechanical properties.
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The addition of Si is also very beneficial for the coating’s mechanical properties, with
some studies evaluating new structures such as the structure presented in [105], consisting of
a first layer of TiAlN, followed by a nano multilayered TiAlN/AlCrSiN coating and finally,
an outer layer of TiAlN coating. This coating’s structure can be observed in Figure 33.

Figure 33. SEM cross-sectional image of TiAlN-(TiAlN/CrAlSiN)-TiAlN coating deposited on a
cemented carbide presented by Xian et al. [105].

From the studies presented in Section 2.1, elements such as Mo and Y, when added
to TiAlN coatings can significantly improve their hardness and Young’s Modulus values,
as well as their wear performance and corrosion resistance. In the study performed by
Pshyk et al. [106], the novel nanocomposite (TiAlSiY)N and nanoscale (TiAlSiY)N/MoN
multilayered coating obtained by arc-PVD are evaluated. The authors analyzed the mi-
crostructure, phase composition and mechanical properties of these coatings. Regarding
the microstructure, the authors concluded that the multilayered coating had the preferred
orientation, when compared to the monolayered nanocomposite coating. Moreover, the
mechanical properties of the multilayered coating were better than the nanocomposite coat-
ing, showing values of 38.37 GPa and 392.5 GPa for hardness and Young’s Modulus values,
respectively. The (TiAlSiY)N/MoN coating also exhibited a better fracture toughness and a
higher H/E ratio than the monolayered coating, thus having a better wear performance.
Another study carried out by Kravchenko et al. [107] compare this novel coating with other
similar structured coatings, namely, (TiAlSiY)N/CrN and (TiAlSiY)N/ZrN. These coatings
were also obtained by arc-PVD and their mechanical properties were characterized. From
that study, the authors concluded that the (TiAlSiY)N/MoN coating had higher values
for hardness and Young’s Modulus (35.9 GPa and 406.8 GPa, respectively) than the other
coatings, with (TiAlSiY)N/CrN coating having 23.4 GPa and 300 GPa, and (TiAlSiY)N/ZrN
having 22.1 GPa and 271 GPa, for hardness and Young’s Modulus, respectively. However,
the H/E and the plastic deformation indexes were very similar for all coatings, which
means that these coatings (CrN and ZrN multilayer) have good tribological properties.
Studies such as these [106,107] highlight the benefits of using these nano-multilayered coat-
ings, especially for extreme tribological applications. Regarding TiAlN based nanolayered
films with ZrN, Wang et al. [108] studied the influence of Zr3N4 on a nano multilayered
TiAlN/Zr3N4. Additionally, the authors also studied the influence of layer Zr3N4 thickness
in the coating’s mechanical properties, and, as seen in the studies previously presented,
thinner layers promote higher hardness and H/E ratio values. The authors also report that
the Zr3N4 causes a significant increase in coating hardness (34.7 GPa) while retaining a
very high toughness, conferring this coating with an excellent wear behavior. The hardness,
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Young’s Modulus and H/E ratio variation of TiAlN/ Zr3N4 for different layer thicknesses
can be observed in Figure 34.

Figure 34. Hardness, Young’s Modulus values (a) and H/E ratio values (b) for TiAlN/ Zr3N4 nano
multilayered coatings, presented by Wang et al. [108].

The addition of Cu to tool coatings has some advantages, such as the reduction of
friction coefficient as it is a soft and ductile material. The addition and use of these elements
in nanocomposite coating has got some promising results, as seen in the study carried
out by Chen et al. [109], where nanocomposite TiAlN/Cu coatings provided with varying
percentages of Cu concentration (0–1.4 at % Cu concentration) are deposited by filtered
cathodic arc ion plating. The authors have evaluated the coating’s microstructure (Figure 35)
and mechanical properties.

Figure 35. SEM cross-sectional images of TiAlN/Cu coatings with different concentrations of Cu: 0%
at. % Cu (a); 0.8 at. % Cu (b); 1.4 at. % Cu (c), presented by Chen et al. [109].

From Figure 35, it can be observed that the addition of Cu results in a reduction
in grain size, decreasing from 45 nm (in TiAlN) to 30 nm for the coating containing the
highest Cu concentration. TiAlN presents a distinct columnar structure that gradually
fades away with the addition of Cu. Regarding the coating’s mechanical properties, there
is a decrease in hardness value and Young’s Modulus value with the increase in Cu
concentration. There is also an influence on the friction coefficient, with the lowest value
being obtained for a 0.8 at. % Cu concentration. Other Cu concentrations produced a
higher friction coefficient, surpassing even the TiAlN coating. The addition of this element
is an interesting topic, however, the sacrifice in mechanical properties does not seem to be
relevant enough to use it to decrease in friction coefficient. However, the results presented
in that paper show potential for the employment of Cu in coatings, as a decrease in friction
coefficient is desirable, especially for applications such as machining. Still regarding the
additions of softer elements to hard coatings such as TiAlN, in a similar study performed
by Mejía et al. [110], the characterization of a TiAlN (Ag,Cu) nanocomposite coating is
studied. As in the study previously mentioned here [109], the influence of the addition of
different concentrations of (Ag,Cu) nanoparticles on the coating’s mechanical properties
and microstructure is studied. The addition of this softer element causes a grain refinement
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in the TiAlN coating’s microstructure, changing from a columnar structure to an amorphous
one with a smaller grain. Equal to the addition of Cu, the addition of these softer elements
causes a decrease in mechanical properties (hardness and Young’s Modulus value) and
a decrease in friction coefficient. Additionally, the authors noted that with an increasing
concentration of (Ag,Cu) the coating’s residual compressive stresses would decrease.

2.3.1. Machining Applications and Coating Wear Behavior

In this section, the various studies regarding milling and turning applications of these
types of coatings are going to be presented, mentioning the improvements that these types
of coatings bring for machining. The wear behavior described in these studies is also going
to be analyzed and described in this chapter.

Milling Process

Recent research on TiAlN-based coating’s performance seems to be shifting to the use
of these nanolayered and nanocomposite tool coatings. There have been many improve-
ments recently on the development of new promising coatings for machining applications.
However, the today’s studies seem to focus on nanolayered and nanocomposite coatings
containing elements such as Si and Cr, known as able to confer excellent mechanical
properties and cutting performance to tool coatings. This recent paper presented by
Geng et al. [111] studies the milling performance of TiSiN/AlTiN nanolayered composite
film. The authors also evaluate de coating’s microstructure and mechanical properties,
which can be observed in Figure 36.

Figure 36. Surface (a) and SEM cross-sectional image (b) of TiSiN/AlTiN film, presented
by Geng et al. [111].

Regarding the coating’s mechanical properties, the registered peak values for hardness
and Young’s Modulus were 41.7 GPa and 340 GPa, respectively. These coatings were deposited
onto 4-fluted end-mill with a 6-mm diameter and were subsequently employed in the dry
milling of SKD 11 tool steel. The tool’s wear was analyzed after the milling operations, and it
was reported that the main wear mechanism was abrasion, as seen in Figure 37.

The authors noted that the TiSiN/AlTiN-coated tools showed little to no adhesion
of SKD 11 to the coating’s surface and the tools’ edges. This resulted in a reduction of
machining forces and cutting temperature, thus significantly improving the tool’s life.
Furthermore, there is a slight reduction in wear rate for a machining temperature of 400 ◦C.
This study highlights the wear benefits that come from the employment of these coatings
in machining.

As seen in the previous Section 2.3 (Nanolayered TiAlN-based coatings), multi
nanolayered coatings with thinner layers exhibit an increase in mechanical properties
(primarily hardness) and in wear behavior (low wear rate). This is also related to tool
life, as presented by Teppernegg et al. [112]. Here, the authors studied a nano multilayer
coating consisting of TiAlN and CrAlN sublayers with different thicknesses (10, 30, 100 and
300 nm), seen in Figure 38. These coatings are deposited onto inserts and their mechanical
properties are evaluated; these are then employed in the milling of 42CrMo4 steel.
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Figure 37. SEM images of the flank wear sustained bu TiSiN/AlTiN-coated tools after dry milling of
SKD 11, presented by Geng et al. [111].

Figure 38. SEM cross-sectional image of the multilayered coatings with differing sublayer. 10 nm (a),
30 nm (b), 100 nm (c), 300 nm (d), presented by Teppernegg et al. [112].

It was noticed that an increase in Al content promoted higher hardness values being
it related to cutting performance. Thus, the coating’s that presented a higher Al content
performed better in the milling tests. The sublayer thickness did not influence the hardness
greatly, however, in terms of tool life this was not the case. The authors reported that with
increased sublayer thickness the tool life would decrease. They were able to determine
optimal sublayer thickness as seen in the Figure 39.
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Figure 39. Tool life for the various layer thicknesses tested for the TiAlN/CrAlN nano multilayer
coating, presented by Teppernegg et al. [112].

All the tested coatings exhibit the same type of wear. Coating failure occurs due
to abrasion on the flank, causing coating erosion and delamination thus exposing the
substrate. The other type of wear presented by the tools is thermal fatigue, this generating
comb-cracks appearing on the coated inserts. These cracks can be seen in Figure 40.

Figure 40. SEM image of the coated insert’s cutting edge, the black arrows mark the position of
comb-cracks and the white arrows mark the position of cracks that are parallel to the cutting edge,
presented by Teppernegg et al. [112].

The employment of TiAlCrSiYN/TiAlCrN has also seen some studies lately, with
Chowdhury et al. [113,114] evaluating the mechanical properties of this coating for various
coating architectures and differing interlayer thicknesses. The authors also employ these
coatings in the dry milling of stainless steel at a machining speed of 600 m/min. As
seen in previous studies, the thinner the interlayer thickness is, the higher the hardness
is. Chowdhury et al. [113,114] also compare these multilayered coatings with monolithic
TiAlCrSiYN and TiAlCrN coatings. It was concluded that the nanolayered coatings, with
optimized interlayer thickness produced the best results in terms of cutting performance
and wear behavior, indicating that these types of nanolayered coatings are an excellent
choice for extreme machining applications.

Turning Process

Similarly, to the research presented for the use of nanolayered and nanocomposite
coatings in milling, for the turning process research focuses on coatings with Cr and
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Si additions. These elements confer the coatings with excellent mechanical properties,
and they improve the cutting performance significantly (especially when combined with
TiAlN-based coatings). The use of these elements in nanolayered coatings has even more
potential, increasing even more these properties and the cutting performance of coated
tools, especially by extending the tool-life [115]. In the study conducted by Sui et al. [116]
the performance of TiAlN/CrN coatings with different bilayer periods is evaluated in the
high-speed turning of TC4 titanium alloy at 100 m/min. Bilayer periods between 12 nm
and 270 nm were tested, and the influence of these periods on coating microstructure can
be observed in Figure 41.

Figure 41. SEM cross-sectional image of the TiAlN/CrN coatings with different bilayer periods:
12 nm (a), 25 nm (b), 52 nm (c), 150 bm (d) and 270 nm (e), presented by Sui et al. [116].

With an increase in bilayer period, an increase in the coating’s hardness was observed.
This is due to a grain refinement that occurs with thinner layers. However, for the thinnest
bilayer period, the hardness was also very high, such as the values obtained for the bilayer
period of 270 nm. The authors also registered a higher wear rate for the thinner bilayer
period (12 nm), with the thickest (270 nm) showing the best wear rate values. Regarding
the wear mechanisms sustained by the tools, they were primarily abrasion and coating
delamination. Although the tools experienced the same type of wear, the tool coated with
the coating provided with the thickest layers exhibited less severe wear.

Still regarding the turning performance of nanolayered coatings, in the study de-
veloped by Zhang et al. [117], a comparison between AlTiN monolayered coating and
AlTiN/AlCrSiN nano multilayered coatings is made. Furthermore, various nanolayered
coatings were deposited with differing modulation period, that is, with differing layer
thickness. The tested modulation period was between 4.2 nm and 17.8 nm. The various
coatings mechanical properties were also determined. It was determined that the period of
8.3 nm (Figure 42) produced the best results in terms of hardness and Young’s Modulus
values for the coating (37.5 GPa and 486.9 GPa, respectively). Moreover, this coating
exhibited the best values of H/E ratio and the best adhesion strength.
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Figure 42. High-resolution TEM micrograph of AlTiN/AlCrSiN with a modulation period of 8.3 nm,
presented by Zhang et al. [117].

The turning performance of these coatings was evaluated in the dry turning of SKD 11
tool steel at 250 m/min (cutting speed). The same wear mechanisms for AlTiN/AlCrSiN
coated tools were reported, with abrasive and adhesive wear being reported as the main
mechanisms. There was also the formation of BUE and some plastic deformation reported
on the tool’s rake face. The tool wear for the nanolayered coating with a modulation
period of 8.3 nm can be observed in Figure 43. This coated tool exhibited the least wear
rate of all coated tools, this is due to their high mechanical properties H/E ratio and high
adhesion strength.

Figure 43. SEM image of the AlTiN/AlCrSiN (modulation period of 8.3 nm) coated tool’s wear: rake
face (a); magnified rake face (b), flank face (c), amplified flank face (d), presented by Zhang et al. [117].

From the studies presented, it can be concluded that abrasion is the common wear
mechanisms sustained by nanolayered TiAlN-based coated tools. This is similar to the
other types of coating’s as well (monolayered and multilayered). However, the nanolayered
coatings exhibit the highest tool-life values when compared to other types of coatings. This
is due to their high count of very thin layers, conferring the coating with high hardness
and high crack propagation resistance.
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2.3.2. Comparison of the Coating’s Mechanical Properties

The research trend for TiAlN-based coatings is heavily focused on the development
and characterization of novel nanolayered and nanocomposite coatings. There have been
improvements to already-known coating structures that are heavily employed, such as
the TiN/TiAlN and Al/TiAlN. Studies conducted about these known structures focus on
the improvement of mechanical properties and wear behavior by taking advantage of the
nanolayered structure’s benefits, such as an increased hardness value, reduced friction
coefficient, reduced wear rate and high crack propagation resistance. These benefits become
nanolayered and nanocomposite coatings very appealing, and therefore there are a higher
number of papers done about this topic, than about regular multilayered coatings.

In Section 2.1., the addition of Mo to TiAlN-based coatings was covered. This element
promotes an increase in the coating’s mechanical properties and wear behavior. This was
also observed in nanolayered and nanocomposite coatings, showing satisfactory results
in creating coatings with high toughness and hardness values. The mechanical properties
from the coatings that were mentioned in the previous subsubsection are going to be
presented in Table 5.

Table 5. Hardness and Young’s Modulus values for the nanolayered and nanocomposite TiAlN-
based coatings.

Coating
Hardness Young’s Modulus

(GPa) (GPa)

TiN/TiAlN [102] 31.5–42.5 417–520
Al/TIAlN [103] 23.0–31.0 N/A

(TiAlSiY)N/MoN [106,107] 36.0–38.0 395–406
(TiAlSiY)N/ZrN [107] 21.1–22.7 265–275
(TiAlSiY)N/CrN [107] 22.1–23.4 289–302
AlCrN/TiAlTaN [104] 32.0–42.0 N/A
TiAlN/ZrN [107,108] 22.0–36.0 210–290

TiAlN/Cu [109] 24.0–29.0 320–350
TiAlN(Ag,Cu) [110] 6.7–15.2 140–216

AlTiN/AlCrSiN [117] 28.5–31.0 410–450
TiSiN/TiAlN [115] 33.0–39.0 550–570
TiAlN/CrAlN [112] 25.0–30.0 N/A

TiAlCriSiYN/TiAlCiN [113,114] 24.0–33.0 430–475

It can be seen from the number of coatings presented in Table 4 alone, that there is
considerably more research being made in novel coating development for these types of
coatings when compared to monolayered and multilayered TiAlN-based coatings. Once
again, it can be seen that the use of Mo increases significantly the coatings mechanical
properties. There is some research, however, made about the improvement of already
known structures. In regard to the TiN/TiAlN, a very high value of hardness was achieved,
due to the nanolayered coating’s properties.

Regarding these coating’s wear behavior, (TiAlSiY)N/MoN showed great potential
with very high values of hardness and good Young’s Modulus values, becoming the types
of coating that are very appealing for extreme applications, such as where wear is very
intense. Some satisfactory results also come from the use of ZrN on the coatings, especially
when coupled with TiAlN, achieving incredible mechanical properties. Figure 44 shows
the H/E ratio of the coating analyzed in Section 2.3.
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Figure 44. H/E ratio for recently researched nanolayered and nanocomposite coatings.

From analyzing the H/E ratios of the various coatings the TiAlN/ZrN coating has
an incredibly high ratio, due to its mechanical properties. Indeed, this coating showed an
excellent wear behavior, making it very promising for machining applications. Although
there is variation of these ratios, only the TiAlN/ZrN coating ratio does not vary too much,
an indicator that the wear performance of the nanolayered and nanocomposite coatings is
superior to that of monolayered and multilayered TiAlN based coatings.

3. Machining Conditions and Tool Wear Mechanisms for TiAlN Based Coatings

Most of the research made about the TiAlN-based coatings regarding machining
applications, is usually done about hard-to-machine materials. In this section, the various
papers presented in Section 2 will be analyzed, presenting the materials that are currently
being used in TiAlN based coating’s testing. There are two sections, one for milling and
another one for turning.

3.1. Milling Process

The Table 6 summarizes the various coatings used to machine a certain material, the
range of machining speeds used and the main wear mechanisms of the coating.

Table 6. Materials machined by TiAlN-based coatings, applied in milling.

Material Coating Wear Mechanisms
Machining Speed Range

[m/min]

Tool steels
[70,71,74,97,111–114]

TiAlN -Adhesion
-Abrasion

40–600

TiAlSIN -Ploughing
-Abrasion

CrTiAlSiN -Thermal cracking
-Abrasion

TiSiN/AlTiN -Abrasion

TiAlN/CrAlN -Micro-cracks
-Abrasion

TiAlN/NbN -Adhesion
-Abrasion
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Table 6. Cont.

Material Coating Wear Mechanisms
Machining Speed Range

[m/min]

Titanium alloys
[72,75,76,96]

TiAlN
-BUE
-Abrasion
-Adhesion

9.6–173
AlTiN -Adhesion

-Abrasion

TiAlN/TiN
-Adhesion
-Abrasion
-BUE

Nimonic 75 [77] TiAlN -Coating chipping 13

Inconel 690 [73] TiAlN -Adhesion
-Abrasion 60

As it was already concluded, the main wear mechanisms suffered while milling is
abrasion and adhesion. For the milling of tool steel, abrasion is more predominant, however,
for titanium alloys adhesion is more frequent. It is also important to note that multilayered
and nanolayered tend to not suffer as much from adhesion problems.

3.2. Turning Process

Next, as in the previous section, the various coating used in the turning of various
materials are going to be presented (Table 7), as well as the machining speeds that were
used during testing.

Table 7. Materials machined by TiAlN-based coatings, applied in turning.

Material Coating Wear Mechanisms
Machining Speed Range

[m/min]

Tool steels
[81,83,98,100,117]

TiAlN -Adhesion
-Abrasion

120–500

AlTiN -Abrasion
-Chipping

AlTiCrN
-Abrasion
-Adhesion
-BUE

TiAlN/TiN -Abrasion
-BUE

Titanium alloys
[82,115,116]

TiAlSiN -Abrasion
-BUE

100
TiAlN/CrN

-Abrasion
-Coating
delamination

TiSiN/TiAlN -Abrasion

Inconel [78–80,99]

TiAlN
-Abrasion
-Adhesion
-BUE

30–120
AlTiN -Abrasion

TiN/TiAlN -Abrasion

The main wear mechanisms sustained by TiAlN-based coated tools when turning
is abrasion and BUE. The studies about the employment of these coatings on turning
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operations, similarly to the ones for milling, focus on the machining of tool steel, titanium
alloys and Inconel alloys.

Regarding the machining of Inconel, there is a clear advantage in having a higher
concentration of Al in the coating, as it is related to the reduction of adhesive damage when
machining these alloys.

4. Current Research Trends of TiAlN-Based Coatings

An analysis of current research about TiAlN-based coatings has been made and pre-
sented in this paper. Developments regarding monolayered, multilayered and nanolayered
coating are currently being made, with a clear focus on the study of the addition of certain
elements to TiAlN-based coatings in order to improve them. There are also studies made
about the development of new coatings, such as self-lubricating coatings. As seen in the
first chapter, the use of solid lubricants can significantly improve the performance of the
coated tool [5]. This nanocomposite coating proves to have great potential, especially due
to its low friction coefficient (due to self-lubricating behavior) which results in reduced
wear behavior.

Still regarding recent research trends of TiAlN based coatings, similarly to the other
coating type, there seems to be a focus on the study and development of nanolayered and
nanocomposite coatings as presented in the previous chapters. These coatings have very
high hardness values, due to the high number of layers, conferring super-hardness to these
types of coatings (more than 40 GPa). There is also quite a lot of research done about these
super-hard coatings (that do not need to be nanolayered as seen in [59]). These TiAlN-based
super-hard coatings have better cutting performance when compared to the other regular
TiAlN based coatings. This is due to their high hardness, a careful architecture of the
coating’s microstructure [118] and addition of some elements such as Mo [59] and Ta [119].

Regarding the research made on doping elements, it seems to be a popular topic,
there are quite a lot of studies about the influence of certain elements in TiAlN-based
coatings, with some yielding very satisfactory results. The use of Mo in coatings is well
documented, with these coatings containing Mo, such as MoSeC coatings [120]. Mo
addition not only improves the coating’s mechanical properties, such as hardness and
Young’s Modulus [59,106,107], but also improves the friction coefficient of the coating,
which promotes a better tool-life (reducing wear rate) [121,122]. There are some studies
conducted about the reduction of wear coefficient of coatings, such as the ones using Cu
and Ag [109,110] as doping elements. As it was observed, the addition of these elements
resulted in a decrease in the coating’s wear coefficient, but also hindered its mechanical
properties, as it caused a reduction of hardness in the coatings. Mo is quite popular as it
offers an increase in the coating’s mechanical properties and improves the wear behavior
of the coating, as seen in [106,107]. Moreover, it can be used in multilayer architecture, to
be applied under the form of nitrides, such as MoN. The development of these low-friction
coatings that can perform in rough conditions is collecting some attention, as seen in the
paper presented by Bondarev et al. [123], where the MoSeC coating is paired with TiAlN
based coating: TiAlSiCN. This super-hard coating (with about 41 GPa of hardness) had a
comb-like structure that confers a high-thermal stability [124] and can be tailored to have a
high oxidation resistance [125]. When this coating is paired with the MoSeC coating, which
presents low friction coefficient [120], a very hard coating with an excellent wear behavior
can be achieved. The authors [123] evaluated the wear behavior of TiAlSiCN/MoSeC
coatings and have found that the addition of MoSeC caused a reduction in the hardness
values registered in [124]. However, this addition highly improved the wear performance
of these coatings, reducing the friction coefficient and improving the wear behavior at
higher temperatures (up to 300 ◦C). Studies such as these show that the employment of Mo
in coatings is quite beneficial, thus making it a popular research topic. Another element
that as seen some research is Si, as the use of this element is quite popular in machining
applications, especially for the TiAlSiN coating, which exhibit better mechanical properties
and wear behavior than the TiAlN coating [65]. Its employment is quite beneficial, being
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used in some monolayered coatings, such as the CrTiAlSiN [71], and in some multilayered
architectures [94], and nanolayered coatings [106,107,113,114]. As seen from the studies
presented above [123–125] the TiAlSiCN coating has a very high thermal stability and
excellent mechanical properties. From the study presented in [123], its employment in
multilayered architectures also brings some benefits in terms of wear behavior. In the
study performed by Golizadeh et al. [126], the authors evaluate the thermal stability and
oxidation resistance of SiBCN/TiAlSiCN and AlOx/TiAlSiCN coatings. It was concluded
that the base oxidation resistance and thermal stability of the TiAlSiCN coating were
improved when using the multilayer coatings, with the AlOx/TiAlSiCN coating exhibiting
the highest performance of all the coatings. Sill regarding doping elements of TiAlN-based
coatings, some of these that are currently under research are Ta [63,119] and Y [63], yielding
satisfactory results in terms of wear behavior and mechanical properties. There are, also,
some novel coatings that use Ru [62,84] in their composition, which are also showing some
promising results, however the amount of research in this matter is not as abundant as the
other elements.

As previously mentioned, the nanolayered and nanocomposite coatings exhibit in-
creased mechanical properties (presenting very high values of hardness generally) and
wear behavior making them very appealing for the machining industry. New coatings have
been developed, based on the research made about additive elements for monolayered
coatings. Once again, the employment of Mo is under study for extreme applications, this
time on nanocomposite coatings [106,107]. Still regarding the research made on nanolay-
ered coatings, many studies are being made on the influence of layer thickness in coating’s
mechanical properties and cutting performance [39]. Furthermore, improvements are being
made to already known coating architecture such as the TiAlN [89–100], TiAlSiN [65,94],
TiAlN/TiN [90,96,98] and Al/TiAlN [103], with studies presenting increases in the coat-
ing’s performances by employing methods to control layer thickness or concentration of
phases, such as TiN and Al.

Regarding the machining applications that these coatings are applied to, from the
analyzed research papers presented in this review, it is noticed that the coatings are mainly
used in turning and milling operations. It was noticed that there are many research papers
about milling operations using the TiAlN-based coated tools. However, for both machining
cases, it was found that there is a large interest in the study of the wear performance
of these coatings in the cutting of steels [70,71,74,81,83,97,98,100,111–114,117], titanium
alloys [72,75,76,82,96,115,116] and Inconel [73,78–80,99]. This is due to these alloys being
employed in the aeronautical industry, making the study of the machinability of these
materials quite interesting. The applied coatings are usually novel nanocomposite coatings
or already known structures (aforementioned) that have been improved in some way, being
noticed that the coatings structure highly improves the wear behavior of these coatings (as
previously mentioned). In the presented studies, the wear mechanisms are also evaluated,
as there is a great interest in knowing how these coatings perform.

5. Concluding Remarks

In this paper, an analysis of recent research on TiAlN-based coatings applied to ma-
chining was performed. The main research topics about monolayered, multilayered and
nanolayered and nanocomposite coatings were presented, mentioning the new develop-
ments made about these coating types, their benefits for the coating’s mechanical properties,
wear and cutting behavior. A comparison of these coating’s mechanical properties was
also made, as a way to link these to the coating’s wear behavior. These coating’s main
applications were also analyzed and presented, mentioning the main wear mechanisms
that these coated tools suffered when machining various types of material.

It was found that, regarding monolayered coatings, the research was primarily about
the study of doping elements (as previously mentioned), with Mo additions yielding very
satisfactory results. These additions promoted an increase in the coating’s hardness, elas-
tic modulus and toughness, thus promoting a slow wear rate for TiAlN-based coatings
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containing Mo. This was also registered for other elements such as Ru, Zr and Ta. Re-
garding other type of coating architecture, the main focus of recent research appears to
be nanolayered and nanocomposite coatings, as their mechanical properties exceed those
of the other coating types. Some of these coatings are super-hard, presenting hardness
values above 40 GPa. This is very appealing as this promotes the wear performance of the
coating, protecting it from abrasive wear. Furthermore, these coatings present very high
crack resistance and very high toughness.

These types of coating architecture have an influence on the coating’s properties and
subsequently on their wear performance and cutting behavior. Properties that are of high
importance and improve the coating’s wear behavior are:

• Hardness;
• Toughness;
• H/E ratio (plasticity);
• Friction coefficient.

Regarding the coating’s wear mechanisms, it was found that the main wear mecha-
nisms present in milling are adhesion and abrasion, however, the employment of nanolay-
ered coatings improves the adhesive damage suffered by the coatings. Regarding the
coatings employed in the turning process, these usually suffer abrasive wear and BUE,
with some coating’s exhibiting adhesive wear. As for milling, the use of nanolayered and
nanocomposite coatings improves the cutting behavior and tool life of the coated tools,
with these types of coating outperforming regular monolayered TiAlN-based coatings.
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Abstract: Turning continues to be the largest segment of the machining industry, which highlights
the continued demand for turned parts and the overall improvement of the process. The turning
process has seen quite an evolution, from basic lathes using solid tools, to complex CNC (Computer
Numerical Control) multi-process machines, using, for the most part, coated inserts and coated tools.
These coatings have proven to be a significant step in the production of high-quality parts and a
higher tool life that have captivated the industry. Continuous improvement to turning coated tools
has been made, with many researches focusing on the optimization of turning processes that use
coated tools. In the present paper, a presentation of various recently published papers on this subject
is going to be made, mentioning the various types of coatings that have recently been used in the
turning process, the turning of hard to machine materials, such as titanium alloys and Inconel, as well
as the interaction of these coatings with the turned surfaces, the wear patterns that these coatings
suffer during the turning of materials and relating these wear mechanisms to the coated tool’s life
expectancy. Some lubrication conditions present a more sustainable alternative to current methods
used in the turning process; the employment of coated tool inserts under these conditions is a current
popular research topic, as there is a focus on opting for more eco-friendly machining options.

Keywords: machining; turning process; turning tools; solid tools; cemented carbide; coated tools;
coated cemented carbide; Physical Vapor Deposition (PVD); Chemical Vapor Deposition (CVD);
multilayered coatings; nanolayered coatings; wear mechanism; tool life; minimum quantity Lubricant
(MQL); cutting forces

1. Introduction

The machining industry has seen a significant growth in the past 5–6 years, and it is projected to
be a 100 billion USD industry by 2025 [1]; this is primarily due to the high demand for higher quality
products and computer numerical control machines (CNC), that enable manufacturers to develop these
high quality and complex products at higher speeds [2]. Nowadays, there are 6-axis CNC machines,
capable of turning feedstock bars into a complete product, which are quite appellative to the machining
industry [3]. Moreover, the lathe and milling segment are still leading the market. In 2018, the lathe
segment was leading the market, valued at 17.65 billion USD, followed by the milling segment [4].
The lathe market has grown significantly and is expected to keep growing in the following years [5].

The turning process can be described as the machining of a piece of material that is rotating, using
a single pointed tool that is stationary, to produce a smooth and straight outside or inside radius on
the piece. When turning, some considerations need to be taken into attention, such as the type of
turning that is being made, for example longitudinal turning, and external or internal turning; quality
demands, such as surface finish or tolerance must also be taken into consideration, because these
are factors that depend on the material that is being machined, as well as the tools and the machine
that is being used [6]. As previously stated, the tools used for turning are single-pointed, and can be
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categorized into solid tools and insert tools; these tools can be coated to improve the process. Turning
was initially carried out on a lathe, but the processes have seen significant evolution, particularly due
to the development of computer numerical control (CNC) machines from the 1980s onwards, as well
as turning centers, and later machining centers that could employ different processes such as turning
and milling. This led to an increase in their use in the manufacturing industry [7], evolving from basic
lathes, to multiple-process machining centers.

As the machines for turning evolved, so did the tools that were being used in the process, from solid
tools with simple geometries, usually made out of steel, to coated cemented carbide tools, that make
up to 80% of all tool inserts used in today’s machining. These coated cemented carbide tools have
improved the machining process significantly by enabling the machining of materials at faster rates
than using conventional, uncoated tools [8,9]. These coatings are deposited on the surface of the tool
to provide more wear resistance or a lower friction coefficient—in summary, these coatings provide
a way to machine materials at higher speeds, while maintaining overall good surface quality and,
especially, improving tool life, by reducing cutting forces, temperature and tool wear. There have been
recent developments in cemented carbide tools, fabricating these tools with gradient layers, where
the outer layers are, for example, harder than the substrate [10]. The fabrication of these gradient
composite tools will provide tools with more versatility, as the desired properties can be applied on
the base tool and improved on the surface, increasing their performance. Studies have been made to
analyze the way the thickness of these gradient layers affect the properties of these tools [11]. A study
carried out by Zhou et al. [12], tested different gradient cemented carbides, with layers of differing
thicknesses, and has tested these with different coatings in the high speed cutting of a titanium alloy.
Thus, Zhou et al. found that the thickness of the gradient layer’s influences cutting performance,
and that this thickness can be controlled by altering the contents of the cemented carbide constituents.
Additionally, the authors concluded that the carbide with the thickest layer had the best cutting
performance, making the control of these thicknesses very appealing when dealing with this type
of substrate.

Coatings can be obtained using two different processes, either by Chemical Vapor Deposition
(CVD), or by Physical Vapor Deposition (PVD). CVD films are achieved by having a precursor pumped
inside a reactor; this precursor is regulated by control valves. The precursor molecules pass by the
substrate and are deposited on its surface, achieving a thin, hard coating. This process runs at high
temperatures, reaching temperatures of up to 900 ◦C and, additionally, the film thickness is usually
uniform throughout the substrate surface. PVD consists of different methods, such as evaporation,
sputtering and molecular beam epitaxy (MBE). In the sputtering technique, the applied coating is
achieved by placing a magnetron near the target, in a vacuum. Then, an inert gas is introduced, then
a high voltage is applied between the target and the substrate, releasing atomic size particles from
the target. These particles are projected onto the substrate and they start to form a solid film. In the
evaporation technique, the target acts as an evaporation source, having the material to be deposited,
which works as a cathode. The material is heated at a high vapor pressure, which causes the release of
the particles. The pumped gas, inserted in the reactor, clashes with the nano particles, which causes
the acceleration of these particles, which in turn creates a plasma. This plasma proceeds trough the
deposition chamber, thus depositing the coating’s layers onto the substrate. Usually, PVD processes,
when compared to CVD, run at a lower temperature (under 500 ◦C), and are more environmentally
safe due to the type of precursors used in the CVD process, which are toxic. Additionally, the energy
consumption of the PVD process is considerably lower than that of the CVD process [13–16].

Regarding the PVD process, there are various methods that can be used to obtain different coatings,
either in composition or with different properties. Some of these methods are quite novel, or are seeing
a new use in order to obtain certain coatings. As previously mentioned, the various methods that are
applied in the coating industry are either sputtering or evaporation methods. Magnetron sputtering
and arc evaporation methods have seen recent use in the deposition of coatings. Figure 1 shows the
various PVD methods.
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Figure 1. Different physical vapor deposition (PVD) techniques that are used currently in the production
of advanced coatings [16].

The most used method, for magnetron sputtering PVD coating, is the direct current method
(DC), however there are many more (as seen in the previous image), such as unbalanced magnetron
sputtering (UBMS) and the novel high-power impulse/pulse magnetron sputtering (HiPIMS/HPPMS).
Regarding these sputtering methods, there is a recent paper, that presents a method on how to control
the boron-to-titanium ratios of TiBx thin films. The authors show, in this paper, that the addition of an
external magnetic field during the strongly magnetically unbalanced magnetron sputtering of a TiB2

target in Ar, enables the ability to control the ratio of B/Ti. This research paves the way for synthesizing
stoichiometric single-crystal transition-metal diborides [17]. Still regarding magnetron sputtering,
a paper by Romero et al. [18] studies the properties of TiAlN/TaN nanostructured coatings deposited by
DC magnetron sputtering. These coatings were deposited at different substrate rotation speeds. These
different rotation speeds enable the control of the coating’s architecture and mechanical properties.
Recent studies on the HiPIMS reveal interesting results, such as having better coating adhesion or even
having better coating mechanical properties. This paper by Zauner et al. [19], studies the influence
of HiPIMS parameters on the properties of Ti–Al–N thin films, by using a Ti–Al composite target in
mixed Ar/N2- atmospheres. The parameters that were studied were both the pulse frequency and
duration, and the N2 flow ratio, substrate bias voltage and target composition. The optimal parameters
for obtaining good values of hardness and moderate compressive stresses were determined, and it
was found that the regulation of these parameters enables the control of the coating’s structure. These
variations can promote the formation of a highly preferred cubic phase, though altered gas-to-metal
ratios arriving at the film surface.

Regarding evaporation methods, the arc evaporation has seen some use in recent research,
especially the cathodic arc deposition method. In this paper, coatings obtained by this method will be
mentioned. In a recent paper by Zhirkov et al. [20], a stable and reproductible arc plasma generation
from a TiB2 cathode is presented. The authors show that the use of a Mo (molybdenum) cylinder
around the boride cathode limits the movement of the arc spots to within the rim. This, coupled with
a TiB2 cathode containing 1wt% of carbon, generated a stable arc with high reproducibility. These
borides are not usually synthesized using DC arc evaporation, although the authors show with these
results that the cathodic arc is an efficient method for the synthesis of these metal borides

When selecting the type of coating desired for a tool, the machining process being implemented
must be taken into consideration, as there are some advantages and disadvantages to coatings that
are applied to cutting tools. For example, in the paper presented by Hovsepian and Ehiasarian [21],
the production of coatings using different PVD techniques is explored, namely the conventional
DC magnetron sputtering and the HiPMS technique. The produced coatings were tailored for the
applications that were chosen, while investigating the properties of the produced coatings. Studies
such as these highlight the necessity of good planning when choosing the right coating for the right
application. Furthermore, some parameters, such as coating properties (i.e., chemical composition,
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hardness or coating design), influence tool performance when applied to different machining processes
(for example, roughing or finishing), but the deposition method also influences the cutting behavior of
these coatings. CVD coatings are usually applied to cemented carbide cutting tools due to the good
behavior of these materials under elevated temperatures, whereas, due to the overall low temperature
of the PVD process, this also means that this method can be used to coat tool steel, with some studies
having been done on the preparation and evaluation of these coatings [22]. However, there are some
studies that propose an approach to solve the problem of diamond deposition on steel substrates
using the CVD process. The authors propose a Ni/Cu/Ti interlayer for the diamond coating to adhere.
The coating showed good adhesion to the multi-metal interlayer, and good wear resistance [23,24].
The study by Silva et al. [25] evaluates the wear resistance of Ti–Al–Si–N coatings deposited by PVD
on a steel substrate; the coating was evaluated, including the adhesion of the coating, and the authors
reported that a good adhesion of the coating to the tool steel was achieved. PVD, being a line-of-sight
process, has some disadvantages, for example, it is harder to apply PVD coatings on complex geometries,
although this can be achieved by using, for example, pulsed high-power sputtering [26]. Another
disadvantage of PVD is that the coating thickness is harder to control throughout the substrate surface,
however, using the mentioned pulsed high-power sputtering, the thickness distribution of the PVD
films is more homogenous [26]. PVD coatings are usually thinner than CVD coatings. A thin PVD
coating is more suited for finishing operations, as the thinner PVD coatings, confer the tool with a
sharp cutting edge (when compared to thicker CVD coatings), also, the compressive stresses exhibited
by PVD coatings (CVD coatings exhibit tensile stresses, contrary to the PVD coatings) are favorable;
these stresses, coupled with the small layer thickness, make for a stronger and sharper cutting edge,
making these coatings ideal for finishing operations [27–29]. Still regarding coating thickness, although
generally PVD coatings are thinner than CVD coatings, there is a novel method that enables the
deposition of thick PVD coatings, using a state of the art arc-evaporated PVD technique, that can grow
coatings up to 24.5 μm [30].

As previously stated, coatings provide tools with properties that best fit machining applications,
and, as in the case of gradient cemented carbide tools, that have different layers with different
properties; coatings can use the same principle as these tools. This means that a coated tool may
have a multi-layered coating, in which, for example, the outer layer has elevated wear resistance and
the subsequent layer has a main thermal dissipation function. This versatility makes coated tools
very appealing.

Tool coatings are classified by their architecture type (number of layers/layer arrangement) and
by their chemical composition (layer composition). They are also characterized by their mechanical
properties, such as hardness, indentation modulus and their stress state (stresses induced during the
deposition of these coatings). Additionally, the microstructures of these coatings are often analyzed,
as these are linked to the mechanical properties of the coatings. There is recent research that studies
the altering of the microstructures of some coatings, in order to improve their performance.

Coatings can have various designs, from single layer to multi-layered coating. The types of
coating architecture are as follows:

(a) Single layer coating;
(b) Double layer coating;
(c) Gradient coating;
(d) Multilayer coating;
(e) Nanolayered coating;
(f) Nanocomposite coating.

Different coatings with different designs have different types of architecture; the coating can have,
for example, a multilayered architecture. The architecture of the coating is linked to coating design,
meaning different architectures are chosen to deal with different problems.
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Multilayer coating is a type of coating that shows more application in the industry by combining
more than one appealing characteristic of each layer of coating. The higher number of layers also
contributes to a hardness increase and to a higher crack propagation resistance. In this way, the tool
performance can be enhanced, making this type of coating very attractive [14,18,30,31]. Additionally, in
a study carried out by Kainz [32], multilayered CVD coating (TiN/TiBN) is compared to single-layered
TiN and TiBN, concluding that performance is better with the multilayered coating.

Figure 2 shows, in a scheme, how the different types of coating look when applied on the substrate.

Figure 2. Different designs of hard coatings. Reproduced from [14], with permission from Elsevier, 2017.

Coatings are also characterized by their chemical composition, for example, different types of
coatings with different chemical compositions are obtained through different deposition processes.
The most common coatings obtained by PVD processes are TiN, Ti(C, N), (Ti, Al)N, while the most
common coatings obtained by CVD are Ti(C, N), Al2O3, and TiN. Notice that these coatings are
employed in different types of architecture, in order to obtain a better-suited cutting tool for a
certain machining operation [27]. It is important to note that the chemical composition is important,
as different chemical compositions have different hardnesses, friction coefficients and different thermal
conductivities, which directly influences coating wear patterns. Regarding coating microstructure,
it varies with the coating’s chemical composition. Images will be presented regarding the microstructure
of various coatings, especially those that have recently been researched. There are various studies
regarding coating microstructure, either analyzing coatings obtained by a novel process or analyzing
microstructural changes that might occur after machining. In a study by Longt et al. [33], the cutting
performance of TiAlN- and CrAlN-coated silicon nitride inserts is analyzed in the dry turning of
cast iron (Figure 3). The microstructure of these coatings is also analyzed and is displayed in the
following images.

The mentioned coatings were obtained by PVD cathodic arc evaporation, and their thickness were
about 4 μm for the TiAlN coating and about 2 μm for the CrAlN coating.

Figure 3. (a) TiAlN coating microstructure (b) CrAlN coating microstructure. Reproduced from [33],
with permission from Elsevier, 2014.

The authors reported that the TiAlN coating had a dense and smooth structure with small grains,
while the CrAlN coating’s structure had formed columnar crystallites.

61



Metals 2020, 10, 170

Still regarding coating microstructure, another study [34] analyzes the influence of Ni on the
microstructure of a PVD cathodic arc evaporation obtained using AlTiN coating (Figure 4). The cutting
performance is also analyzed in this study. Three samples were analyzed, one coating composed of
AlTiN, another with 1.5% Ni and the third one with 3% Ni content. The following images are of the
microstructures of these coatings.

Figure 4. (a) AlTiN coating microstructure with 0% Ni; (b) AlTiN coating microstructure with 1,5% Ni (c)
AlTiN coating microstructure with 3% Ni. Reproduced from [34], with permission from Elsevier, 2019.

Notice the microstructural change that is occurring: while the coating with 0% Ni (a) exhibits
a columnar microstructure, the addition of Ni promotes a more compact nanocrystalline structure.
Although the nanohardness and elastic modulus for the AlTiN coatings had the highest values (26.2 GPa
and 315.8 GPa respectively), the authors report that the coating with 1.5% Ni (b) has the best cutting
performance. The lowest hardness values and elastic modulus came from the coating with 3% Ni (c)
(20.9 GPa and 300.5 GPa respectively). It was also reported that the coating adhesion was worst for the
3% Ni (c) coating, while the 1.5% Ni (b) coating was practically tied with the AlTiN coating in terms
of adhesive strength. However, the 1.5% Ni (b) coating was the coating with the greatest toughness,
improving tool life by 160%.

Regarding multilayered coatings, these are very appellative to the machining industry, as they
confer tools with various properties that can be combined in order to achieve a satisfactory machining
process. The trend seems to be reducing layers’ thickness, in order to achieve a greater combination of
various properties, such as high hardness, a low friction coefficient, thermal conductivity, diffusion
barrier and corrosion resistance [35]. Figure 5 shows the overall structure of multilayered coatings.
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Figure 5. Example of a complex CVD-obtained multilayer coating microstructure. Reproduced
from [35], with permission from John Wiley and Sons, 1969.

The nanolayered coatings are a type of multilayered coating, the difference being the layer
thickness, which is in the nanometer range. Figure 6 shows the structure of a nanolayer TiB2 coating.

Figure 6. TiB2 nanolayer coating structure. Reproduced from [35], with permission from John Wiley
and Sons, 1969.

The coating’s structure influences the overall coating strength and adhesion to the substrate. It is
an important aspect of fabricating new coatings or finding the correct application to a certain coating.

As previously mentioned, the coatings are also characterized by their mechanical properties, such
as hardness, indentation modulus and the stress state of the coated tool (residual stresses that were
induced during the deposition process). These mechanical properties can be altered by changing the
coating’s microstructure, as seen in the previous study [34], or by changing the coating’s architecture or
structure. As previously mentioned, a multilayered coating has more compressive stresses (e.g., a thin
PVD coating); this will make for a stronger and more tough cutting edge. Additionally, their high
number of interfaces confers coating strength. However, these residual stresses may provoke coating
adhesion problems. In a study by Dai et al. [36], the properties of TiB2/Cr multilayered coatings
with double periodical structures are studied. Various multilayered architectural structures were
studied, changing the thickness of the Cr layer in order to see the changes to the microstructure and
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mechanical properties. It was reported that this double periodical multilayer structure can refine the
growth structure of the TiB2 grains, resulting in a betterment of the coating’s mechanical properties.
The authors also reported that the residual stresses can be decreased through the deformation of
the metallic Cr layers, which, in turn, causes a dramatical improvement to the coating adhesion.
Additionally, keeping these residual stresses low can also boost the peel resistance of the coatings [37].

Coatings are applied depending on the machining process and based on the process’s pre-requisites,
since their performance is heavily tied to the coating’s properties (chemical composition, architecture,
microstructure and mechanical properties). Because of this, coating design is very important [21,38].
To know which coating to apply and where to apply it, studies have been conducted to evaluate cutting
tool behavior. There are many parameters able to affect the cutting performance of a tool, such as
cutting speed, feed, depth of cut and lubrication regimen, and tool performance issues which affect the
tool’s life and the overall finish quality of the workpiece. Cutting tool behavior knowledge has proven
to be key in optimizing the turning process. By changing these parameters accordingly, a process
can be optimized to meet the expected results [39], such as in the study performed by Krishnan [40],
which used the Taguchi method to predict the best parameters to attain the lowest surface roughness
when turning IS2062 E250 Steel. The parameters that were varied (input parameters) were the cutting
speed, depth of cut and feed rate. The Taguchi loss function was used to compare the experimental
values to the desired ones and to predict the output results (surface roughness and material removal
rate (MRR)). An analysis of variance (ANOVA) method was used to determine the parameters that
most influenced the desired result or the output parameters, in this case the surface roughness and
MRR. The process could then be optimized to achieve the good surface roughness that was desired.
Similarly, a study conducted by Durga [41], used the Taguchi method to predict the best machining
parameters for turning AISI 304 stainless steel with a TiAlN nano-coated tool. The variable parameters
of this study were the cutting speed, depth of cut and feed rate, then the authors developed regression
equations based on the results for the surface roughness and material removal rate obtained from the
empirical tests to develop equations to determine the surface roughness and material removal rate
when using coated or uncoated tools for this type of experiment. Recently, studies on the parameters
that influence tool performance are focusing on the minimum quantity lubricant (MQL), studying
the effect of using this method in the machining of various materials using different tools. The study
performed by Khan and Maity [42], which employs MQL using vegetable oil and compares it to dry
cutting and flood cooling when turning commercially pure titanium, obtained satisfactory results,
reducing cutting forces and cutting temperature when using this approach. Tool geometry also affects
the cutting performance, because, by analyzing the cutting tool behavior more adequately, geometries
can be created to achieve the desired results. Regarding the study carried out by Harisha et al. [43],
cutting tool geometry is analyzed in order to minimize the cutting force when turning hardened steels,
this is because tool geometry, when incorrect, leads to energy loss which results in loss of productivity.

In this paper, the recent advances in coated turning tool behavior are analyzed, looking at the
different coatings that have been used in recent years. The different wear mechanisms which the
coated turning tools are subjected are also going to be analyzed and presented, relating the different
wear mechanisms to the coated tool life. There is also a chapter in this paper that will be reserved
to the behavior of coated tools under advanced lubrication or cutting conditions, such as, turning
using MQL conditions or using cryogenic conditions. Finally, the paper will conclude with a summary
of each chapter and there will be mention of what are the recent trends in the turning process using
coated tools.

2. Coatings for Turning Tools

In coatings applied to tools, or hard coatings, generally, nitrides, carbides, borides and oxides of
transition metals are used. The nitrides used as coatings for cutting tools are TiN, TiAlN, CrN, ZrN,
TiSiN, TiAlSiN, CrAlN, TiAlCrN, and cBN [8,9,14,41]; carbides for coatings are TiC, CrC, and WC.
For boride coatings, TiB2 is used due to its chemical inertness, high hardness and good wear resistance.
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Additionally, they can be deposited in tool steel with good adhesive capabilities [44,45]. One of the
most widely used oxide coatings is the Al2O3. Other somewhat common coatings for cutting tools are
DLC, MoS2 and WC-C [13,15].

Due to the drastic tool life reduction, and overall unsatisfactory surface roughness values of the
workpiece when using high speed steel (HSS) as a tool material, the industry has been using tool
coatings to overcome the issues arising from the use of HSS. In a study by Gupta et al. [46], the cutting
characteristics of PVD-coated turning tools were analyzed. The test involved the turning of C45 steel
using solid tools coated with TiN, AlCrN and TiAlN. Cutting forces were measured, while cutting
speed and feed rate were varied throughout the testing process. The TiAlN coating proved to be the
most efficient, relative to tool life, due to its hardness and self-lubricating ability, almost avoiding the
adhesion of the workpiece material to the tool surface, and therefore increasing tool life. Research like
this continues to be important, as the choice of the right coating can prove to be a profitable choice for
manufacturers, a fact that explains the vast amount of studies performed in this area, from finding
optimal conditions to machine a certain material, to comparing various types of coatings with different
structures or coating methods. In the following paragraphs, recent studies made on the comparison
of various coatings, and studies that use coated tools with novel/complex geometries in the turning
process, are going to be presented.

The work developed by Koyilada [47], testing the machinability characteristics of Nimonic C-263,
used coated cemented carbide for turning that material under dry machining conditions. Carbides
were coated with commercially available CVD bilayer coating (TiCN (bottom layer)/Al2O3 (top layer)),
and PVD multilayer coating (TiAlN/TiN), consisting of alternating layers of TiN and TiAlN on the
substrate. Both these coating types were compared. The results show that the PVD coating presented a
remarkable improvement in the surface finish of the workpiece when compared to the CVD-coated tool.
Cutting forces measured in the tests were also lower when the PVD coating was in use. Additionally,
the PVD coating outperformed the CVD bilayer coating in terms of tool life. This is due to the
PVD-coated tool presenting a superior compressive strength when compared to the CVD-coated tool
(due to deposition technique and multilayer configuration), making it more suitable to work under a
fluctuating load. Due to the microstructure of Nimonic C-263, the tool is subjected to dynamic fatigue,
even in continuous machining, which explains the underperformance of the CVD coating in this case.
Although the PVD multilayer coating is preferred for higher cutting speeds, ranging from 50–90 m/min
(further cutting speed augmentation would require the use of a cutting fluid paired with the coated
cutting tools), the CVD bilayer coating should be used to turn this material at speeds below 60 m/min,
because the top layer of Al2O3 has a low thermal conductivity, which results in a higher machining
temperature at higher cutting speeds. This eventually leads to wear problems, especially material
adhesion and coating disaggregation.

Another study that compares the characteristics of CVD and PVD-coated carbide tools, is a
work presented by Ginting [48] which studies the productivity of AISI 4340 hard turning using
multilayered CVD (TiN (top layer)/Al2O3/TiCN (bottom layer)) and monolayered PVD coatings (TiCN).
Productivity was characterized by the material removal rate (MRR) and volume of material removal
(VMR). Otherwise, the variables analyzed in the tests were cutting speed, feed rate and depth of cut.
The upper limits set to the coated tools reveal that the CVD multilayer-coated carbide can achieve a
slightly higher feed rate and depth of cut value. In terms of tool life, the PVD monolayer coated tool
endured for longer than the CVD-coated tool. In terms of surface roughness, the PVD coating was
more effective as well. As mentioned above, PVD coatings have more sharp edges and are thinner,
providing a better quality surface finish, however, in terms of productivity the CVD-coated carbide
achieved values higher by about 78–125% than the monolayer PVD-coated tool. This highlights the
fact that choosing the right coating method and type of coating can prove an advantage. As seen in
that study, the PVD-coated tool performs better regarding tool life and overall surface finish quality,
but in terms of MRR the CVD-coated tool is more effective. This is due to the coating properties: while
the PVD coating (TiCN) is harder than the outer layer of the CVD coating (TiN), its friction coefficient
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is also lower when compared to the TiN. This, coupled with the fact that thin PVD coatings confer
the tool with sharper cutting edges and have more compressive stresses (caused during the PVD
process [29]), give the PVD coating superior finishing capabilities when compared to this CVD coating.

In the work presented by Kumar et al. [49], the performances of PVD coated carbides using TiAlN,
AlCrN and TiAlN (top layer)/AlCrN (bottom layer) were tested in the turning of Inconel 825, as well as
uncoated carbide tools. The performance of each tool was evaluated, taking into consideration the
flank wear of the tool, work-piece surface roughness, cutting force generated during the cutting process
and chip formation. The optimal machining parameters were analyzed using grey relational analysis
under multiple response optimization, and the results showed that the bilayer coating (TiAlN/AlCrN)
outperformed the single layered coatings, TiAlN and AlCrN, in the machining of this alloy.

Still regarding the comparison between CVD- and PVD-coated tools, the study performed by
Koseki et al. [50] compares TiN-coated tools obtained by different deposition methods in the continuous
turning of Ni-based super-alloys. These high-strength, low-conducting alloys require higher cutting
forces and temperatures than other materials during the machining process. The damage suffered
during the tests was investigated, and the CVD coating proved to be more efficient in the machining of
these alloys, suffering almost no change in coating hardness and overall less plastic deformation in
the process.

A method that has seen some use is the coating of a textured tool in order to promote better
chip removal, better adhesion of the coating to the tool and even an improved tool life. In the
work developed by Mishra [51], the machining performance of laser-textured chevron shaped tools,
and untextured tools was evaluated. These tools were coated with AlTiN and AlCrN using PVD.
Cutting forces and tool wear were analyzed for textured and untextured cutting tools. Coating growth
on textured tools was better, presenting a reduced number of microcavities and macroparticles for both
coatings. The value of the cutting forces was lower for the textured tools, resulting in less tool wear,
and the texture on the tools improved the tool-coating adhesion. The chips formed by the textured
tools were thinner when compared to untextured tools, however, chip fragments were embedded in
the textures. Thus, machining parameters need to be adjusted in order to find a balance between these
two phenomena in order to produce favorable machining conditions.

As previously stated in Chapter 1, discussing developments in gradient cemented carbide tools,
studies on the influence of this gradient and on how to control the grain size of the cemented carbide,
have been conducted [11,12]. These gradient cemented carbides already represent a significant
improvement when using uncoated cemented carbide tools. Additionally, these gradient cemented
carbides may improve the quality of the coating, making it more adherent to the substrate, and even
improve tool performance. A paper presented a study regarding CVD coating application on gradient
cemented carbide tools of different grain sizes, where it was observed that the coating thickness is
related to the carbide grain size, coating thickness increases with smaller grain sizes [52]. It was also
concluded that the adhesion strength of the coating is overall better on gradient cemented carbides
when compared to regular cemented carbides, however, the adhesion strength drops when the grains
of the cemented carbide are finer. A thicker coating may not be ideal for finishing operations, however,
for roughing operations, having a thicker coating may be beneficial.

Cutting tool coatings may also provide a sustainable eco-friendlier alternative when machining
certain materials, as some of these materials, for example, nickel-based super-alloys, already mentioned
in this chapter, require higher cutting speeds, which results in higher cutting forces and a higher
temperature in the cutting area. To counteract these problems, lubrication is employed, sometimes
by flooding the cutting area. Practices like these have proven to be unsustainable and damaging to
the environment.

A recent tendency is to employ methods able to reduce the high usage of these lubricants and
make the overall machining process more eco-oriented. These methods (Figure 7) sometimes use
biodegradable oils, such as vegetable oils, as lubricants. Dry machining is also a sustainable option,
as it removes the use of cooling fluid altogether, having as its alternative the minimum quantity
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lubrication (MQL) method, in which small amounts of lubricant are employed. MQL presents itself as
being a viable alternative to dry machining when having problems with cutting temperature or surface
finish quality. Other sustainable methods, such as cryogenic cooling, or the use of a high-pressure
coolant, in which the coolant is applied to a select area of the tool, are employed as an alternative to the
conventional flood cooling method [53].

Figure 7. Wheel of sustainable machining. Reproduced from [53], with permission from Elsevier, 2019.

The work produced by Thakur and Gangopadhyay [54] proposes a sustainable alternative to the
machining of nickel-based super alloy, by employing TiN/TiAlN PVD-coated tools and dry turning of
the Incoloy 825. Tests were conducted employing different lubrication methods, such as dry machining,
flood machining and MQL. Cutting forces, temperature of the cutting area, tool wear and surface
integrity were evaluated. While the temperature in the cutting area was higher for dry machining
when using a PVD-coated tool, the overall surface finish was of better quality when compared to
flood cooling and MQL. Moreover, cutting forces also presented lower values when using a PVD
coating, even in dry machining. This means that the cutting force necessary would be lower, therefore
promoting a more environment-friendly alternative (dry machining); an overall better surface finish
was obtained using the PVD-coated tool under an MQL environment.

Regarding nanolayered coatings, they are quite appealing, mainly due to their high hardness
value, for example, research was done on nanolayer TiN/VN coatings, and results found that there
was a very high hardness increment [55]. This hardness increase is related to the nanolayer thickness,
as see in Figure 8.
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Figure 8. Hardness increase of a TiN/VN coating, over the thickness of the bilayer. Reproduced
from [14], with permission from Elsevier, 2017.

The reason for this hardness increase was attributed to the large number of interfaces between
layers, characteristic of nanolayered coatings. In Figure 9, the structure of a CrN/TiAlN nanolayered
coating deposited on steel is shown [14].

Figure 9. CrN/TiAlN nanolayered coating structure. Reproduced from [14], with permission from
Elsevier, 2017.

The structure shown in Figure 9, characteristic of nanolayered coatings, confers the coatings a
very high crack propagation resistance, as the cracks tend to not propagate as deep as in a monolayered
coating, thus risking damage to the substrate. These coatings are very similar to the multilayered
coatings, the main difference being the thickness of each layer and that the hardness value for a
nanolayered coating is not equal to the average hardness of its constituents—however, this is the case
for regular multilayered coatings [14]. A recent study about the influence of the thickness of these
nanolayers in coatings found that, for hardness values at room temperature, there were no significant
changes between the coatings with differing thickness layers. However, the cutting properties of the
coatings were different, with the coating with the thinnest nanolayers exhibiting a higher tool life than
the coating with thicker nanolayers [56].
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As mentioned previously, understanding cutting tool behavior is the key to correctly optimizing
a machining process. There are many studies on coatings’ behavior while cutting, for example, in
the study presented by Gassner et al. [57], the thermal crack network on CVD TiCN/Al2O3-coated
cemented carbide cutting tools is analyzed. The theme of coating tools and coating performance is
heavily researched, comparing coating methods to achieve overall better machining results, or even
finding an eco-friendlier alternative to machining certain materials.

3. Coating Influence on Turned Surface Quality

There are many factors that influence surface quality in the turning process, as seen in Chapter 1.
A turning process can be optimized in order to have the best possible surface quality, by changing
certain parameters, such as rotation speed, feed rate and depth of cut. These parameters are mainly
dependent on the machine, as the machine also influences cutting performance and the overall surface
finish of the machined piece [58]. There have been studies that relate the chip formation thickness to
the overall surface roughness of the machined piece [59]. Using a prediction method to determine chip
formation thickness can serve as a monitor of the surface roughness of certain materials. However,
there are more factors that influence the surface roughness of turned pieces, such as lubrication method
and tool geometry, and the coating that is being employed also affects the overall surface quality of
the workpiece. As previously mentioned, thin PVD coatings are very well suited to surface finish
operations, and provide an overall better surface quality than thicker coatings. This is mainly due to
the sharp edges that are conferred to the substrate, and compressive stresses that confer the tool edge
strength [27–29].

In this chapter, the influence of coated tools on the surface quality of various materials are
presented. The materials selected are mainly titanium alloys and nickel-based super-alloys, as these are
very appealing for structural and engineering applications, especially due to their strength-to-weight
ratio. Although these alloys have some processing problems associated with them, for example low
machinability rating, their poor machinability may be attributed to material properties, such as high
hardness at high temperatures, low thermal conductivity and high chemical reactivity [60]. There have
been some studies conducted on the turning of hardened steels, which will also be presented in this
chapter, highlighting the coating’s influence on turned surface quality.

In the aforementioned study [40], a comparison of the machining performance of coated tools,
using a monolayer PVD coating TiCN and a multilayer CVD coating TiN/Al2O3 in the hard turning
of AISI 4340 steel. The authors found that, in this case (and as elaborated above), the PVD coating
would be best suited for finishing operations, especially due to the hardness values of TiCN and
the lower friction coefficient (when compared to the TiN top layer of the CVD coating). The surface
roughness values obtained for the PVD-coated carbide and for the CVD-coated tool, are (0.8–1.6)
micron and (1.6–3.2) micron, respectively. However, for material removal rate the CVD coating is
preferred, although the turned surface quality is poorer than those using PVD coatings.

The study by Fernández-Abia et al. [28], presents a comparison of four coatings (and an uncoated
tool) in the turning of austenitic stainless steel, AISI 304L. The cutting behavior of these coated tools
were analyzed. The authors mention that these types of PVD coatings are best suited for achieving
low values of surface roughness, especially due to the sharp edges conferred by the PVD process.
The coatings used were, AlTiN; AlTiSiN; AlCrSiN; and, finally, TiAlCrN. The first three coatings are
nano-structured coatings. The graph of Figure 10 shows the results obtained from this study, regarding
the surface roughness of the machined material.
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Figure 10. Graphic of surface roughness value (Ra) for different PVD coatings [28].

The best coatings for the machining of this material are the AlTiN and AlTiSiN coatings; this
is due to their nano-crystalline structure. Although AlCrSiN also has this beneficial nanostructure,
the presence of chromium in its chemical composition favors the creation of an oxide protective layer
that is inferior to the AlTiN and AlTiSiN coatings.

Regarding the turning of nickel-based super-alloys, in this study [54], the influence of coating
and lubrication/cooling method was observed in the turning performance of Incoloy 825, using a
TiN/TiAlN multilayer coating. The results regarding surface roughness obtained from these tests can
be interpreted from the graphs in Figure 11.

Figure 11. Different values of surface roughness for the machining duration. (a) and (b) have different
cutting parameters. Reproduced from [54], with permission from Elsevier, 2016.

The coated tool provides the better surface roughness quality from the tests that were carried
out. The fact that dry machining with coated tools provides a better surface quality is quite an
interesting finding, as this type of machining is sustainable and eco-friendly, and these coatings enable
the machining of high-quality parts at a lower price/environmental impact. The authors also added
that the cutting temperature was lower for the dry machining using PVD TiN/TiAlN-coated tools.
A study was also mentioned before [49], in which a PVD and CVD coating were used in the machining
of Nimonic C-263; the findings of these authors report that the PVD TiN/TiAlN multilayered coated
tool is better for the surface finish. Due to the sharper edges, this coating provided a 14.3% reduction
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in surface roughness value when compared to the CVD TiCN/Al2O3 counterpart, in which a higher
edge radius contributed to the lower turned surface quality. As stated previously, the PVD coating is
preferred for higher machining speeds than the CVD coating.

Without a doubt, coatings improve the overall surface finish quality of turned parts, however,
tools with the correct geometry can rival the low roughness values obtained, especially those with
thinner PVD coatings. By analyzing the literature, a trend can be seen, with thin PVD coatings usually
being employed in finishing operations, explained by the residual stresses that thin PVD coatings have
(compressive stresses), and by the sharp cutting edge that these coatings confer to tools. Their chemical
composition is also a contributing factor, as, depending on the coating chemical composition, these
will react differently with the material that is being turned, sometimes even forming hard protective
layers that lower the friction coefficient, thus improving overall coated tool performance [25].

4. Tool Wear Mechanisms

Coated cutting tools significantly improved the tool life of conventional tools, as coated tools suffer
overall less wear in the same lifetime as an uncoated one, particularly at high machining speeds [61],
however, coated tools eventually give out, due to the fact that a lot of these coated tools are used in
dry machining conditions, which means that the machining temperature is overall higher. A coated
tool has different wear mechanisms, such as abrasive wear, thermal cracks, adhesive wear, build
up edge (BUE), or coating structure failure, resulting in spalling or cracks appearing on the coating.
Understanding the different wear mechanisms for each coating type helps one make a better coating or
machining parameters choice to achieve the desired results. These wear mechanisms are related to
some parameters; for example, when there is an increase in the cutting force, it can be assumed that
the coating is suffering abrasive wear, or that there is a problem with the coated tool’s edge. Wear is
also related to the coating properties, different coatings (or coating layers) have different hardnesses,
friction coefficients and thermal conductivities, all factors that also contribute to the wear patterns of
these coated tools. Coating microstructures can influence factors, such as coating adhesion, that might
cause fracture wear later. Mechanical properties, such as hardness, indentation modulus and the
stress state of the coating itself, affect the wear patterns that these will suffer. In some cases, high
residual stresses can cause problems with coating adhesion, that is, the coating’s adhesive strength is
lower, and the coating is more likely to suffer spalling or delamination, although, as mentioned before,
different coatings obtained by different deposition methods have different stress states. Hardness is
primarily tied with abrasive wear, as well as the coefficient of friction (COF); the latter being related to
coating design (layer thickness or layer chemical composition), as seen in the study by Dai et al. [36],
where it is reported that the increase in the thickness of a Cr layer, in a multilayered TiB2/Cr coating
with double periodical structures, would result in a decrease in coating hardness and an increase in
coefficient of friction, which will affect the coated tool’s wear rate.

In this chapter, some studies regarding different wear mechanisms and coating degradation will
be addressed, presenting images for some types of wear mechanisms, as well as a summary of the
findings of these studies.

In a work mentioned in the previous chapter [50], there is a study on the wear of TiN coatings
obtained by different deposition methods. In addition to abrasive wear and fracture wear, a common
wear mechanism is adhesive wear, where the material adheres to the coated tool. In Figure 12, the wear
mechanisms for the TiN coating, obtained by different deposition methods, can be seen on the tool’s
cutting edge.
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Figure 12. Wear mechanisms on TiN coating, in the continuous turning of a nickel-based super-alloy
using different coating techniques: (a) PVD-arc, (b) PVD-SP, (c) PVD-HCD and (d) CVD. Reproduced
from [50], with permission from Elsevier, 2015.

In Figure 12, in addition to noticing the adhesive material on the cutting edge, other wear
mechanisms can be seen, such as fracture wear, where the cemented carbide substrate is exposed.
There is also micro-abrasion wear that can be noted on all the samples.

Still regarding the same study [60], some plastic deformation can be observed in the coating
(Figure 13). In this image, a broken coating area and adhesive material can also be seen.

Figure 13. High resolution TEM image regarding a TiN coating obtained by PVD-Arc, noticing wear
on the surface of the tool. Reproduced from [50], with permission from Elsevier, 2015.

Also due to temperature, thermal cracking may occur on the coating. Another study regarding
thermal cracking of CVD TiCN/Al2O3-coated cemented carbides [57] analyzes various methods to
close the cracks that occur due to excessive cutting temperature, such as wet blasting or filling the
cracks with TiO2. This wear mechanism can be observed in Figure 14, taken from the same work.
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Figure 14. (a) SEM image of rake face of a coated CVD insert after face turning (b) highlighted section
of the rake face. Reproduced from [57], with permission from Elsevier, 2019.

Regarding crack defects on cutting tools, the study performed by Vereschaka et al. [56] highlights
the influence of the PVD Ti-TiN-(Ti,Al,Cr,Si,)N nanolayer coating thickness, which was tested in the
turning of AISI 321 steel. The coatings differed in the number of nanolayers and nanolayer thickness;
the coating with the ticker nanolayers had a total of 33 nanolayers (Coating A), and the other coating,
with the thinner nanolayers, had a total of 57 of these layers (Coating B). These coatings were also
tested against monolayered Ti-(Ti,Al)N-coated and uncoated tools, and both the nanolayered coatings
presented a higher tool life than these last two. However, Coating A has less wear resistance and,
with the increase in cutting speed, the cutting temperature also increased, inducing thermal stresses in
the superficial layers of the tool. This can be observed in Figure 15, where (a) is the image regarding the
thickest nanolayered coating and (b) is the thinnest one. The thinner layers provide the coating with a
higher wear resistance, which means that thinner layers better resist thermal stress crack formations.

Figure 15. Crack formation on PVD nanolayered coating surface, area directly adjacent to the cutting
edge; (a) coating with nanolayers of 80 nm and (b) coating with 40 nm nanolayer thickness [56].

Coatings, when deposited, mirror the substrate surface, resulting sometimes in an uneven coating
surface, with imperfections such as cracks, and even residual stresses that may have resulted from the
coating process. These superficial imperfections may cause material transfer and have a negative impact
on the coated tool performance, by promoting tool wear or by not conferring the desired surface finish.
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Some methods have been proposed to minimize these defects, such as a post-deposition polishing of
the coated tool, in order to lower its overall surface roughness and minimize the potential for material
transfer [62]. Another method proposed to deal with cracks is shown in the paper presented by
Faksa et al. [63], where the authors study the effect of shot peening on residual stresses and crack closure
in CVD-coated hard metal cutting inserts. Due to the stresses seen on the deposition process of the CVD
coating on hard metal, the surface layer of the coating exhibits cracks. The authors conclude that well
placed and calculated shots can close these cracks and prevent crack nucleation and growth in CVD
coatings. These residual stresses also have an influence on PVD films, as shown by Skordaris et al. [64],
who studied the effects of PVD films’ residual stresses on their mechanical properties, brittleness,
adhesion and cutting performance. The coatings used are PVD TiAlN, and different coatings were used,
these having different levels of residual stress, obtained by heat treatment. The authors concluded
that there is a significant contribution of the film’s compressive stresses to increasing the mechanical
properties of the coating and adhesion, consequently improving tool life.

The wear mechanisms of a MTCVD–TiCN–Al2O3-coated cemented tool was also analyzed in
another study [65], where wear patterns were observed after 142 min of turning 300 M steel, at a
cutting speed of 300 m/min. Crater spalling could be observed, as well as evidence of molten metal
particles, which means that the cutting temperature was very high. Signs of adhesion, matrix exposure
and build up layer (BUL) were also observed. These wear patterns can be observed in Figure 16.

Figure 16. Different wear patterns on the MTCVD coating after 142 min of turning 300 M steel.
The rake face (a) was analyzed in two regions A (depicted in (b) presenting signs of cooling molten
metal), and region B (depicted in subfigure (c), where signs of BUL and micro-cracks can be noticed).
In subfigure (d) the flank face is displayed, and zones C and D are analyzed. Zone C is displayed in
subfigure (e), where adhesion damage can be noted, and some grooves. Lastly, zone D is displayed
in (f), where adhesion damage is the predominant type of wear mechanism. Reproduced from [65],
with permission from Elsevier, 2017.

74



Metals 2020, 10, 170

An analogous study [66] using similar conditions (maintaining the same coating and machined
material) was conducted in order to analyze the main wear mechanisms of the coated tool. The wear
patterns are like those observed in the previous study [65]: adhesive wear, build-up layer (BUL), molten
material and crack wear patterns were detected in the coated tool. The authors conclude that the main
wear mechanisms are adhesive wear, abrasive wear, oxidation wear and diffusion wear. During the
tests, cutting parameters were varied, such as cutting speed and feed rate. Cutting forces were also
analyzed, because this is an important step when optimizing a process.

In another work [67], the wear mechanism of PVD-, CrAlN- and TiAlN-coated Si3N4 ceramic
cutting tools was studied. The conducted tests consisted of the turning of GT250 gray cast iron using
these coated tools and characterizing the wear mechanisms. It was found that the adhesive strength of
the TiAlN was stronger than the CrAlN coating; during the turning of the material, the CrAlN coating
suffered spalling at a cutting speed of 400 m/min, due to low adhesive strength. During the dry turning
of the material, abrasive wear and minor adhesive wear were found to be the main wear mechanisms.
It was possible to observe that coated tools suffered more adhesive wear than the uncoated inserts.
Still regarding the coated Si3N4 ceramic cutting tools, studies made on the wear mechanism of these
tools coated with diamond were conducted [68,69], the authors observed the machining performance
of coated and uncoated tools; it was found that the cutting force was higher during machining with
diamond-coated tools, due to the surface roughness of the rake face. Additionally, the parameter that
influenced these cutting forces the most was the feed rate, contributing more to the increase in cutting
force than cutting speed. Regarding wear mechanisms, it was observed that the high machining
temperature promoted the graphitization of the diamond coating, which resulted in its removal from
the tool; however, there was no delamination observed in the coating after machining.

As previously stated, a recent shift to dry turning as an alternative to some machining methods
has been observed, due to economic and environmental reasons. Naskar et al. [70] in their investigation,
compared the flank wear mechanism of CVD and PVD hard coatings in the high-speed dry turning of
low- and high-carbon steel. The steels in question are C20 and C80, and they were turned at a cutting
speed of 300 m/min and 600 m/min with CVD Al2O3 (top layer)/TiC (bottom layer), TiCN (top layer)/TiC
(bottom layer) bilayer-coated, and PVD TiAlN single-layer-coated, inserts. The authors found that
the main wear mechanisms were abrasive wear, however, plastic deformation-induced necking and
dissolution-diffusion were also contributing to the acceleration of tool wear. They concluded that when
designing a coating material for high speed machining, the solubility of coating materials has to be
taken into account.

Figure 17, taken from the paper presented by Naskar et al. [70], exhibits the wear of coated tools
(coatings presented in the above paragraph), in the machining of C80 steel.

75



Metals 2020, 10, 170

Figure 17. Wear patterns for necking (caused by plastic deformation) (a) and abrasion marks (c).
In image (b) the coating’s surface is smooth after wear, with no evident abrasion marks or plastic
deformation induced defects. Reproduced from [70], with permission from Elsevier, 2018.

Studies like these are very important to understanding and finding ways to improve tool life,
by understanding how the wear patterns are displayed. Moreover, machining parameters can be
found/calculated in order to optimize the process and improve tool life. Additionally, by observing
these wear patterns, new ways of fabricating novel coatings can be achieved. The development of
nanostructured composite coatings is still quite novel, and studies such as these help to gain a better
understanding of how they behave in certain conditions, such as, for example, in the study carried out
by Vereschaka et al. [71], in which the behavior of a nanostructure multilayered composite coating
is tested under the high speed turning of steel. It was found that there was adhesive wear from the
steel that was being turned. As a result of the turning process, a top layer was “destroyed”, no longer
exhibiting a nanostructure.

5. Tool Life

Improving tool life has been a strong focus of the machining industry, as having cutting tools last
longer and not underperform is quite appealing. Because of this, many studies have been conducted to
increase understanding how to improve cutting tool life. As seen in the previous chapter, the knowledge
of the cutting tool wear mechanisms is crucial when wanting to improve tool life [70]. There are many
factors that directly influence tool life, such as the coating’s properties, i.e., mechanical properties,
coating architecture and microstructure, and chemical composition. These factors influence the coated
tool’s wear patterns, thus influencing tool life. Machining parameters also influence the tool’s life, such
as cutting speed, feed rate and even tool geometry, as there are some papers that study the influence
of the micro-textures of cutting tools, relating their surface geometry with tool life [72]. Regarding
the influence of machining parameters on cutting tool life, the study carried out by Asha et al. [73],
analyzes the effect of these parameters on cutting temperature and tool life while turning EN24 and
HCHCr Grade alloy steel. The authors carried out tests where the cutting speed and feed rate were
varied, and the depth of the cut was kept constant. The coatings used in the carbide inserts were an
M15 grade multilayer coating and an M20 grade. It was determined from the results of the turning
tests, that the cutting temperature was higher when machining the HCHCr grade alloy steel, when
compared to the EN24; the cutting speed increase applied during tests caused tool life to decrease,
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however, feed rate did not have a high impact on the tool life. It was also found that the tool life was
lower when machining the HCHCr alloy steel; this was possibly due to the presence of high alloying
elements in the steel and the hardness of the HCHCr steel.

In this chapter, some studies focused on improving tool life are presented, and the various methods
for determining tool life for different tools are also mentioned.

In the study carried out by Boing et al. [74], the tool life of PVD- and CVD-coated tools is
evaluated when turning AISI 4340-, 52-, 100- and D2-hardened steels. The authors found that the
TiAlN PVD-coated tool promoted better results when turning AISI 4340 steel. Otherwise, the MTCVD
TiCN/Al2O3//TiN proved to be better at turning the other steels. The authors also found that the
hardness and microstructure of these steels were the limiting factor, meaning that the carbide fraction
that is present in the steel microstructure limits tool life, due to the impact on the cutting edge, similar
to the study presented in the beginning of the chapter by Asha et al. [73].

Another paper presented by Vereschaka et al. [75] relates the coating thickness of a composite
nanostructured coating Ti-TiN-(Ti,Al,Cr)N to its tool life, similar to the results from another work [56].
The coating with thinner layers presents overall better mechanical properties and wear resistance
properties, having a longer tool life than its thicker competitor.

Another method to improve tool life involves ANOVA analysis, determining the best machining
parameters in order to obtain the desired effects, from a better surface finish to a longer tool life.
This method is presented in the work by Ranjan Das et al. [76], in which a process that involves the
hard turning of AISI 4340 using a CVD TiN/TiCN/Al2O3//TiN coating is optimized.

There are some methods proposed to predict tool life based on certain parameters, such as the
study that proposes a new model for the prediction of a time-varying heat partition coefficient at the
coated tool–chip interface in continuous turning [77]. The heat partition coefficient at the tool-chip
interface is important, as it helps to accurately estimate the distribution of heat flux and temperature
while machining, therefore this is important, as it gives insight on what influences the heat distribution
on the tool-chip; as, for example, coating thickness and substrate material influence the heat partition
coefficient, the type of coating and cutting parameters also influences this coefficient, for example,
increased cutting speed resulted in higher temperatures, and all of this has an influence on tool life.
With this proposed method, there is a new way to design better and more optimized coated tools,
and even help the selection of these tools for machining applications.

The study by Zhang et al. [78], proposes the prediction of tool wear, using a 2D Fractal analysis
of the cutting force and surface profile, in the turning of an Iron-based super-alloy. Coated carbide
tools and cermet tools were used to turn the material, and a dynamometer was used to measure the
cutting force. MATLAB (MathWorks, Natick, MA, USA.) was used to calculate the fractal dimension.
The results from these tests showed that the cutting force curve and the machined surface profile had
fractal characteristics; the authors determined that by using this method, tool wear and machined
surface finish quality could be predicted. This study yielded additional results, such as the coated
carbide tools having a higher tool life than the cermet tools, and demonstrated that by increasing
cutting speed the surface finish quality would also increase, however, with the increase in tool wear
the surface quality would deteriorate. Having a prediction method such as this for tool life is very
appealing for the industry.

There are also some studies on tool life that focus on the substrate. For example, in the study
carried out by Uhlmann et al. [79], the substitution of commercially coated tungsten carbide tools in the
dry cylindrical turning process with HiPIMS-coated niobium carbide cutting inserts is proposed. These
niobium coatings have shown potential in the machining of iron-based materials. The authors found
that, although the cutting performance of the HiPIMS-coated niobium inserts was higher than that of
the uncoated inserts, when compared to the commercially coated tungsten carbide tool performance
was not improved noticeably. However, it was found that the adhesion of this coating to the substrate
was good, providing an alternative to regular coated tungsten carbide tools. Research like this is
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important in finding new ways to optimize the machining of certain materials, as these new coatings
may be a reliable option when wanting to improve cutting tool life.

6. Tool Coatings Under Advanced Cutting and Lubrication Conditions

Since using coated cutting tools for turning has its limitations, especially regarding the lubrication
method, there have been some studies on employing some alternative lubrication methods in order to
achieve better results in the finished product, and even optimizing the process, making it cheaper by
improving tool life or even reducing power usage and, additionally, making the overall process safer
for the environment.

In this chapter, recent studies regarding alternative lubrication methods are presented, drawing
attention to the minimum quantity lubricant (MQL) method and cryogenic lubrication methods, paying
attention to the overall process efficiency and tool behavior while turning. For example, in some cases
MQL regimens can have a good impact on surface finish quality when compared, for example, to dry
turning. Additionally, the dry turning of some alloys may cause a high temperature in the cutting area,
provoking more work hardening when compared to MQL regimen [80]. As mentioned in Chapter
One, there are papers that study the influence of extreme pressure anti-wear additives (EP/AW), in
the MQL regimen, obtaining good results when compared to other MQL (without additives) regimen
and dry turning. These types of lubrication method not only affect the overall finished quality of the
product and tool life/performance, but they affect the microstructure as well. Studies show that MQL
is quite advantageous when the best surface finish is one of the goals [81,82].

In the work presented by Marques et al. [83], the turning of Inconel 718, applying a vegetable-base
cutting fluid mixed with solid lubricants by MQL, is proposed. The authors studied the turning
process of this super-alloy under dry machining conditions and under MQL while using graphite
solid lubricant. The authors found that under MQL conditions the tool life was improved, because the
addition of solid lubricants reduced the cutting forces during the process, making it a good option
when intending to extend tool life when turning Inconel 718.

Regarding the use of vegetable-based coolants in the turning process, in the study carried out by
Elmunafi et al. [84] the tool life of a tool coated with TiAlN is analyzed under MQL using castor oil.
The authors achieve satisfactory results by reducing the overall cutting temperature and cutting forces,
suggesting that MQL method would prove to be useful in the turning of hard stainless steels. It was
also found that the tool life is inversely proportional to both cutting speed and feed, with the effect of
the first being more significant. Additionally, the use of castor oil is more environmentally friendly
when compared to other coolants.

In the work presented by Chetan et al. [85], the wear behavior of PVD TiN-coated carbide inserts
during the machining of Nimonic 90 and Ti6Al4V super-alloys under dry and MQL conditions is
studied. The authors determined that the main mechanism for the wear of the coating during the
machining of Nimonic 90 alloy was the abrasive wear and nose fracture, which caused the catastrophic
failure of the tool. However, due to the wettability of Ti6Al4V under MQL mode, this provided less
intense flank wear at high cutting speeds. Studies such as these help to understand when to apply
certain lubrication regimens, depending not only on tool but the workpiece material as well.

There have been some recent studies on cryogenic pre-treated coated tool performance, such
as the study performed by Kumar and Senthil [86]. In this work, PVD-coated TiN/AlTiN tungsten
carbide inserts were used in the dry turning of a Ti6Al4V titanium alloy. The authors concluded that
this treatment increased the hardness of the inserts. Additionally, the cutting forces obtained were
lower when using cryogenic treated tools; overall better surface finish was reported, as well as less
significant tool wear on the cryogenically treated tools.

Cryogenic cooling methods are a recent focus of attention as well, concerning coated tool behavior.
In the study carried out by Dhananchezian et al. [87], the effects of cryogenic cooling on the turning of
2205 duplex stainless steel, using a PVD-coated nano multilayered TiAlN cutting tool, were analyzed
and compared to dry turning. From this study, it was found that cryogenic cooling reduced cutting
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temperature by more than 50% when compared to dry turning and decreased cutting forces by up to
40%. An improvement on roughness was also registered, of about 20%. These results contribute to
finding better alternatives, especially when machining hard materials such as duplex steel. Regarding
machining under cryogenic conditions, the Taguchi Method can also be used to optimize the machining
parameters for these conditions, as shown in the study by Khare et al. [88]. The optimal parameters
were chosen when machining AISI 4340. These parameters were: cutting speed, depth of cut and
feed rate, while under cryogenic conditions. By optimizing a process such as cryogenic turning,
it makes the process more viable, from a financial standpoint, making it more likely to be used in the
industry. A similar method, the Taguchi incorporated Gray relational analysis (TGRA), is shown to be
implemented with success in another study, this one regarding the cryogenic machining of 17-4 PH
stainless steel. As in the previous study, the optimal parameters were predicted, these parameters
being the cutting speed, feed rate and depth of cut [89].

There are some additives that can be used in lubricants to improve machining performance, reduce
tool wear and even improve tool life. In this study, performed by Gutnichenko et al. [90], a study of
the influence of adding graphite nanoplatelets (GnP) to vegetable oil on the MQL-assisted turning of
Alloy 718 was performed. From the turning tests, the additives impact the machining performance in
a positive manner; by adding the GnP to the vegetable oil, an increase in terms of tool life, surface
finish and overall process stability was noted. In addition, adding GnP particles to the oil results in
a significant reduction in friction in the cutting area. It was also noted that these particles influence
the chip formation process, whereas a pure oil lubrification would act as a coolant. The authors also
reported that using the vegetable oil without the nanoparticles would improve the machining process,
however, these nanoparticles would contribute heavily to overall process stability.

7. Concluding Remarks

As the machining industry grows, the interest in making it more profitable grows as well.
The turning segment still has an important presence in the machining industry and, because of
this, is an important focus of research in order to optimize the process to achieve more and more
satisfactory results. Tool behavior knowledge is necessary to understand the process, with a vast
amount of literature existing in this field. In this paper, the recent studies on and advances in coated
tool technology were presented.

Regarding the development of new coatings, the focus seems to be the development of nanolayered
and nanocomposite coatings, however, there are many studies on the behavior of the most common
CVD and PVD coatings. Many of these studies focus on the comparison of PVD- and CVD-coated
tool performance, evaluating the influence of these coatings on the machining of certain materials.
The coating’s chemical composition, architecture and deposition method are all factors that contribute
to the cutting performance of coated tools. Researches show that CVD- and PVD-obtained coatings are
used for different types of operations, for example, thin PVD coatings provide a suitable option when
the finishing quality is the most desired parameter, and, in turn, CVD coatings prove to be useful in
most materials for roughing operations. Of course, this depends heavily on the material that is being
machined and the coating properties.

Wear mechanisms were also analyzed, showing how different wear patterns present themselves
on the coated cutting tool. There are many comparative studies as well in this field, as understanding
how different coatings develop their wear mechanisms and how they develop is key when wanting to
improve tool life. These wear patterns usually occur due to abrasion failure, adhesive wear or coating
destruction. Properties, such as coating hardness, residual stress and chemical composition, directly
influence these wear patterns.

One focus that remains the same is wanting to improve tool life. If a tool can function normally
for longer, the machining process would be cheaper, as cutting tools wear out considerably quickly and
are quite expensive. Attempts to lower these costs comprises a field with a large amount of research.
In addition to tool life improvement, the recent trend is to increase eco-friendliness, with studies that
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employ alternative lubrication methods in order to reduce the amount used in some current turning
processes. This, coupled with the fact that some of these methods reduce the cutting forces of the
process, means that the overall power usage will also be lower, lowering the price of the process, albeit
slightly, thus making it more environmentally friendly.
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Abstract: Ti-6Al-4V, the most commonly used alloy of titanium, possesses excellent mechanical
properties and corrosion resistance, which is the prime reason for the continual rise in its industrial
demand worldwide. The extraordinary mechanical properties of the alloy are viewed as a hindrance
when it comes to its shaping processes, and the process of milling is no exception to it. The generation
of intense heat flux around the cutting zones is an established reason of poor machinability of
the alloy and unacceptably low sustainability of its machining. The work presented in this paper
attempts to enhance sustainability of milling Ti-6Al-4V by investigating the effects of milling
orientation, cutter’s helix angle, cutting speed, and the type of cryogenic coolant and lubricant on
the sustainability measures, such as tool damage, cutting energy consumption, process cost, milling
forces, and work surface roughness. It was found that micro-lubrication is more effective than the
two commonly used cryogenic coolants (carbon dioxide snow and liquid nitrogen) in reducing tool
wear, work surface roughness, process cost, and energy consumption. Furthermore, down-milling
enormously outperformed up-milling with respect to tool wear, work surface quality, and process
cost. Likewise, the high levels of cutter’s helix angle and cutting speed also proved to be beneficial
for milling sustainability.

Keywords: cutting energy; tool damage; machining; liquid nitrogen; carbon dioxide snow

1. Introduction

Titanium alloys gained an unprecedented rise in their demand from various engineering sectors
due to their excellent mechanical properties and corrosion resistance. The same properties considered
as excellent during the “use” phase are termed as unfavorable during the “manufacturing” phase of
their life cycle. With regard to the machining domain, the same unfavorable properties are responsible
for their low machinability, which render the cutting process unsustainable. The low machinability
is attributed mainly to high strength, chemical affinity with the tool materials, and a short chip-rake
contact length [1]. A titanium work is, thus, machined with formation of an intense heat flux around
the cutting edge and consumption of exceedingly high cutting energy, leading to acceleration of the
temperature-dependent modes of tool wear [2]. The high tool wear rates, resulting in frequent changes
of cutting tools or edges, leave the machining process highly unsustainable, economically as well as
environmentally [3]. The problem is generally negotiated either by lowering the material removal
rates or by applying emulsion-based coolants, neither of which actually offers a sustainable solution.
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With regard to quashing the intense heat flux around the cutting areas, the application of cryogenic
fluids, especially liquid nitrogen (LN2), fares very well. The fluids offer a viable solution because of
extremely low operational temperatures, no waste generation, and controllable flow rates. Additionally,
application of micro-lubrication, also known as minimum quantity of lubrication (MQL), also proved
to be very beneficial in enhancing tool life and improving surface quality in machining of titanium
alloys conducted at medium cutting speeds [4,5]. MQL is a near-dry machining method in which
a miniscule quantity of lubricating oil is pulverized into a stream of air, and the resulting aerosol is
applied onto the cutting areas [6].

Although steady progress is being made regarding quantification of the effects of cryogenic
coolants with regard to the continuous machining processes, not much effort is being put up concerning
interrupted machining processes, such as milling. Cryogenic milling is distinct from continuous
machining processes performed under cryogenic environment in the sense that the cutting teeth of
a milling tool periodically and rapidly engage and disengage with the work material, leading to
cyclic heating (caused by thermal energy released by work material’s plastic deformation) and cooling
(caused by interaction with the incoming cryogenic fluid) of the cutting edges. Such a course is expected
to induce thermal shocks in the teeth, leading to cracking, chipping, and more catastrophic forms of
tool damage. Furthermore, a comparative analysis regarding the cooling effects of an evaporative
cryogenic fluid, such as LN2, and a throttling-based cryogenic fluid, such as CO2 snow, is also required.
With regard to the milling process, two distinct parameters, milling orientation and cutter’s helix angle,
are also expected to have effects on the process’s sustainability measures, such as tool damage rate,
cutting energy consumption, work surface roughness, process cost, and cutting forces.

Literature Review

This sub-section presents a review of the published work concerning the issues of milling titanium
alloys, application of cryogenic coolants in machining (especially milling) of titanium, potentials of
using micro-lubrication in milling, and machining sustainability measures.

It is reported that an increase in the flow rate of liquid nitrogen can prolong the tool life in
machining of titanium alloys [7]. Furthermore, the surface integrity would be greatly improved when
the pressure and flow rate of the coolant are increased. Milling of Ti-6Al-4V with liquid carbon dioxide
can greatly reduce the lateral crack propagation and chipping [8]. Therefore, it can be used to prolong
tool life as compared to emulsion-based cooling. The effects of tool life criterion, work material’s
temper state, cutting parameters, and micro-lubrication on the sustainability measures of a milling
process were studied [9]. It was found that the material’s temper state and the option of using MQL
were the most influential parameters with respect to the sustainability measures, such as specific
cutting energy, tool life, and process cost. Sartori et al. reported that an MQL system amalgamated
with a CO2 and LN2 distribution system could optimize the lubrication and cooling effect, leading to a
significant reduction in crater wear [10]. In another study, it was reported that machining under flood
coolant does not reduce surface roughness [11]. The authors also reported that LN2 hybridized with
oil-based MQL can yield the lowest cutting forces of all the tested coolants. Isakson et al. reported
that the cooling methods utilizing LN2 and an emulsion-based coolant yielded similar effects on
surface integrity [8]. Furthermore, the authors also managed to reduce consumption of the cryogenic
coolant to provide a good surface quality without conceding any negative environmental or economic
impact. It was found that milling of Ti-6Al-4V with liquid CO2 could greatly reduce chipping and
lateral crack propagation; therefore, it can be used to significantly prolong tool life in comparison
with emulsion-based cooling [12]. The effects of using CO2 snow as a coolant and its merger with
MQL were investigated in continuous machining of a high-strength β-titanium alloy [13]. It was
found that the usage of CO2 snow and the location of its application was highly influential with
respect to the sustainability measures. In another work, it was reported that the cryogenic cooling
with LN2 could considerably reduce tool wear and, thus, lead to an increase in material removal
rate [14]. It was concluded that cryogenic machining operating at a given cutting speed can cause
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much lower energy consumption than machining with a flood coolant. Mia et al. reported that the
use of dual jets of LN2 is an excellent way to reduce energy consumption and working temperature,
as well as to improve work surface quality [15]. In another experimental study, it was reported
that the use of liquid CO2 at a temperature of −79.5 ◦C in cutting of a nickel-chromium alloy could
reduce average surface roughness by 42–47%, 24–27%, and 16–21% over dry, wet, and MQL cutting,
respectively [16]. Furthermore, the cryogenic cooling was also found to increase the compressive
stresses on the surface and decrease the flank wear. Li et al. presented optimization of milling Ti-6Al-4V
alloy with a graphene-dispersed vegetable-oil-based cutting fluid [17]. The results showed significant
improvements in the milling performance measures including milling force, temperature, surface
micro-hardness, and work surface roughness. Dry and MQL-based milling processes were compared
for machining of Inconel 718 [18]. MQL was found to improve the tool life, as well as the work
surface finish. An experimental study focused on modeling the effects of tool wear rate on economic
sustainability of milling a titanium alloy [19]. In total, 47.5% and 47.59% less electricity consumption
cost and machine operational cost, respectively, were achieved for the cryogenic cooling approach in
comparison with dry machining. In another experimental study concerning end-milling of Ti–6Al–4V
titanium alloy, the effects of cryogenic cooling on work’s surface integrity were compared with those
under dry and flood cooling environments [20]. The authors reported that cryogenic cooling resulted
in up to 31% and 39% lower surface roughness when compared to flood cooling and dry approaches,
respectively. A significant reduction in microscopic surface defects under the cryogenic environment
was also reported. Dawood et al. studied the effects of the three cutting parameters on machining
performance under flood cooling and sustainable dry environments [21]. Dry machining was found to
yield better surface finish, but it also sustained more severe adhesion wear, crater wear, and formation
of built-up edge. An experimental study evaluated the effects of applying cryogenic cooling with MQL
lubrication in contour milling of Inconel 718 [22]. The authors claimed superiority of the proposed
CroMQL method over the other lubri-cooling techniques. Pusavec et al. presented an experimental
study on sustainable machining of Inconel 718 under various lubri-cooling environments such as dry,
MQL, cryogenic, and cryo-lubrication [23]. Based on the statistical analyses of the results, the authors
concluded that the cooling/lubrication condition had significant effects on the sustainability measures
including tool life, cutting forces, and power consumption.

Milling orientation (up- and down-milling) and cutter’s helix angle are amongst the milling
parameters, which do not receive much attention with respect to their influence on the process’s
sustainability measures. It was reported that both the parameters possessed significant effects on tool
life and work surface roughness in high-speed milling of hardened steels using carbide cutters [24].
Milling cutters with 45◦ helix angle yielded significantly longer tool life and marginally better surface
finish than the 30◦ cutters. Moreover, down-milling was found to provide much better surface finish,
but equal tool life as compared to up-milling. A tool orientation optimization model was presented that
includes the effect of deflection error caused by milling forces to achieve better machining precision
controlling in five-axis surface milling [25]. The effects of up- and down-milling were compared
in peripheral milling of a high-alloy steel [26]. The up-milling approach was found to generate
compressive residual stresses in the work surface, but with a poor surface finish in comparison with
down-milling. An experimental study was performed to compare the effects of up- and down-milling
in end-milling of Inconel 718 [27]. It was found that the down-milling approach yielded better results
in terms of tool wear as compared to up-milling. Furthermore, the chips formed in up-milling were
segmented and continuous as compared to discontinuous ones produced in down-milling. Wan et al.
presented an analytical model to quantify the influence of tool′s helix angle on peak cutting force [28].
The authors found that the peak value of cutting forces decreased with an increase in helix angle for a
single engaged cutting edge and that the optimal helix angle corresponding to the minimum peak
cutting force was a function of the number of flutes, axial depth of cut, and cutter diameter. Another
work focused on quantifying the effect of helix angle on performance of coated carbide end mills for
dry side-milling of 304L stainless steel [29]. It was found that the number of axis contact points and
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effective cutting length increased with increasing helix angle, leading to reduced tool wear and thinner
chips, but with higher cutting temperature. It was concluded that the TiAlN-coated end mill with a
high helix angle of 60◦ yielded the best surface finish with an acceptably long tool life. Another study
presented a mathematical model for predicting surface topography and various surface roughness
metrics by considering the effects of cutter’s helix angle, feed rate, and tool’s eccentricity [30].

The literature review reveals the following gap between the state of the art and the objectives
of this work: (1) a very limited amount of work is done so far regarding application of cryogenic
fluids to milling of titanium alloys as most of the published investigations have focused on turning
process only; (2) no searchable work was found regarding comparison of cooling effectiveness between
throttling and evaporation based cryogenic coolants applied to intermittent cutting processes; (3) a
limited amount of investigative work is available that quantifies the effects of milling orientation and
tool’s helix angle on the sustainability measures of titanium machining.

In perspective of the abovementioned research gap, the presented work aims to quantify and
improve the sustainability measures in respect of side- and end-milling of an α + β titanium
alloy (Ti-6Al-4V) while employing three kinds of cutting fluids (an evaporative cryogenic coolant,
a throttling-based cryogenic coolant, and micro-lubrication), two modes of milling orientation, and two
levels each of cutting speed and milling cutter’s helix angle. The sustainability measures of the
milling process to be evaluated are cutting energy consumption, tool damage, work surface roughness,
machining forces, and process cost.

2. Experimental Work

This section presents the details regarding work material and tooling, predictor variables,
responses (sustainability measures), design of experiments, fixed parameters, equipment, and
measuring instruments.

2.1. Work Material and Tooling

The work material used in the study is Ti-6Al-4V, a commonly used α + β alloy of titanium.
The annealed form of the material is used in the form of a plate having dimensions 75 mm × 200 mm
× 19 mm. The heat treatment was done by soaking the work pieces at a temperature between 778
and 782 ◦C for about 70 min, followed by air cooling. The work material, after carrying out the
heat treatment process, possessed ultimate tensile strength, yield strength (0.2% proof stress), and
elongation of 1003.5 MPa, 927.3 MPa, and 15%, respectively.

The milling cutters used in this study were FIRE-coated cemented tungsten carbide flat end mills
from Guhring Inc., Berlin, Germany, having diameter of 8 mm and number of cutting flutes equal
to four. FIRE is a multi-layer TiN + TiAlN ceramic coating system that provides extreme wear- and
heat-resistant properties to the tool. The hardness of the coating was 3300 HV, and the coefficient of
friction was 0.6. The cutters with a helix angle of 30◦ had total and cutting lengths of 68 mm and
22 mm, respectively, while those with a helix angle of 42◦ had 63 mm and 19 mm, respectively. A new
end mill cutter was used for each experimental run. Figure 1 presents the two kinds of milling cutters
used in the experiments.
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Figure 1. Ceramic-coated tungsten carbide side- and end-mill cutters having helix angles of (a) 42◦ and
(b) 30◦.

2.2. Predictors, Responses, and Design of Experiments

The following four predictor variables were controlled in the milling experiments:

(1) Cutting fluid. The following three levels were tested with respect to this predictor: (a) evaporative
cryogenic fluid (liquid nitrogen); (b) throttle cryogenic fluid (CO2 snow); (c) micro-lubrication
(minimum quantity of lubrication).

(2) Cutter’s helix angle, λ (degrees). The two levels chosen for this predictor were 30◦ and 42◦.
(3) Milling orientation. The two options for this binary predictor were up-milling and down-milling.
(4) Cutting speed, vc (m/min). The two levels chosen for this predictor were 100 m/min and 175 m/min.

The aforementioned levels of the four predictor variables yielded a total of 24 (= 3 × 2 × 2 × 2)
experimental runs for the sake of executing a full-factorial design of experiments. Table 1 presents the
details regarding the levels of the four predictors controlled in the experiments. It is to be noted that
the first and the third predictors were categorical while the other two were numerical. The two levels
of the cutting speed (100 and 175 m/min) were selected on the basis of the preliminary tests. Cutting
speeds in excess of 200 m/min at the given feed rate and radial depth of cut resulted in the tools getting
red-hot toward the end of the cuts and the cutting edges getting covered with thick adhesions. This
observation led to fixation of the upper level of the cutting speed equal to 175 m/min. The lower level,
thereupon, was decided as a value between 50% and 60% of the upper one.

Table 1. Levels of the four predictor variables controlled in the experiments. MQL—minimum quantity
of lubrication.

Predictor Units Level 1 Level 2 Level 3

Cutting fluid - LN2 CO2 MQL
Cutter′s helix angle ◦ 30 42 -
Milling orientation - up down -

Cutting speed m/min 100 175 -

Each experimental run involved removing 600 mm3 of volume of the work material under the
following dimensions: 0.5 mm (radial depth of cut) × 8 mm (axial depth of cut) × 150 mm (length of
cut). The 150-mm length of cut was completed in two passes of equal length. Figure 2 presents the
pictorial description regarding the length of cut and the two depths of cut. A new side- and end-mill
cutter was used for each experimental run. Up-milling is a cutting approach in which a cutting tooth of
the milling cutter enters the work surface with zero chip thickness and exits with a maximum. On the
contrary, the tooth enters and exits the work surface with a maximum and zero chip thickness in the
down-milling approach.
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Figure 2. Cutting schematic for each experimental run showing length of cut = 2 × 75 mm2 (not to
scale), axial depth of cut = 8 mm, and radial depth of cut = 0.5 mm. The numbers 1 and 2 show the order
of the slice removal. The total volume (600 mm3) of material to be removed in each run is shaded gray.

The following responses were evaluated for each of the 24 experimental runs:

(1) Average width of flank wear land on the four cutting teeth of the milling cutter, VB (mm), to be
determined after removing the given volume (600 mm3) of the work material.

(2) Average arithmetic roughness of the milled surface, Ra (μm).
(3) Specific cutting energy, SCE (J/mm3), averaged for the entire length of cut.
(4) Machining force components, Fx, Fy, and Fz (N), averaged for the entire length of cut. Fx and

Fz are aligned with the feed direction and the cutter’s axis, respectively, while Fy is the third
orthogonal component that falls perpendicular to the milled side surface of the work.

(5) Process cost, PC (Brunei Dollars (BND)/mm3 of work material removed, converted to 100-scale
comparative cost values).

Additionally, the other sustainability measures of the milling process, such as waste generation,
operator’s safety, and health are discussed in a qualitative way.

2.3. Experimental Set-Up and Measurements

All experiments were performed on Mikron UCP 710, a five-axis, vertical machining center
(Mikron Holding, Biel, Switzerland) having maximum rotational speed, feed rate, and power of
18,000 rpm, 20 m/min, and 16 kW, respectively. Milling was performed in a straight line, cutting
through the 75-mm side twice during each run. Figure 3 presents the experimental set-up.

The throttling-based cryogenic cooling equipment consisted of a storage bottle containing CO2

gas compressed at a pressure of 5.5 MPa. The compressed gas was transported from the bottle to the
exit nozzle through a copper tube. The mass flow rate of the CO2 gas at the exit of the 2-mm-diameter
nozzle was measured to be 0.5 kg/min against the storage pressure of 5.5 MPa. The exit of the nozzle
was located very close to the machining area such that the CO2 gas impacted directly on to the cutter’s
teeth. The gas on exit expanded and absorbed heat from its surroundings due to the Joule-Thomson
effect [31]. The throttling gas, consequently, cooled down to a temperature of about −72 ◦C, which
caused it to convert to a semi-solid state (CO2 snow) adhering to the tooling system and the work’s
surface. The evaporation-based cryogenic cooling equipment consisted of a storage dewar containing
nitrogen, which was cooled down to a liquid state. The jet of LN2 impinged on to the milling cutter
under a flow rate and pressure of 0.5 L/min and 0.1 MPa, respectively, through a 6-mm-diameter nozzle.
The temperature of the LN2 jet, measured at the nozzle’s exit, was −197 ◦C. The direction of the nozzle
was adjusted such that the maximum mass of the fluid directly impacted that portion of the cutting
teeth which periodically engaged and disengaged with the work material. The micro-lubrication,
in the form of minimum quantity of lubrication, was supplied by mixing a vegetable-based oil at a rate

90



Metals 2020, 10, 258

of 25 mL/h in the flow of air compressed to a pressure of 0.6 MPa. The resulting aerosol was applied to
the milling cutter at the region adjacent to the work surface.

 
  

(a) (b) (c) 

 

 
 

(d) (e) (f) 

Figure 3. Experimental set-up: (a) Ti-6Al-4V work, milling cutter, and MQL duct; (b) application
of CO2 snow; (c) CO2 gas storage bottle; (d) force data acquisition system; (e) application of LN2;
(f) storage dewar for LN2.

Flank wear land of the used cutters’ teeth was measured using a camera-fitted optical microscope
ARTCAM 130-MT-WOM (Tokyo, Japan). The captured images of the flank faces were processed
according to the scale to determine average width of flank wear land on each of the four cutting teeth.
VB was then calculated out by taking average of the flank wears of the four teeth. The roughness of the
side surface, after finishing two passes, was measured using Mahr MarSurf M 300 C (Mahr GmbH,
Göttingen, Germany) a mobile roughness measuring instrument. The instrument used a 2-μm contact
stylus to find the arithmetical mean height (Ra) of the milled surface according to ISO 11562 standard.
The sampling length for each measurement was 4 mm, and Gaussian Profile Filter was used to get the
roughness values. Four measurements were taken for each experimental run at the distances of 15, 30,
45, and 60 mm from the starting edge of the milled side surface. The Ra was then obtained by taking
the average of the four measurements. Cutting forces were measured using a Kistler piezoelectric
dynamometer 9265B (Kistler AG, Bern, Switzerland), utilizing a force plate 9443B. The dynamometer
possessed a measuring range of 0–15 kN in the x- and y-directions and 0–30 kN in the z-direction.

Process cost, PC, comprised five components. Firstly, tooling cost was quantified by multiplying
VB(mm)/(0.3 mm × 600 mm3) by the current market price (BND) of the milling cutter, where VB is the
average flank wear of a milling cutter measured after removing 600 mm3 of the work material’s volume.
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The number “0.3” in mm represents the commonly adopted tool life criterion for the machining tools.
As the used tools can be resold after grinding and recoating, the average resale price of the cutter was
subtracted from the purchase cost of the new tools. Clearly, a larger VB results in a higher tooling
cost. Secondly, the direct electricity consumption cost, for each experimental run, was equal to the
product of the commercial electricity tariff (BND/kWh) and the specific energy (kWh/mm3) taken by
the CNC machine tool and other associated equipment (LN2/MQL) during the actual cutting process.
Thirdly, the overhead cost included wage cost of one skilled operator (BND/h) and costs of using
lighting and heating, ventilation, and air conditioning (HVAC) in a small room containing the milling
machine. The latter was obtained as a product of the electricity tariff and the total wattage of the
lights and the HVAC system (BND/kWh × kW = BND/h). The overhead cost was calculated for the
actual duration of the cutting process. The cost in BND/h was divided by the respective MRR to
obtain the overhead cost in BND/mm3. Fourthly, the equipment’s depreciation cost was calculated
using the actual purchase cost of each equipment (CNC milling machine, MQL, LN2 equipment,
and CO2 storage bottle), proportioned for the actual time spent removing 1 mm3 of work material’s
volume. The useful life and the salvage value of each of the four equipment were taken as 10 years and
zero, respectively. Machining times required for removing 600 mm3 of work material with respect
to the runs employing the cutting speeds of 100 and 175 m/min were 5.65 s and 3.23 s, respectively.
The numbers of working days in a year and working hours in a day were taken as 250 and eight,
respectively. The straight-line depreciation model was used for calculating the depreciation cost. Lastly,
the cutting fluids’ consumption cost was obtained by multiplying the mass flow rate (kg/min) of the
fluid (LN2, vegetable oil, or CO2) by its per mass unit purchase cost (BND/kg) and dividing by the
material removal rate (MRR) (mm3/s) of the run. Fine details of the employed costing approach can
be read in Reference [9]. Consequently, the PC, for each run, was obtained in BND/mm3 of the work
material removed. It was quantified using the following equation:

PC
(
BND/mm3

)
=

VB× (A1 −A2)

180
+

SE× B
3.6e6

+
(C + D× B)

MRR
+

F× tm

10× 7.2e6× 600
+

.
m×G
MRR

, (1)

where A1 = purchase cost of a new end mill cutter (BND), A2 = average resale price of the cutter (BND),
SE = specific energy taken in by the machine tool and the associated cooling/lubricating equipment
(J/mm3), B = commercial electricity tariff (BND/kWh), C = hourly wage of a skilled machine operator
(BND/h), D = total wattage of the lights and HVAC in kW, F = procurement cost of all the relevant
equipment; G = purchase cost of the cutting fluid (BND/kg), tm = actual machining time (5.65 s and
3.23 s), and ṁ =mass flow rate of the cutting fluid. The numbers 3.6e6 and 7.2e6 represent the factors
for converting kWh to Joules and years to seconds, respectively.

Considering the ever-present inflation, it is more meaningful to present the process cost in terms
of a 100-scale comparative cost structure. In such an arrangement, the costliest result is presented as
100, the most economical as 0, and all others as proportionately determined numbers lying between 0
and 100.

The consumption of specific cutting energy for each experimental run was determined as follows:

I. Three current clamp meters, Hantek CC 65, were applied to the three phases of the AC supply of
the CNC machine tool to measure the electric power drawn during the machining process (Ptotal).
The input voltage (V) and the power factor (PF) were measured as 220 V and 0.85, respectively.
The total power was calculated using the following formula:

Ptotal =

√
3.PF.V(I1 + I2 + I3)

3
, (2)

where I1, I2, and I3 represent the current, in amperes, as measured by the three clamp meters.
II. The non-cutting power (Pnon-cut) was determined by rotating and linearly moving the milling

cutter in the direction of feed at the given combination of rotational speed and feed speed.
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The cutter was moved linearly at the feed speeds of 1592 and 2785 mm/min for the runs employing
the cutting speeds of 100 and 175 m/min, respectively.

III. The Pnon-cut for each run was lessened from the relevant average total power consumed by the
CNC machine during the milling process to obtain the average cutting power (Pcut).

IV. The Pcut (J/sec) for each run was divided by the relevant material removal rate (MRR) to get
the specific cutting energy, SCE (J/mm3). The MRR values for the runs conducted at the cutting
speeds of 100 and 175 m/min were 106.2 and 185.8 mm3/s, respectively.

Analysis of variance (ANOVA) was also performed on the experimental data in order to have a
better understanding of the individual effects of the controlled predictors, as well as their interactive
effects on the measured responses. ANOVA not only helps to isolate the effect of each individual
predictor; it also reveals the strength of the effect.

2.4. Fixed Parameters

The values of feed per tooth, axial depth of cut, and radial depth of cut were fixed to 0.1 mm/z,
8 mm, and 0.5 mm, respectively, for all the experimental runs. Each cutter was held in a collet at a
distance of 28 mm from the cutting end. All the runs were performed by carrying out the milling cuts
twice in a straight line. The supply of the relevant cutting fluid (LN2/CO2/MQL) was started 20 s prior
to first engagement of the tool with the work and was not stopped during the transition between the
two passes. The supply was shut down immediately after completion of the second pass.

3. Experimental Results

The section provides details on the experimental results regarding tool wear, surface roughness,
specific cutting energy consumption, cutting forces, and process cost.

3.1. Tool Wear

Figure 4 presents the experimental results of the 24 runs regarding VB obtained after removing 600
mm3 of the work material. The results are grouped into three plots based on the type of cutting fluid
used. A striking result is evident that, in general, micro-lubrication yielded lower levels of tool wear as
compared to the two cryogenic cooling options. Of the two cryogenic cooling options, it is evident
that the evaporation-based coolant (LN2) fared better. Furthermore, the smallest VB (0.04 mm) of all
the runs was also yielded by LN2. Furthermore, it is clearly observable that down-milling generated
remarkably smaller wear than up-milling when the applied cutting fluid was LN2.

With regard to cutter’s helix angle, the larger angle (42◦) performed better than the smaller angle
(30◦) with respect to tool wear. Unfortunately, the dependence of helix angle on any other predictor
with respect to VB was not clear from the plots. Although a higher helix angle favored higher material
removal rates (realized by high levels of speeds and feeds), the resulting smaller flute spacing caused a
problem in chip evacuation at these rates, especially for a sticky material such as Ti-6Al-4V. This is why
no interactive effect between helix angle and cutting fluid was visible on tool wear. Down-milling (also
known as climb milling) generally yielded lower tool wear than up-milling (conventional milling).
This effect was especially prominent in the milling conducted under LN2. The gradual decrease in
chip thickness, as the cut proceeded in down-milling, reaching zero at the end, prevented the cutting
edge and adjacent flank face from rubbing and burnishing against the work surface. The lower levels
of flank wear observed in down-milling were attributed to this mode of frottage-free cutting. With
respect to cutting speed, its higher level was generally found to yield higher levels of tool wear,
although the effect was quite insignificant. A high level of cutting speed instigated or accelerated
the temperature-dependent modes of tool damage because of an enhancement in the rate of heat
generation and led to intensification of tool wear. As a result, the cutting edge and the adjacent faces
incurred higher magnitudes of wear per unit volume of work material removed.
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Figure 4. Bar graphs present the measurements of the average width of flank wear land (VB) for the 24
experimental runs.

ANOVA was performed on the data shown in Figure 4. The analysis revealed milling orientation
as the most influential factor regarding VB, followed by the choice of cutting fluid. The interaction
between milling orientation and cutting fluid stood third in terms of statistical significance, followed
by the solitary effects of cutting speed and cutter’s helix angle. The strong interactive effect between
milling orientation and cutting fluid on tool wear is evident from the three plots of Figure 4 in the
manifestation that down-milling yielded vastly lower tool wear than up-milling only when the applied
cutting fluid was liquid nitrogen. Shokrani et al. claimed that the coated carbide cutter used for
cryogenic (LN2) milling of Ti-6Al-4V, operated at 200 m/min cutting speed and 0.03 mm/tooth feed rate,
showed the minimum level of flank wear [14]. The current work, on the other hand, found MQL to be
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a better cutting fluid than the cryogenic fluids with respect to tool damage. The finding was based on
milling performed at a slightly lower cutting speed but an enormously larger feed rate.

Figure 5 presents the microscopic images of the selected used cutters. The six cutters were selected
so as to ensure a maximum level of diversity regarding the predictor variables. The microscopic visual
analysis revealed occurrence of progressive mechanical wear and adhesion of work material as the
major modes of tool damage, while chipping of cutting edge was also observed in a few tools. As can
be seen from Figure 5a,d, all the cutters used in the runs involving up-milling and either of the two
cryogenic fluids experienced thick adhesion of work material at their cutting edges. The adhered
material, in all these runs, was in the form of minute flakes. The observation tallies with the findings
of the previous works. It was reported that adhesion wear was the main tool damage mechanism in
LN2-assisted machining of Ti-6Al-4V [7]. In addition, up-milling was also reported to instigate more
severe tool wear in the peripheral milling of a hardened steel [24].

(a) (b) 

(c) (d) 

  

(e) (f) 

Figure 5. Micrographs showing the modes of damage incurred by the teeth of the milling cutters used
in the following runs: (a) CO2, 42◦, up, 175 m/min; (b) CO2, 42◦, down, 175 m/min; (c) LN2, 42◦, down,
175 m/min; (d) LN2, 30◦, up, 100 m/min; (e) MQL, 42◦, up, 100 m/min; (f) MQL, 30◦, down, 100 m/min.
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As a cutting edge, in up-milling, is known to enter the work with a minimum thickness and exit
with a maximum, it sees a tendency of the removed chip to remain adhered to it under the influence of
high temperature. Rapid cooling offered by the incoming cryogenic fluid strengthens the attachment
of the chip, or part of it, to the edge and the adjacent faces. On the other hand, as is visible from
Figure 5e,f, all the runs involving micro-lubrication yielded adhesion of micro-chips on the tool surface
located inside of the flutes and away from the cutting edges. Micro-sized particles of the removed
material were vulnerable to be caught up by the oily surface of the flutes and remained clung even
against the high centrifugal forces of the rotating tool. Progressive mechanical wear (abrasion), in the
form of a bright line existing close to the cutting edge, is evident in all the six images. Not much
information can be deduced from the images regarding dependence of its severity on the various
predictors controlled in the experiments. It was reported that abrasion was not the wear-determining
mechanism in cryogenic or wet milling of Ti-6Al-4V using coated and uncoated tools irrespective of
the coolant’s choice [12]. Chipping was observed in no more than three milling cutters. One of them is
shown in Figure 5c. All of them were involved in milling at the high level of cutting speed (175 m/min).
Furthermore, the chipping, in all three instances, occurred at the corner of the relevant tooth. In a
previous work, the application of CO2 was reported to slow down the chipping process [12]. Thermal
cracking of the cutting teeth, normally caused by rapid heating and cooling cycles of cryogenic milling,
was not evident, probably, due to a considerably short length of cut employed in the experimental runs.

3.2. Work Surface Roughness

Figure 6 presents the measurements of Ra for the 24 runs, categorized by the type of cutting fluid
used. The error bars present the standard deviation of the measured data for each experimental run.
Quite a few conclusions can be drawn directly from the plots. As far as the type of cutting fluid is
concerned, it is evident that micro-lubrication yielded better surface finish than the cryogenic fluids.
Furthermore, down-milling fared better than up-milling. The effects of other two predictors were not
clear from the graphs. ANOVA was performed on the Ra data to get further insights. The analysis
revealed milling orientation to be the most influential predictor, followed by cutting speed and cutting
fluid. The effect of cutter′s helix angle was found to be statistically insignificant. With regard to milling
of a hardened tool steel, the cutters with a 45◦ helix angle were reported to yield significantly lower
surface roughness than the 30◦ cutters [24]. Up-milling is clearly not the better choice for the sake of
good surface finish. As described in the previous sub-section, the cutting teeth, while following the
up-milling approach, remove the work material with a lot of work material adhesion. The adhesion is
believed to compromise the true geometry and sharpness of the cutting edge, thus leading to generation
of a rougher surface. The superiority of down-milling regarding work surface finish was also reported
for the milling of a tool steel [26].

It is quite surprising to see micro-lubrication yielding better surface finish than the two cryogenic
coolants. As far as a continuous machining process is concerned, many papers reported strikingly
improved work surface finish caused by the use of a cryogenic coolant. On the contrary, cryogenic
cooling, in this study, yielded a poor work surface quality regarding the milling process. A plausible
explanation for this observation is that milling is an interrupted machining process in which cutting
teeth periodically engage and disengage with the work. Each tooth engagement causes an increase in
temperature of the tooth, as well as the newly generated work surface. The surface tends to expand
due to the resulting increase in temperature but immediately gets impinged upon with the flow of
a cryogenic fluid as the cutter clears the area following its feed. The impact of the super-cool fluid
immediately lowers its temperature, pushing the surface into the contraction mode. Such an intense
thermal effect instigated upon the newly generated surface, sending it into abrupt modes of expansion
and contraction, causes deterioration of the surface quality. A 25% reduction in work surface roughness
was reported when graphene-dispersed vegetable-oil-based micro-lubrication was applied in the
milling of Ti-6Al-4V [17]. An increase in cutting speed was found to reduce the surface roughness when
the milling orientation was down-milling. Its influence on Ra with up-milling is not clear. An increase
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in cutting speed was also reported to reduce the work surface roughness in milling of a hardened steel
(AISI D2) [9].

 

Figure 6. Bar graphs present the experimental results regarding arithmetic average surface roughness
for the 24 runs.

Figure 7 presents the textures of the four milled surfaces obtained after completion of the selected
experimental runs. Clearly, the surfaces produced by up-milling (Figure 7a,b) were marred by the
adhesion of micro-chips. The adhesion caused serious deterioration of the work surface. Figure 7a
presents the roughest of all the surfaces generated in the 24 runs. All the runs employing the
combination of CO2 snow and up-milling yielded severe adhesion of micro-chips on the milled surfaces.
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Figure 7c,d do not show any sign of adhesion, as both of them were associated with the runs employing
the down-milling orientation. It is to be noted that the pattern of vertical lines on the texture was
the same in all the images. This is because all the runs were carried out at a fixed value of feed per
tooth. Figure 7b shows a white horizontal line running through the generated surface. The line was
generated by the chipped portions of the four flutes of the cutter, which might have encountered a
hard phase during the first pass of the run.

(a) (b) 

(c) (d) 

Figure 7. Work surface texture obtained after completion of the following runs: (a) CO2, 42◦, up,
175 m/min; (b) LN2, 30◦, up, 175 m/min; (c) LN2, 42◦, down, 100 m/min; (d) MQL, 30◦, down, 100 m/min.

3.3. Specific Cutting Energy and Machining Forces

Table 2 presents the data regarding measurement of total electric power and cutting and non-cutting
powers and evaluation of the SCEs for the 24 experiments. The procedure for measuring the electric
powers was already detailed in sub-Section 2.3. Figure 8 presents the experimental results of the
24 runs regarding consumption of specific cutting energy. Two conclusions can be drawn directly from
the plots. Firstly, the cutters with a 42◦ helix angle consumed less energy than those with a 30◦ helix
angle. Secondly, the higher level of cutting speed caused a decline in energy consumption. ANOVA
applied to the SCE data revealed extreme statistical influences of cutting speed and cutter’s helix angle.
The effect of cutting fluid was found to be marginally significant, and that of milling orientation was
found to be insignificant.

The resulting diminution in specific cutting energy caused by cutting speed was attributed to an
increase in material removal rate to a larger extent and an increase in cutting power consumption to a
smaller extent. As SCE is the ratio of cutting power to material removal rate, an increase in cutting
speed resulted in lessening of its magnitude. The cutting power (and energy) is required at the cutting
edge to plastically deform the work material in shear and convert it into a chip. The formation of the
chip is realized along with the generation of process heat. A higher cutting speed results in a higher
heat generation rate. The process heat was reported to reduce the flow stress of the work material
causing reduction in the cutting energy required to remove the same volume of material [32]. This
phenomenon is termed thermal softening, and it was the reason for a lesser than expected increase in
cutting power with increase in cutting speed. Hence, the specific cutting energy was found to decline
with a step up in cutting speed. An increase in cutting speed, in side- and end-milling of hardened tool
steel, was also reported to significantly reduce the specific energy consumption [9].

98



Metals 2020, 10, 258

Table 2. Measurements and calculations regarding total power consumed by the machine tool,
non-cutting power, cutting power, and specific cutting energy. MRR—material removal rate.

Test
No.

Coolant λ (◦) Milling
Orientation

vc

(m/min)
Ptotal

(W)
Pnon-cut

(W)
Pcut

(W)
MRR

(mm3/s)
SCE

(J/mm3)

1 CO2 42 Up 100 3449.8 3033 416.8 106.2 3.92
2 CO2 42 Up 175 3838.0 3268 570.0 185.8 3.07
3 CO2 42 Down 100 3438.4 3033 405.4 106.2 3.82
4 CO2 42 Down 175 3878.2 3268 610.2 185.8 3.28
5 CO2 30 Up 100 3497.9 3033 464.9 106.2 4.38
6 CO2 30 Up 175 3982.0 3268 714.0 185.8 3.84
7 CO2 30 Down 100 3491.1 3033 458.1 106.2 4.31
8 CO2 30 Down 175 4060.3 3268 792.3 185.8 4.26
9 LN2 42 Up 100 3405.8 3033 372.8 106.2 3.51
10 LN2 42 Up 175 3829.0 3268 561.0 185.8 3.02
11 LN2 42 Down 100 3495.7 3033 462.7 106.2 4.36
12 LN2 42 Down 175 3865.7 3268 597.7 185.8 3.22
13 LN2 30 Up 100 3596.6 3033 563.6 106.2 5.31
14 LN2 30 Up 175 3813.5 3268 545.5 185.8 2.94
15 LN2 30 Down 100 3560.2 3033 527.2 106.2 4.96
16 LN2 30 Down 175 3967.1 3268 699.1 185.8 3.76
17 MQL 42 Up 100 3522.9 3033 489.9 106.2 4.61
18 MQL 42 Up 175 3846.4 3268 578.4 185.8 3.11
19 MQL 42 Down 100 3472.0 3033 439.0 106.2 4.13
20 MQL 42 Down 175 3845.0 3268 577.0 185.8 3.11
21 MQL 30 Up 100 3617.2 3033 584.2 106.2 5.50
22 MQL 30 Up 175 4030.4 3268 762.4 185.8 4.10
23 MQL 30 Down 100 3508.8 3033 475.8 106.2 4.48
24 MQL 30 Down 175 4018.1 3268 750.1 185.8 4.04

A cutter with a larger helix angle cuts the work material with a larger ratio of the axial force
component to the radial. The radial component of the machining force is responsible for causing
vibrations in the tool and stirring instability in the milling process. Such a phenomenon becomes more
prominent in machining a difficult-to-cut material, such as Ti-6Al-4V. Stronger vibrations and higher
instability means a higher consumption of energy for removing the same volume of material. As such,
a larger helix angle causes a reduction in the proportion of the radial force component, thus stabilizing
the milling process and causing a diminution in cutting energy.

Among the three cutting fluids, the throttling-based cryogenic coolant (CO2 snow) produced the
best results regarding specific cutting energy, although not by a momentous difference, followed by the
evaporative cryogenic coolant (LN2). Both the cryogenic coolants reduced cutting energy consumption
by curbing the tool wear progress. The super-cool fluid put a check on the temperature-dependent
tool wear modes, which helped to maintain the cutting-edge geometry for a longer period of time.
Consequently, the maintained sharpness of the cutting edge needed a smaller cutting force and lesser
energy to cut the given volume of work material. In another work, cryogenic milling of Ti-6Al-4V
was also found to be hugely energy conservative in comparison with wet milling due to avoidance of
additional power drawn in by the coolant pump [14].
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Figure 8. Bar graphs present the experimental results regarding the SCE for the 24 runs.

From the perspective of machining sustainability, it is often urged to include the relevant energies
required to liquefy, compress, and deliver per unit mass of the cutting fluids in the SCE calculations.
The authors would like to present some quantifications in this regard. For this study, the measured
volumetric flow rate of LN2 as a coolant was 0.5 L/min. Furthermore, the density of nitrogen in the
liquid state was equal to 804 kg/m3 at a temperature of−195.8 ◦C. European Industrial Gases Association
(EIGA) reported that separating nitrogen at 0.1013 MPa and liquefying it from a temperature of 285 K
requires consumption of electrical energy of about 549 kWh per ton of the gas [33]. Converting this
figure into the power requirement against the mass flow rate of 0.402 kg/min gives 13.24 kW. Moreover,
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the storage dewar used in the experimental work consumes additional 50 watts of power to pump
the LN2 at the given flow rate. It was reported that capture and compression of CO2 gas consumes
electrical energy in the range of 250–300 kWh/ton of the gas [34]. For the average value of the reported
range, 275 Wh/kg, and the mass flow rate of 0.5 kg/min, the average electric power required to supply
and maintain the given flow rate of the CO2 gas is 8.25 kW. Lastly, the average power required to
drive the employed MQL system at the air pressure, oil mixing rate, and air flow rate of 0.6 MPa,
30 mL/h, and 0.4 L/s, respectively, is 418 Watts. The details regarding the calculations can be seen in
Reference [35]. By adding the above calculated values of power requirements, the SCE values ranged
from 57.6 to 82 J/mm3, 74.5 to 131 J/mm3, and 5.2 to 8.3 J/mm3, respectively, for CO2 snow, LN2, and
micro-lubrication. Clearly, the modified values of SCE rendered the comparisons among the three
cutting fluids trivial, with LN2 topping the list of the tested fluids by an unprecedented margin.

Figure 9 presents the experimental data regarding the three components of the machining forces
obtained from the 24 experimental runs. As described before, Fx and Fz are aligned with the feed
direction and the cutter’s axis, respectively, while Fy is perpendicular to the side surface of the work.
Thus, it can be said that the axial component of the milling force is Fz, while the radial component is
the resultant of the other two.

A few inferences can be drawn directly from the three plots. Firstly, the cutter with the larger
helix angle experienced lower magnitudes of all the force components. Secondly, Fx rose unusually for
all the three cutting fluids when a 30◦ helix cutter was used to mill at the high level of cutting speed
using the down-milling orientation. Thirdly, with respect to the choice of cutting fluid, LN2 yielded
the lowest magnitudes of the milling force components, followed by CO2 snow. ANOVA was applied
to get in-depth results. For all the three force components, cutter’s helix angle was found to be a highly
and the most influential predictor. The effects of milling orientation and cutting fluid were found to
be marginally significant, whereas that of cutting speed was found to be insignificant. Furthermore,
an interactive effect between cutting fluid and milling orientation was found to be significant on the
radial components only.

A milling cutter with a large helix angle is ideal for dynamic stability in milling, machining with
small depths of cut, and gaining a good work surface quality. On the other hand, a cutter with a
small helix angle is good for rough machining and removing work material at high removal rates.
Dynamic stability of milling is reflected by small magnitudes of machining forces. The results in this
study show that a 42◦ helix angle yielded better dynamic stability than a 30◦ angle, as reflected by
the results regarding the milling force components. The observed effectiveness of LN2, in curbing
machining forces, can be attributed to its more effective heat dissipation capability. An extremely
low operational temperature of the fluid is believed to equip it with such a capability. Better heat
dissipation mechanism helps keeping a check on tool wear progress, which, in turn, helps maintaining
cutting edge’s geometry and suppressing the machining forces. In other works, hybrid cryogenic
cooling/lubrication was reported to yield the lowest machining forces compared to both emulsion and
cryogenic conditions in machining of titanium alloys [11,13]. The effect of milling orientation was
neither very significant nor clear. Down-milling yields lower magnitudes of force components for CO2

snow and MQL and higher magnitudes for the third fluid. Moreover, up-milling was found to be the
better orientation to be used at higher cutting speeds. Li et al. reported an 18% reduction in milling
forces when graphene-dispersed vegetable-oil-based MQL was applied in the milling of Ti-6Al-4V [17].
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Figure 9. Bar graphs present the experimental results regarding the three components of the machining
forces (Fx, Fy, and Fz) for the 24 runs.

Figure 10 presents the progress of the three force components with time for the selected
experimental runs. Two concentration zones are visible in each of the three graphs representing the
two cutting passes per experimental run. The two zones in Figure 10a are thinner than those in the
others because they represent the cutting passes conducted at the higher speed level. Based on the feed
directions, the radial force components (Fx and Fy) were found in the positive and negative regions
for down- and up-milling, respectively. The axial component (Fz) was located in the negative region
irrespective of the milling orientation.
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(a) 

 
(b) 

 
(c) 

Figure 10. Progress of the milling force components with time for the following experimental runs:
(a) CO2, 42◦, down, 175 m/min; (b) LN2, 30◦, up, 100 m/min; (c) MQL, 30◦, down, 100 m/min.
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The graphs highlight a phenomenon that sets apart the cryogenic fluids from micro-lubrication.
It can be seen from Figure 10a,b that the instantaneous values of the force components sharply decreased
as the cutting pass progressed. The magnitudes remained fairly constant in the third graph. This is
attributed to the temperature dependent variation in yield strength/flow stress of the work material.
As described before, the supply of a cryogenic fluid was opened 20 s prior to the start of the first
milling pass. As the cryogenic fluid was also received by the work, in addition to the tool, the surface
temperature fell sharply, raising the material’s yield strength. Thereafter, as the cutting process started,
the process heat raised the temperature of the work material, thereby reducing its flow stress. The fall
in the work material’s flow stress is reflected by the diminution in the force components as the cutting
process proceeded.

The cutting power required at the cutting edge for plastically deforming the work material
into a chip is presented as the product of cutting force and cutting speed (Pcut = vc × Fc), where Fc,
in peripheral milling, is a function of the three orthogonal force components, tool geometry, and shear
plane angle [36,37]. This means that the cutting power should have positive correlations with the
measured orthogonal machining force components. The correlation coefficient between Pcut and the
resultant of the two force components acting perpendicular to the cutter’s axis (= [Fx

2 + Fy
2]1/2) was

found to possess a value of 0.66. Likewise, the correlation coefficient between Pcut and the resultant
of all the three force components (= [Fx

2 + Fy
2 + Fz

2]1/2) was 0.68. The two correlations suggest that
strong uphill relationships exist between the cutting power and the machining forces. It can, thus, be
safely stated that machining force data can estimate cutting energy consumption fairly accurately.

3.4. Process Cost

While evaluating PC for the 24 experimental runs, it was found that tooling cost was the most
weighted contributing factor, followed, in descending order of weightage, by acquisition cost of cutting
fluids, overhead cost, direct energy consumption cost, and equipment depreciation cost. The process
cost’s estimation is shown in Figure 11. The figure clearly shows that, of the three cutting fluids
tested, micro-lubrication yielded the most economical results, which is attributed to the low levels
of VB and low unit cost and consumption rate of the associated cutting fluid. Of the two cryogenic
coolants, CO2 snow yielded better results when milling orientation was up, while LN2 was clearly
more economical for down-milling. Furthermore, a high helix angle produced better results, especially
under the cryogenic cooling environments, due to the associated low levels of tool damage incurred.
Lastly, the effect of cutting speed on process cost was not very clear, as this predictor asserted its
effects on all five constituents of PC in different ways. With regard to a continuous cutting process,
it was reported that high-speed machining of Ti-6Al-4V yielded better surface finish and caused lower
consumption of specific energy than conventional machining, but fared poorly with respect to the
sustainability measures of tool life and process cost [35].

Figure 11. Cont.
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Figure 11. Bar graphs present the process costs for the 24 experimental runs.

4. Discussion on Milling Sustainability

The previous section presented comprehensive quantifications and analyses with respect to the
vital sustainability metrics regarding milling of the most commonly used titanium alloy. The current
section discusses the implications of the experimental results in the perspective of the three pillars of
sustainability: economic, social, and environmental.

Process cost is the most important performance measure related to the economic aspect of
sustainability. As detailed in the previous section, tooling cost and cutting fluid′s acquisition cost
are the most important contributors. Tooling cost is governed by tool wear (VB); a larger value
results in a higher cost. On the other hand, VB is also influenced in a positive way by the application
of cutting fluids. The experimental results regarding PC suggest that micro-lubrication, combined
with the down-milling approach, ensured the most economical milling of Ti-6Al-4V, realized in the
form of slightest tool wear. Work surface roughness also possesses significance with respect to the
economic aspect. An acceptable level of surface finish avoids financial losses due to the following
factors: (1) additional processing cost caused by rework, and (2) additional material and processing
cost incurred by rejection of the work. In this regard, once again, micro-lubrication and down-milling
arose as the ideal combination, as explained in Section 3.2.

The social dimension of machining sustainability is highly qualitative. The factors covered under
this pillar are workers′ safety, health protection, ergonomics, payment equity, and work pressure and
intensification. Cutting speed is expected to affect ergonomics and work pressure as its low levels
may increase working hours of the machine operators and build-up on production slack, leading to
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enhancement of work pressure. Choice of cutting fluid is another influential parameter with respect to
the social pillar. All three levels of cutting fluid tested in this work demand extra space and workload
for setting up and operating the fluid supply system. A minor cleaning effort is also required after
the milling process utilizing micro-lubrication and cryogenic fluids is over. The oil delivered to the
machining area in micro-lubrication is of minute quantity, which requires an easy cleaning effort.
Moreover, the commonly used oils are vegetable-based and are, thus, not hazardous. Application
of LN2 to the milling area immediately turns the fluid into its gaseous form, which simply escapes
into the environment without affecting the operators. Likewise, compressed CO2 gas, after throttling,
converts into snow, which gradually sublimates to a gaseous form and escapes. A small flow rate
(0.5 kg/min) of the gas does not pose any asphyxiation risk.

The environmental pillar of milling sustainability is estimated by specific cutting energy, tool
damage, and waste generation. The experimental results regarding SCE suggest that Ti-6Al-4V should
be milled at a high level of cutting speed using a cutter of a medium-to-high helix angle. Moreover,
the application of micro-lubrication is much more energy-conservative than the cryogenic fluids. A high
VB causes more frequent tool replacements, leading to a higher number of tools required to remove a
given volume of work material. As a result, more energy is consumed for remanufacturing/recycling
the worn-out tools or, in a worse case, more landfilling of the end-of-life tooling and extraction of
the raw material for making new tools is required. Such a situation quickens depletion of natural
resources and causes a harmful effect on the environment. The analysis carried out on tool wear data
suggests that the titanium alloy should be milled with the down-milling orientation and under the
effect of micro-lubrication. Regarding the issue of machining waste generation, the tested levels of
milling orientation, cutter’s helix angle, and cutting speed did not make any difference. The total mass
of chips generated was the same for any combination of these three predictors. On the other hand,
all three options of cutting fluid tested in the work were better than the conventional approach of
emulsion-based flood cooling. Emulsion coolant is known to create swarf, leading to the need for
cleaning the chips before the commencement of their recycling process. Furthermore, the emulsion
fluid requires filtration and pumping for its repeated use until it becomes toxic due to contamination
from swarf, sump, and exposure to air. Milling under cryogenic and MQL environments does not
create any swarf; thus, the chips remain clean. Furthermore, no greenhouse gases are emitted and
recycling of the used fluid is not required. Regarding the option of LN2, nitrogen gas is harmless to
human health and is also environmentally benign. Moreover, the use of CO2 gas, as a cryogenic coolant,
does not increase carbon footprint because a minute quantity is used for cooling. A viable cutting
speed of up to 200 m/min was claimed in machining titanium alloys using a natural diamond tool
and under the effect of flood coolant [2]. On the other hand, the current work presented sustainable
machining of the titanium alloy up to a speed of 175 m/min, but with more economical tooling and
environmentally friendly coolants.

In the context of the discussion provided above, the authors would conclude that, with respect
to side- and end-milling of Ti-6Al-4V, the application of micro-lubrication is more favorable than the
two cryogenic fluids tested. It fared significantly better in terms of all the sustainability measures,
namely, tool damage, process cost, work surface quality, and energy consumption (with inclusion of
the fluids’ energies). Not all the previously published reports claimed superiority of the cryogenic
fluids over conventional approaches. Isakson et al. reported development of tool wear at a faster rate
under LN2 than under emulsion-based coolant in the machining of titanium alloy, although the limited
supply of coolant was blamed for its below-par performance [8]. Additionally, in the current work,
the down-milling orientation clearly outperformed up-milling with respect to tool damage, process
cost, and work surface quality. With regard to the other two predictors, the high levels of cutter’s helix
angle and cutting speed generally yielded better results, but the observed effects were not emphatic.
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5. Conclusions

The presented work aimed to quantify and enhance sustainability of milling a commonly used
titanium alloy under the environments of micro-lubrication and cryogenic cooling. The cryogenic
cooling environment was set up by the application of two kinds of coolants, throttle and evaporative,
realized by expansion of compressed CO2 gas and evaporation of liquid nitrogen, respectively.
Additionally, the effects of employing two milling orientations and two levels each of tool’s helix angle
and cutting speed on the sustainability measures were also quantified.

The most prominent finding of the work is that application of micro-lubrication in milling of
Ti-6Al-4V is more sustainable than that of a cryogenic coolant. Minimum quantity of lubrication
outperformed both the cryogenic coolants in terms of tool wear, work surface quality, process cost,
and energy consumption. Dissipation of process heat using a cryogenic coolant is not as viable in
milling as it is in a continuous machining process such as turning. The interrupted nature of cutting
caused by periodic engagement and disengagement of cutting teeth in the work under the action of
a super-cool fluid renders the cryogenic coolant far less effective. Among the other predictors, the
effects of milling orientation on the sustainability measures in milling of the titanium alloy were highly
significant. Down-milling was found to be enormously better than up-milling with respect to tool
wear, work surface quality, and process cost. Thus, it is highly recommended to use the combination of
micro-lubrication and down-milling for sustainable milling of Ti-6Al-4V.

The effects of tool′s helix angle and cutting speed were different for different measures of
sustainability, and they were not highly assertive. The high level of helix angle was excellent for
reducing specific cutting energy and also performed well for the sake of reduction in process cost, tool
wear, and milling forces. Likewise, high cutting speed was good for reducing work surface roughness
and specific cutting energy consumption.
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Abstract: Nickel-based superalloys exhibit an exceptional combination of corrosion resistance,
enhanced mechanical properties at high temperatures, and thermal stability. The mechanical behavior
of nickel-based superalloys depends on the grain size and the precipitation state after aging. Haynes
282 was developed in order to improve the creep behavior, formability, and strain-age cracking of
the other commonly used nickel-based superalloys. Nevertheless, taking into account the interest of
the industry in the machinability of Haynes 282 because of its great mechanical properties, which is
not found in other superalloys like Inconel 718 or Waspaloy, more research on this alloy is necessary.
Cutting tools suffer extreme thermomechanical loading because of the high pressure and temperature
localized in the cutting zone. The consequence is material adhesion during machining and strong
abrasion due to the hard carbides included in the material. The main recommendations for finishing
turning in Haynes 282 include the use of carbide tools, low cutting speeds, low depth of pass,
and the use of cutting fluids. However, because of the growing interest in sustainable processes and
cost reduction, dry machining is considered to be one of the best techniques for material removal.
During the machining of Haynes 282, at both the finishing and roughing turning, cemented carbide
inserts are most commonly used and are recommended all over the industry. This paper deals
with the machining of Haynes 282 by means of coated carbide tools cutting fluids (dry condition).
Different cutting speeds and feeds were tested to quantify the cutting forces, quality of surface,
wear progression, and end of tool life. Tool life values similar to those obtained with a lubricant
under similar conditions in other studies have been obtained for the most favorable conditions in
dry environments.

Keywords: dry; carbide tool; Haynes 282; finishing turning

1. Introduction

Turbine components suffer the extreme conditions of thermomechanical loading during
their service life. Significant tensile stresses in rotative elements induce fatigue phenomena [1].
The development of new advanced materials and the continuous improvement of the processing
routes are required in order to improve the performance of the turbine components [2]. Nickel-based
superalloys are widely used in turbine elements because of their excellent mechanical properties
at high temperatures and their resistance to corrosion [3]. Being about 50 wt. % of the materials
used in these applications [4], Ni alloys are also used in other applications such as pressure vessels,
marine equipment, different elements of aircraft engines, and petrochemical plants [5,6]. The excellent
mechanical properties of this family of superalloys also include low formability, with different problems
during component processing that could affect its service life. New-generation alloys are developed in
order to solve these problems. For example, Haynes 282 focuses on the improvement of the weldability
and fabricability with a similar creep strength. These combinations of properties are of great interest
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for critical steam applications. This superalloy has already been adopted for hot section parts in gas
turbines for aircraft and power generation, and it can be a baseline for the further improvement of
superalloys [7].

Haynes 282 is highlighted by a high percentage of molybdenum (>6 wt. %), which develops
carbide particles at temperatures ranging from 815 to 870 ◦C in a complex cubic structure, with it being
more stable at high temperatures [8]. Haynes 282 was developed at the beginning of the 21st century.
It is strengthened by the precipitation of the γ′ phase, which is the L12 ordered structure Ni3 (Al,Ti),
and has a coherent relationship with the γ matrix [9]. These γ′ precipitates, characterized by their size,
distribution, morphology, and composition, influence the mechanical properties of the alloy [10].

Despite the renewed interest in Haynes 282, there is a lack of information concerning its
machinability. The machining of nickel-based superalloys presents great challenges, mainly because
of the high work hardening tendency, structure stability, low thermal conductivity, adhesion of
materials in the tool, and carbide particles in its structure [11]. All of the above features result in hard
loads and temperatures (up to 1200 ◦C [12]) at the chip–tool interface, resulting in the rapid wear
of the tool [13,14], which influences the surface integrity of the piece, generating residual stresses
and increments in roughness [15,16]. Elevated temperatures combined with a high chemical affinity
between the workpiece and the materials used for the cutting tools promote oxidation and diffusion
wear, as well as the adhesion of the work material at the cutting tool area (mostly related to the damage
on the tool–rake face) [3]. Moreover, the adhesion and abrasion on the clearance surface normally
induce flank wear, chipping, and catastrophic failures [17].

Thus, the selection of the tool is critical during the machining of nickel-based superalloys,
requiring elevated wear resistance and hardness, high strength, and chemical stability at elevated
temperatures [18]. The industry recommendation for the turning of nickel-based alloys involves the
use of ceramic and carbide tools, the latter being used in finishing the turning [4].

Concerning the tool coating physical vapor deposition (PVD), TiAlN, ALTiN, or AlCrTiN are
widely used for carbide tools in the turning of nickel-based alloys for improving the competitiveness of
carbides as opposed to ceramic tools, because of their lower cost [19]. The TiAlN coating in comparison
to the TiN coating decreases the machining forces, whereas it improves tool resistance to flank wear
because of its chemical inertness, adhesion resistance, high hardness at elevated temperatures (up to
1000 ◦C), and high oxidation resistance [20,21]. Coated carbide tools are recommended for a medium
cutting speed, ranging between 30–70 m/min [22] for the turning of nickel-based alloys, because of its
thermomechanical instability [14].

Traditionally, cutting fluids have been used to lubricate (helping to reduce the friction in the area
of contact between the chip and the tool), eliminate the chip from the cutting area, and, above all,
to eliminate the heat produced during the process of machining, cooling the tool and the workpiece at
the interface. Thus, the use of cutting fluids during the machining process (generally between 10–100 L
per minute [23]) has a huge impact on the temperature of the tool, its wear evolution, and life, as well
as on the surface finishing of the workpiece (roughness of the surface, generation of residual stresses,
etc.). However, the impact of cutting fluids on the environment is significant. Therefore, industrial
activities are encouraging manufacturers to implement new green techniques, replacing the use of
traditional cutting fluids. Moreover, the use of cutting fluids is both harmful to the environment and
very expensive, not only for its acquisition, but also for the costs associated with its recovery and
disposal management [24].

Sustainability requirements are leading to the use of new vegetable-based cutting fluids that are
sustainable, environmentally friendly, biodegradable, and less toxic, and they are becoming a real
alternative to petrol-based cutting fluids [25]. Moreover, cutting fluids are normally applied with
flood coolant systems (FC), systems that can account for up to 17% of the total production costs [26]
and that sometimes do not reach the area of machining because of the obstruction of the chips.
Alternatives for the application of cutting fluids have been developed, such as near-dry-machining
(NDM) systems, also known as minimum quantity lubrication (MQL) [27] or minimum quantity
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cutting fluids (MQCF) [28]. However, dry machining that avoids the use of cutting fluid would be the
best technique, if possible. Cantero et al. [3,29] analyzed the performance of the carbide and PCBN
tools in the dry finishing turning of Inconel 718, obtaining a tool life of 29 min and 2 min, respectively,
for competitive cutting conditions, confirming the industrial viability of the carbide inserts but not of
the PCBNs in the dry finishing of the Inconel 718.

Few papers are available on the topic of Haynes 282 machinability. Suarez et al. [30] carried out
an experimental investigation focusing on the effect of lubricant pressure and material heat treatment
on the turning of this alloy. A negligible effect for the high-pressure cooling was observed, while the
solution annealing large grain solution (LGS) state presented enhanced machinability when compared
to the precipitation hardened large grain aged (LGA) state in terms of force levels and tool wear.
Díaz-Álvarez et al. [11] studied the performance of a coated carbide tool during the finishing turning
of Haynes 282 with a cutting fluid at the conventional pressure, observing that, for all of the cutting
conditions, the tool broke because of the fragile fracture of the cutting edge.

There is a lack of research focusing on the machining of Haynes 282. Moreover, the tool wear
analysis of the carbide inserts when machining Haynes 282 in a dry environment has not been
studied. The present work deals with the finishing turning of the Haynes 282 alloy in dry conditions.
Dry machining tests using coated carbide tools were performed under different cutting conditions in
order to evaluate the viability of the cutting fluid removal in finishing turning of Haynes 282 with
carbide tools. Roughness, cutting forces, and tool wear were quantified in each test. Although the
industrial dry machining of Haynes 282 has not yet been applied, in this study, tool life values similar
to those obtained with lubricants under similar conditions in other studies have been obtained for the
most favorable conditions in dry conditions.

2. Experimental Setup

2.1. Material Properties and Cutting Tools.

A Haynes 282 alloy was tested in a round bar with a 90 mm diameter shape, which was
manufactured following the AMS5951 specification. The Haynes 282 workpiece was annealed at
1135 ◦C (in the typical range 1121–1149 ◦C) and age hardened according to the following stages: It was
heated up to 1283 ◦C, maintained at this temperature for 2 h, and then cooled in air. Afterwards, it was
heated up to 1061 ◦C, maintained at this temperature for 8 h, and then cooled in air. The hardness of
each specimen tested was quantified at different points, obtaining values that varied between 42.2
and 43.5 HRc. Each element percentage of the Haynes 282 that was tested in the present paper is
summarized in Table 1.

Table 1. Haynes 282 chemical composition [11].

Element (%) Ni Cr Fe Nb Mo Ti Al Co Si Cu Mn C

Haynes 282 57 19.42 0.87 <0.01 8.52 2.22 1.41 10.2 <0.05 <0.01 0.06 0.062

A carbide tool (CW, TS200 grade) with a multilayer coating of TiAl/TiAlN, provided by SECO
(SECO tools, Fagersta, Sweden), were used for turning tests. These coated carbide tools are especially
recommended for finishing turning of Nickel superalloy. Insert presents a tip and honing radius
of 0.4 mm and 25 μm respectively, tip angle equal to 80◦, rake angle of 16◦ and a relief angle of 7◦.
The cutting tool with the code CCMT 09T304F1 was fixed in a tool holder type SCLCR 2525M09JET
provided by SECO.

2.2. Experimental Setup and Instrumentation

Haynes 282 turning tests were carried out in a lathe Pinacho Smart turn 6/165 (Pinacho, Castejón
del Puente, Spain) equipped with a Kistler 9257B dynamometer (Kistler, Winterthur, Switzerland) for
the cutting force measurement (Figure 1).
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During the development of the turning tests and at the end of each pass, a rounded surface
remained because of the effect of the tool tip radius. Therefore, because of the consequent increase of
material needing to be removed in that zone in the next pass, which did not allow for a continuous cut,
a sudden increment of undeformed chip cross-section was caused [29]. The finishing operation was
characterized by small cutting depths, so this increase in material as a result of the tool tip radius at
the end of the pass led to a significant increase in the cutting forces, hence influencing the tool wear.
To avoid this phenomenon, a second tool was attached in the tool holder in the lathe (see Figure 1) in
order to remove this zone once the cutting force had been stabilized and measured using the tested tool.

 

Figure 1. Instrumentation and setup.

The tool wear level was periodically evaluated during the turning tests for each cutting condition,
tested by means of obtaining images from a stereo microscope Optika SZR (Optika, Ponteranica BG,
Italy). Also, a scanning electron microscopy (SEM) Philips XL-30 (Philips, Eindhoven, Netherlands)
with an EDSDX4i system was used to analyze the wear evolution. At the same time, the surface
finish of the workpiece was evaluated by means of the surface roughness through a Mitutoyo model
SJ-201 (Mitutoyo, Kawasaki, Japan) rugosimeter, obtaining the mean of nine measurements as the
representative roughness value.

All of the cutting tests in this study were carried out without any type of coolant by analyzing the
finishing turning of Haynes 282 under dry conditions.

As knowledge of the machining of the Haynes 282 alloy at an industrial level is poor,
tool manufacturers do not include the relevant information for the selection of the cutting parameters
for its process. Nevertheless, in the bibliography, there are general recommendations establishing
the ranges for the cutting speed (30–35 m/min), feed rate (0.1–0.18 mm/rev), and depth (1 mm) [31].
Moreover, Díaz-Álvarez et al. [11] investigated the machining of Haynes 282 with carbide tools
under a conventional pressure coolant using cutting speeds between 50–90 m/min, feeds between
0.1–0.15 mm/rev, and a depth of pass of 0.25 mm, obtaining a maximum tool life of 33 min. Thus,
the cutting parameters selected for the present study are summarized in Table 2.
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Table 2. Cutting parameters for the turning tests.

Cutting Speed (m/min) Feed (rev/min) Pass Depth (mm)

50
0.1

0.25
0.15

70
0.1

0.15

90
0.1

0.15

3. Results and Discussion

3.1. Cutting Forces Analysis

The evolution of the cutting forces—cutting force (Fc), feed force (Ff), and back force (Fp)—were
recorded for each preformed test using a frequency of acquisition of 100 Hz. To guarantee the
repeatability of the results, each test was performed twice, obtaining deviations lower than 5% with
respect to the mean value. Thus, the average values have been used for the subsequent analyses.
For the sake of simplicity, in the following analysis, the specific force components (kc, kf, and kp) have
been defined as the each of the cutting forces over the undeformed cross section of the chip. In the
subsequent points, the results of each component are compared with the observed tool wear damage
(notch, chipping, flank, and built up edge).

3.1.1. Fresh Tools Results for the Specific Cutting Force

In Figure 2, the obtained results for each component plus the resultant specific cutting force (kr)
quantified at the first stages of each of the tests through fresh tools are represented. For the series
of cutting parameters that were studied, the results of the specific cutting force (kc) ranged from
3580 N/mm2 (case: Vc = 90 m/min and feed = 0.15 mm/rev) to 4200 N/mm2 (case: Vc = 50 m/min
and feed = 0.1 mm/rev). The values of the resultant cutting forces that take into account all of the
cutting forces components range from 4330 N/mm2 (case: Vc = 90 m/min and feed = 0.15 mm/rev) to
5700 N/mm2 (case: Vc = 90 m/min and feed = 0.1 mm/rev).

Cutting Speed vs. Specific Cutting Forces

• For the lowest feed (0.1 mm/rev) used, the specific cutting force (kc) was not significantly affected
by the cutting speed for the studied range. However, the rest of the components increased by
up to 26% for the specific feed force (kf), and up to 100% for the specific back force (kp) when
the cutting speed was increased from 50 m/min to 90 m/min. This behavior was not observed
for the feed equal to 0.15 mm/rev, whereas the cutting speed was increased from 50 m/min to
90 m/min, the values of the specific cutting forces were decreased by up to 57%, 70%, and 30% for
the specific cutting force (kc), the specific feed force (kf), and the specific back force (kp), respectively.
By increasing the cutting speed, the temperature of the material to be cut rose, so that it softened,
thus requiring lower cutting forces. At the same time, increasing the cutting speed also increased
the strain rate by increasing the resistance of the material to be cut. For a feed of 0.1 mm/rev, it was
observed that, because of the higher proportion of chip sections with high levels of deformation,
when increasing the cutting speed, the specific cutting forces increased because of the strain
hardening effect; however, for the feed value of 0.15 mm/rev, the softening effect of the material,
because of the increment of the cutting speed, was the predominant effect.
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Feed vs. Specific Cutting Forces

• Regarding the specific cutting force component induced by the feed, reductions of up to 13%
for the specific cutting force (kc), up to 39% for the specific feed force (kf), and up to 38% for the
specific back force (kp) were recorded with increments on the feed from 0.1 mm/rev to 0.15 mm/rev.
The specific cutting force component induced by the feed was as expected. For the lowest feed,
as the proportion of material subjected to large deformation (along the cutting edge) was higher,
the specific cutting force results were also higher; this tendency can also be verified through the
resultant specific cutting force (kr).
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Figure 2. Specific cutting forces for fresh carbide tools at the beginning of the tests.

3.1.2. Specific Cutting Forces Evolution During Haynes 282 Turning

The specific force progression and the resultant specific force for the different components with
the cutting time are represented in Figure 3. For all of the cutting conditions, all of the specific cutting
force components increased with the time of use of the tool. However, kc presented an increasing linear
trend for the tool life, while the growth of the kf- and kp-specific forces showed other trends in all of the
cases being highlighted in two regions, as follows: the first one with a linear growth and the second
one with a more pronounced increment.

Cutting Speed vs. Specific Cutting Forces

• Cutting speed 50 m/min: As mentioned in the previous paragraph, a slight linear increase in
the cutting forces was recorded in the first region. In the subsequent region, the kp component
underwent a drastic increase, contrasting the kf components with a lower increase. These two
regions, clearly identifiable during the tests, exhibited a close relationship with the different wear
modes observed. Thus, while for the first region of the force evolution a moderate chipping
combined with a progressive erosion of the tool flank was observed, for the second region, the kf
and kp components of the specific force through the loss of the cutting edge integrity were affected
by a more aggressive chipping combined with a rapid progression of the notch. Therefore, a clear
trend can be observed, according to which, as the cutting speed increases, both the tool wear rate
and consequently the specific forces increase.

• Cutting speed 70 m/min: The evolution of the specific cutting force showed a similar trend to
those obtained for the 50 m/min cutting speed. Thus, for kp, it could be clearly seen in the two
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regions, with a drastic increase in the second one, whereas for the kf component, this increase was
not so evident. Therefore, all of the components of the cutting speed exhibited a slight increase
during the first region, with the flank wear progression moderated by means of a light chipping.
However, the components of force kf and kp suffered suspected growth during the second region
because of a great deterioration of the cutting edge through the notch and more intense chipping
in this final stage.

• Cutting speed of 90 m/min: As in the previous cases, there were two clearly differentiated regions
of specific forces of growth, the main difference between them being the use time of the tool,
in which the trend change appeared much smaller than for the lower speeds. These two growth
zones were also related by a moderate growth of flank wear together with chipping, until the
chipping was dominant, progressing in quick increment of the specific force components kf and kp.

Feed vs. Specific Cutting Forces

• For all of the conditions analyzed, a remarkable influence of the feed on the evolution of the
components of the specific cutting force were not found during the turning tests.

Near the end of the tool life, values up to 10 times of those obtained with a fresh tool were
obtained for the specific back force, whereas values up to 7 and 2.5 times were obtained for the feed and
specific cutting forces respectively, when compared with the ones obtained for the fresh tool. Therefore,
especially for lower cutting speeds, the evolution of the specific back force could be a suitable indicator
of tool wear progression. The value of the resultant specific cutting force included in Figure 3 can be
used as a more stable variable to evaluate the wear state of the tool.
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Figure 3. Specific cutting force evolutions with the times for the different cutting conditions tested.
(a) Vc = 50 m/min and f = 0.1 mm/rev; (b) Vc = 50 m/min and f = 0.15 mm/rev; (c) Vc = 70 m/min
and f = 0.1 mm/rev; (d) Vc = 70 m/min and f = 0.15 mm/rev; (e) Vc = 90 m/min and f = 0.1 mm/rev;
(f) Vc = 90 m/min and f = 0.15 mm/rev.

3.2. Analysis of Wear and Tool Life

During each experiment, the test tool wear progression was checked, with the main wear modes
identified being the notch, chipping, flank, and built-up edge (BUE). In order to quantify the wear
for all of the cutting conditions analyzed, the tool wear was periodically studied within each test.
Tools reached the end of tool life by means of the breakage of the cutting edge, or through the end of
tool life criterion, established by means of a notch or flank wear larger than 0.4 mm; however, only one
cutting condition reached a value of flank wear close to 0.4 mm. The value of 0.4 mm for the notch
or flank wear was established by attending to the behavior of the tools, and for values of flank wear
close to 0.4 mm, high increments of the cutting forces and a rapid growth of the chipping wear leading
to the catastrophic failure of the cutting edge were observed (see Figure 3, Vc = 50 m/min and a feed
of 0.1 mm/rev to check the rapid increments of the cutting forces when the value of the flank wear
reached values close to 0.4 mm).

Although both BUE and the adhesion of the material were observed for all of the cutting conditions
analyzed, as can be seen in Figure 4, they have not supposed a significant influence on the tool life.

Chipping, together with notch wear, were predominant along the entire cutting edge of the
tools at the beginning of the performed tests. The wear progression was similar, regardless of the
cutting conditions. Chipping became larger, being filled by material (BUE). Furthermore, the area of
the notch that grew throughout the tests was clearly differentiated, and, at the same time, the flank
wear progressed. It was found that for higher cutting speeds, the chipping progressed more rapidly,
exposing more of the flank surface (causing the flank wear to grow much faster than with lower cutting
speeds, where chipping was not so aggressive).

The progression of chipping wear is enhanced with the increment of the cutting speed, and,
to a lesser extent, by increasing the feed, causing a reduction in the tool life and leading to the final
catastrophic breakage of the cutting edge for all of the cases analyzed. Increasing the feed results
in obtaining higher forces and a more unstable cut because of the increase of material that is to be
removed in each pass, thus, favoring the appearance of fragile breaks in the cutting edge. Increasing
the cutting speed is related to an increase in the temperature at the cutting area [12]. This increase
in temperature favors the adhesion of materials in the tool (and the consequent chipping) through
a reduction of the tool material strength.
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In Table 3, both the tool life values by means of cutting time, the machined surface per time
(Smach.t) and the machined surface per cutting edge (Sedge), quantified through Equations (1) and (2),
respectively, have been summarized for all of the cases analyzed [11].

Smach.t = Vc·f·1000/60 (1)

Sedge = Smach.t T·60 (2)

where Smach.t is the machined surface per unit time (mm2/s), Sedge is the machined surface per edge
(mm2), Vc is the cutting speed (m/min), f is the feed (mm/rev), and T is the tool life (min).

  
(a) (b) 

  
(c) (d) 

Figure 4. Cont.
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(e) (f) 

  

(g) (h) 

Figure 4. Scanning electron microscopy (SEM) images at the end of the tool life for the different
conditions tested. Vc = 50 m/min and f = 0.1 mm/rev: (a) relief and (b) rake surface view. Vc = 50
m/min and f = 0.15 mm/rev: (c) relief and (d) rake surface view. Vc = 90 m/min and f = 0.1 mm/rev:
(e) relief and (f) rake surface view. Vc = 90 m/min f = 0.15 mm/rev: (g) relief and (h) rake surface view.
BUE—built up edge.

Table 3. Tool life, machined surface per unit time (mm2/s), and machined surface per edge (mm2) for
the different cutting conditions tested.

Tool
Cutting
Speed

(m/min)

Feed
(mm/rev)

Depth
(mm)

Life
(min)

Machined Surface
per Unit Time

(mm2/s)

Machined Surface
per Cutting Edge

(mm2)

Carbide
(TS2000,

Seco)

50
0.1

0.25
30.1 83.3 150,520

0.15 21.0 125.0 157,629

70
0.1

0.25
4.5 117 31,196

0.15 2.1 175.0 22,266

90
0.1

0.25
2.3 150.0 20,263

0.15 1.9 225.0 25,525
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For the lowest cutting speed (50 m/min), values of 30.1 and 21 min of tool life for 0.1 mm/rev
and 0.15 mm/rev feeds, respectively, were obtained when reaching the point of the highest level
of flank extension (almost 0.4 mm), which is near to the end of tool life criterion that has been
established (Figure 4a–d). The end of tool life by means of cutting-edge breakage was reached because
of predominant chipping.

Wear due to chipping appears during tests at cutting speeds of 70 m/min, compared with the
cutting speed of 50 m/min, reaching the end of tool life through a breakage of the cutting edge. Thus,
tool life values of 4.5 and 2.1 min for feeds of 0.1 and 0.15 mm/rev, respectively, were obtained during
turning tests at 70 m/min.

In the turning tests at 90 m/min cutting speed, wear due to chipping appeared at the first stages,
with a fast progression up to cutting edge breakage at the end of tool life (Figure 4e–h). As expected,
the lowest tool life values were reported at 90 m/min, obtaining 2.3 and 1.9 min for feeds of 0.15 and
0.1 mm/rev, respectively.

As shown in Table 3, tool life values of 1.9 (Vc = 90 m/min) up to 30.1 min (Vc = 50 m/min) were
obtained during the dry turning tests on Haynes 282. As mentioned above, increasing the cutting
speed increased the adhesion of the material in the tool and therefore the chipping wear. Thus, the best
results in terms of tool life time were those obtained for both low cutting speeds and feeds. The tool
life obtained for the cutting speed of 50 m/min and 0.1 mm/rev feed was very close to those obtained by
the authors in analogous tests, where a conventional pressure coolant was used [11]. However, a great
influence of the cutting speed in the tool life has been found, decreasing its life up to 85% when the
cutting speed increases from 50 to 70 for a feed of 0.1 mm/rev, and up to 90% for a feed of 0.15 mm/rev.

The machined surface per cutting edge (known as an indicator for tool industrial performance)
at 50 m/min cutting speed was similar for both feeds (0.1 and 0.15 mm/rev), whereas, because of
the short tool life derived from increasing the cutting speed from 70 m/min to 90 m/min, there was
no significant variation in the machined surface per cutting edge. It is necessary to highlight the
important result obtained in terms of the mechanized surface and tool life for the less aggressive tool
parameters (50 m/min and 0.1 mm/rev) in dry conditions, these being very similar to those obtained
at the conventional coolant pressure [11]. This result makes the use of this type of tool suitable for
the finishing the machining of Haynes 282 under dry conditions, which, until today, was done with
cutting fluid.

3.3. Analysis of Surface Quality

The surface roughness progression was evaluated at different stages during the development of
the tests. The surface quality was measured three times at three different zones over the machined
surfaces in terms of the average roughness (Ra). Thus, the maximum value of these measured values
for each stage were taken as the value of the roughness for each condition tested (Figure 5).

Figure 5. Roughness evolution at the machined surface for all of the cutting conditions tested:
(a) Vc = 50 m/min, (b) Vc = 70 m/min, (c) Vc = 90 m/min.

121



Metals 2019, 9, 989

During the first stage of tests, with fresh tools and no significant wear, the values of roughness
within the range of 0.7 and 2.5 μm were obtained. It should be noted that the Ra values were reduced
with the wear of the tool for a cutting speed of 50 m/min, which is related to the type of wear found,
with the flank for this cutting speed evolving progressively, reaching values close to 0.4 mm, causing
an artificial increase in the tip radius, resulting in lower values of Ra. However, for higher cutting
speeds, the chipping was dominant, as the beginning caused the original honing of the cutting edge,
which was not so defined. The authors obtained similar results during the finishing turning of Inconel
718 [32].

The best roughness values were those obtained for the 50 m/min cutting speed and 0.1 mm/rev of
the feed. This phenomenon is related to the lower chipping obtained at the beginning for the lowest
cutting speed, because a more linear trend was observed in the roughness progression.

On the contrary, for cutting speeds of 70 and 90 m/min, where chipping wear affects the tool more
severely from the first moments of the test, it has not been possible to establish a clear trend in the
roughness progression.

The feed shows a clear influence on the roughness values obtained, with it being generally greater
for higher feeds, regardless of the cutting speed. This result agrees with that which is theoretically
expected from the application of Equation (3) [33], namely,

Ra = 0.0321·f /rc (3)

where f is the feed (mm/tooth), and rc is the tool nose radius (mm).

4. Conclusions

This work dealt with the sustainable finishing turning of Haynes 282 by means of coated carbide
tools without cutting fluids (dry condition). Different cutting speeds and feeds for Ni-based alloys
were tested in order to quantify the cutting forces, the quality of surface, the wear progression, and the
end of tool life. The main contributions of the analysis are summarized below.

• The less aggressive conditions for the tool when working on dry conditions are low cutting speeds,
50 m/min in this study. The effect of the feed is not so significant in terms of the mechanized
surface, whereas, on the contrary, it is significant in terms of the tool life, with shorter lives having
the greatest feed. This effect must be taken into account for productivity purposes.

• It should be noted that life values similar to those obtained in other studies, with lubricant under
similar conditions, have been obtained for the most favorable conditions in dry conditions.
This is a significant result, demonstrating the suitability of implementing dry turning in
an industrial environment.

• The great influence of the cutting speed in the tool life was demonstrated by decreasing it by 85%
when going from 50 to 70 m/min for a feed of 0.1 mm/rev and 90% for a feed of 0.15 mm/rev.

• Great increases in cutting forces have been appreciated for all of the tested conditions, obtaining
values for the specific back force at the end of tool life, of 10 times the value obtained when the tool
was fresh. It has been possible to observe a clear relationship between this force and the tool life.

• Regarding the wear, since the beginning of the trials, chipping, built up edge (BUE), and notch
wear were found. The catastrophic failure of the cutting edge has been found at the end of tool
life in all of the cutting conditions tested because of the chipping progression.

• For all of the tests, the Ra values were low, regardless of the time of use of the tool (between 0.7
and 2.5 μm). However, the homogeneity in terms of Ra for the test with a 50 cutting speed and 0.1
mm/rev of feed stands out, which gives one an idea of the stability of this condition in relation to
the other cutting parameters, where large variations in this value were found.
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Abstract: The joining of dissimilar materials in a hybrid structure is a line of research of great
interest at present. Nevertheless, the machining of materials with different machinability requires
specific processes capable of minimizing defectology in both materials and achieving a correct surface
finish in terms of functional performance. In this article, abrasive water jet machining of a hybrid
carbon fiber-reinforced thermoplastics (CFRTP)/Steel structure and the generated surface finish are
studied. A parametric study in two stacking configurations (CFRTP/Steel and Steel/CFRTP) has
been established in order to determine the range of cutting parameters that generates the lowest
values in terms of arithmetic mean roughness (Ra) and maximum profile height (Rz). The percentage
contribution of each cutting parameter has been identified through an ANOVA analysis for each
material and stacking configuration. A combination of 420 MPa hydraulic pressure with an abrasive
mass flow of 385 g/min and a travel speed of 50 mm/min offers the lowest Ra and Rz values in the
CFRTP/Steel configuration. The stacking order is a determining factor, obtaining a better surface
quality in a CFRTP/Steel stack. Finally, a series of contour diagrams relating surface quality to
machining conditions have been obtained.

Keywords: AWJM (abrasive water jet machining); CFRTP (carbon fiber-reinforced thermoplastics);
hybrid structure; surface quality; Ra; Rz; C/TPU (carbon/thermoplastic polyurethane)

1. Introduction

Carbon fiber-reinforced thermoplastics (CFRTP) composites have an excellent weight-to-mechanical
property ratio and high impact and corrosion resistance [1]. These are very interesting materials due
to their ability to be remolded after curing, adopting new geometries and being of great interest for
mass production [2]. Applications such as chassis in the automotive sector or the development of a
lighter fuselage with better fatigue resistance developed by the company STELIA are an example of
the current interest in these materials. In addition, in comparison with thermosets (CFRP), they have
shorter production times and the possibility of storing the matrix at room temperature which reduces
the final costs [3]. Within the wide range of thermoplastic polymers, thermoplastic polyurethane (TPU)
can achieve high performance in service. The shaping of this matrix together with carbon fibers results
in a flexible compound that can be adapted to various uses [4].

In order to increase the performance of these materials, current research is focused on their
bonding with metal alloys in the form of hybrid structures through laser welding or friction stir welding
processes [5]. These materials are essential elements in structural applications in the industry nowadays
due to their mechanical properties, lightness, and corrosion resistance. Nevertheless, they must be
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joined to metallic elements to obtain a more robust structure that combines the performance of both
materials in the form of a hybrid design [6]. Furthermore, in terms of production, the manufacture and
subsequent machining of both materials at the same time means a reduction in operating times. A kind
of hybrid structure of great interest is the union of CFRTP with a steel in order to obtain a structural
element of high performance. This turns them into elements of great interest for the automotive sector
where weight reduction is required and, at the same time, their ability to produce them in mass [2,7].

Their combination with a structural steel allows to obtain a hybrid structure of excellent
performance and lightness minimizing energy consumption and CO2 emissions. Nevertheless,
the quality of the interlayer of these materials on applying an adhesive or thermal bonding process
has been studied due to the formation of thermal defects or the formation of bubbles due to poor
surface preparation of the steel [8,9]. In addition, according to the selected process, the thermoplastic
matrix of the CFRTP can be used as an integrating element of the hybrid structure affecting the final
thickness [10].

In addition, to achieve a final geometry, specific machining processes are required due to the
anisotropic behavior of these materials, as well as the low glass transition temperature of some
thermoplastics [11]. Inside conventional processes, such as drilling or milling, wear caused to the
cutting edges increases the final costs and reduces the efficiency of these processes. Processes such
as milling generate a smooth and clean surface with Rz values close to 9 μm and Ra values close to
2 μm [12,13]. This is in line with the results obtained in the conventional machining of thermoset
composite materials, where results below 3.2 μm are required due to aeronautical tolerances [14].

Nevertheless, although very low values are obtained, the machining temperatures deteriorate
the thermoplastic matrix and cause delaminations in regions in which the reinforcement is left
unprotected [12]. In addition, the fact of machining two materials of different machinability requires
the use of specific cutting geometries and complex machining strategies with change of cutting
parameters in the interlayer. This means an increase in operating time and costs.

On the contrary, within nonconventional technologies, abrasive water jet machining (AWJM)
has proved to be a very effective technology for machining this type of material [13,15,16]. It is
a flexible process, capable of achieving high material removal rates and low cutting forces and
machining different materials at the same time. In addition, due to the nature of the cutting process,
the temperatures reached are very low, which minimizes thermal defects [17]. Furthermore, it is a clean
and environmentally friendly technology, a fundamental aspect within the field of “Green machining,”
and does not generate suspended particles that could affect the health of the operators. This technology
offers advantages such as the recovery of abrasive particles after machining, which can be reused
after treatment, and no harmful gases are generated [18]. Another important point is the retention
of particles of the machined material in the pool pit, especially in composite materials, preventing
them from remaining in suspension, avoiding the exposure of the operators to a harmful atmosphere.
The cutting tool is water, which can be reused after machining, and abrasive particles, which can be
recovered later and treated to be reused.

Nevertheless, there is little literature on abrasive water jet machining of dissimilar material stacks.
Most focus on machining FMLs or CFRP/Titanium stacks due to their relevance within the aeronautical
industry [19–23]. These studies are focused on the influence of the parameters that govern abrasive
water jet machining on the surface quality generated, as well as on the defectology associated with this
process such as the taper angle. Although there is literature on water jet machining of thermoplastic
composites [24] and steel alloy [25], little information exists on machining these materials in the form
of a hybrid structure.

A crucial aspect in the machining processes is the surface quality obtained. The divergence of
the water jet during machining generates a reduction in the kinetic energy that results in regions of
different surface quality. Thus, in the initial moments of machining, the overlapping of the abrasive
particles generates a highly eroded zone known as IDR (initial damage region) [26]. Subsequently,
the convergence of the jet generates a stable zone in which a homogeneous surface is obtained, known as
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the SCR (smooth cutting region) [27]. Finally, due to the reduction of the kinetic energy and cutting
capacity of the water jet, the surface generated has a region with very high irregularities in the form of
grooves known as RCR (rough cutting region) [28,29].

In this sense, the stacking order of the hybrid structure has a fundamental role to play in the
development of these regions. Depending on which material receives the first impact of the water
jet, the final quality obtained in the second material will be conditioned by the difference in its
machinability [23].

For this reason, minimizing water jet divergence during machining is a key aspect for achieving
an acceptable surface quality. Thus, the correct selection of cutting parameters according to the
order of stacking is essential to achieve this objective [30]. In studies carried out, the difference in
results obtained between the composite material and the metal alloy when they are machined is also
highlighted. This is due to the fact that the composite material is anisotropic and the water jet is able to
eliminate the matrix generating greater irregularities or the formation of delaminations. In contrast,
the isotropy of the metal alloy allows a more stable and smoother cut, but is more affected by the effect
of the abrasive particles in the initial zone (IDR).

Within the cutting parameters, traverse speed and hydraulic pressure seem to be the most
relevant [31]. Increases in traverse speed lead to increased water jet divergence, especially in the second
material, significantly raising the roughness in the material [25]. Pahuja et al. [30] also explains the
importance of traverse speed in water jet machining of a hybrid CFRP/Ti structure. Here, by increasing
the speed from 1 to 10 mm/min, the Ra values increase by 14% for the titanium alloy and 260% for the
composite material. On the other hand, an increase in hydraulic pressure increases the jet’s machining
capacity, allowing for an improvement in surface quality and obtaining Ra values that are very close to
each other [22].

Nevertheless, the combination of the different machinability between materials, their stacking
order, and the lack of knowledge about a range of cutting parameters capable of machining this type
of hybrid structures require further studies. Due to this, this article proposes a parametric study in
abrasive water jet machining of a hybrid CFRTP/Steel structure. The surface quality in terms of Ra
and Rz has been evaluated in each material for the two stacking configurations (CFRTP/Steel and
Steel/CFRTP). The difference in results between the two configurations has been evaluated, as well
as a range of cutting parameters that improve surface quality has been determined. The machining
of dissimilar materials in the form of a hybrid structure generates a difference in surface quality
between the two elements that must be minimized or eliminated. Nevertheless, the study of the surface
quality in both materials separately has been the main objective of this work. Thus, a range of cutting
parameters that improves the surface quality has been determined. In order to obtain a homogeneous
cut, a ratio between the results obtained for the composite material and the metal alloy has been
established to identify which variation in cutting parameters generates the greatest difference in surface
quality. Finally, an ANOVA analysis and a set of contour diagrams using predictive mathematical
models have been obtained for the most relevant roughness parameter.

2. Methodology

2.1. Materials

This article focuses on the machining of a hybrid structure in order to evaluate the surface quality
obtained. The materials selected to obtain this structure were a thermoplastic composite material
reinforced with carbon fiber (Twill 200 g/m2) and a steel alloy S275. The main characteristics of the
composite material are shown in Table 1. Reinforced thermoplastic laminates were produced by hot
compression molding.

The CFRTP used has a thermoplastic polyurethane matrix with a melting temperature of 145◦ and
the final thickness of 2.1 mm and is composed of 7 layers in 0◦ and 90◦ orientations.
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Table 1. Mechanical properties of thermoplastic composite material (carbon fiber-reinforced
thermoplastics, CFRTP).

Tensile Strength
(MPa)

Tensile Modulus
(GPa)

Flexural
Strength (MPa)

Flexural
Modulus (GPa)

Compression
Strength (MPa)

ILSS
(MPa)

749 27.8 640 8.4 136 9.8

On the other hand, the thickness of the steel was 3 mm, obtaining a final thickness of the hybrid
structure of 5.1 mm. This carbon steel is a structural type with wide applications in the industrial sector
due to its mechanical properties, and it is of great interest to combine it with a composite material in
order to obtain a hybrid structure. Its main characteristics are shown in Table 2.

Table 2. Characteristics of S275 steel.

%C %Fe %Mn %P %S %Si Yield Strength (MPa) Tensile Strength (MPa)

0.25 98.01 1.60 0.04 0.05 0.05 275 450

The bonding between these materials was carried out by thermoforming in a hot plate press
with the aim of obtaining a continuous and quality bond to avoid the formation of delaminations
in the interlayer and to relate possible defects to the machining conditions. The characteristics of
the thermoplastic matrix allow the matrix itself to be used as an integrating element between both
materials by changing from a solid to a liquid state when its glass transition temperature is exceeded.
Subsequently, the matrix expands and impregnates the surface of the steel alloy to generate a constant
bond after it has cooled down. To ensure a quality bond, the steel surface is modified by sand-blasting,
using a pressure of 5 bar, 630 μm corundum particles, and an impact distance of 100 mm. Because of it,
a surface free energy value of 50 mJ/m2 [32] was obtained.

2.2. Abrasive Water Jet Machining (AWJM)

The equipment used consisted of a water jet cutting machine (TCI Cutting, BP-C 3020, Valencia,
Spain). The nozzle of the machine had a diameter of 0.8 mm, an orifice diameter of 0.3 mm, and a
nozzle length of 94.7 mm. The AWJM machine was equipped with an ultrahigh capacity pump (KMT,
158 Streamline PRO-2 60, Bad Nauheim, Germany). All trials were carried out by 120 mesh Indian
Garnet abrasive particles.

Three cutting parameters were modified according to the literature consulted. Three levels of
hydraulic pressure (P), traverse speed (TS), and abrasive mass flow (AMF) were established (Table 3).
At the same time, in order to obtain a greater robustness and repeatability in the results obtained,
each combination of cutting parameters were carried out twice, obtaining a total of 54 tests. Due to its
importance in the conservation of kinetic energy of the water jet, the jet-piece distance was set at 3 mm.

Table 3. Cutting parameters for abrasive water jet texturing.

Hydraulic Pressure—P (MPa) Abrasive Mass Flow—AMF (g/min) Traverse Speed—TS (mm/min)

250, 340, 420 225, 340, 385 50, 100, 300

The tests consisted of slots with a machining length of 30 mm and a gap between cuts of 6 mm.
In order to guarantee a constant flow and traverse speed, the cuts were started 15 mm before the
beginning of the material (Figure 1).

On the other hand, the order of the materials during machining is a key parameter in the final
quality. Because of this, each test has been performed in two stacking configurations, CFRTP/Steel,
and Steel/CFRTP.

128



Metals 2020, 10, 983

Figure 1. Abrasive water jet machining of a hybrid structure Steel/carbon fiber-reinforced
thermoplastics (CFRTP).

2.3. Surface Quality Evaluation

The surface finish after machining processes is a key parameter in determining the functional
performance of the geometry obtained. The importance of the surface of the parts in the functional
behavior of the latter is relevant when considering that it is through their surfaces that contact is
established between them, being the main basis of most mechanical functions [33].

Surface quality in abrasive water jet machining is a key factor. The loss of kinetic energy of
the water jet in combination with poor selection of cutting parameters produces large variations.
This results in a first region that is highly affected by abrasive particles and a final zone of high
roughness due to the formation of grooves. This in combination with the fact that dissimilar materials
are being machined at the same time makes it an essential parameter to study.

Due to this, the surface quality has been evaluated in terms of arithmetic mean roughness (Ra)
and maximum profile height (Rz). The anisotropy of the composite material and the possible formation
of defectology associated with the loss of thermoplastic matrix requires the study of several parameters
that provide more complete and real information about the surface obtained [34]. Three measurements
were made at three height levels in each material (Figure 2). Each roughness profile was measured
at three different levels, i.e., at 25%, 50%, and 75% of the thickness of each material. The goal was to
determine the presence of the three characteristic regions in abrasive water jet machining in terms of
surface quality: IDR (initial damage region), SCR (smooth cutting region), and RCR (rough cutting
region). The measurements were made in a perpendicular direction to the grooves generated by the
water jet.

Figure 2. Graphical representation of surface quality evaluation.
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A roughness-meter (Mahr Perthometer PGK 120, Göttingen, Germany) was used. The surface
quality evaluation was carried out following ISO 4288:1999 standard. A cut-off of 2.5 mm was
established for a total evaluation length of 12.25 mm. Stylus with 2 μm tip radius and 90◦ tip angle
was used for the measurements, reference M-250 from Mahr.

Finally, the surface generated after the surface modification was evaluated by visual inspection
using a scanning electron microscope (Hitachi, VP-SEM SU1510, Schaumburg, IL, USA).

3. Results and Discussion

3.1. CFRTP/Steel

This section shows the results obtained in the first CFRTP/Steel configuration in order to determine
the influence of the cutting parameters. The surface quality obtained in the thermoplastic composite
material in terms of Ra is shown in Figure 3. For pressures of 250 MPa, two tendencies are observed
when increasing the abrasive flow. When the traverse speed is 50 mm/min, high values of abrasive
increase the roughness. This may be due to an excess amount of particles impacting the surface.
In combination with reduced pressure, the jet does not have enough energy to obtain a clean cut
(Figure 4). Thus, the intercollisions of the abrasive particles reduce its cutting capacity, producing a
more eroded zone [35].

Figure 3. CFRTP surface quality results in terms of arithmetic mean roughness (Ra) as a function of the
cut-off parameters set for the CFRTP/Steel configuration.

Figure 4. Initial damaged region (IDR) due to the erosive effect of the abrasive particles (hydraulic
pressure (P) 250 MPa, traverse speed (TS) 300 mm/min, and abrasive mass flow (AMF) 385 g/min) at:
(a) 250× and (b) 500×.

On the other hand, when the traverse speed increases its value, this trend for a hydraulic pressure
of 250 MPa is totally opposite due to the increase in the kinetic energy of the water jet. This produces
a rougher RCR zone due to the curvature of the water jet due to the loss of kinetic energy [36].

130



Metals 2020, 10, 983

Nevertheless, as hydraulic pressure increases, the surface quality is directly influenced by the traverse
speed, especially for pressures of 420 MPa.

Thus, an increase in pressure and abrasive flow at reduced traverse speeds produces a stable
water jet capable of homogeneously machining all composite material [37].

When the traverse speed is maximum, the increase in pressure has a varying effect depending on
the amount of abrasive particles applied in the machining. With a minimum flow rate of 225 g/min,
there is a significant increase in the machining capacity of the water jet, obtaining a more constant
material removal and reducing the Ra values from 7 to almost 5 μm.

The increase of the abrasive particles improves the cutting capacity of the jet allowing a smoother
region. This can be seen in the pressure of 250 MPa. However, a combination of high values of both
hydraulic pressure and abrasive flow can be excessive resulting in a deterioration in surface quality.
This may be due mainly to an excess of abrasive particles that intercollide, minimizing their erosive
effect. In turn, this produces an increase in the IDR region increasing the abrasive particles adhered
in the initial moments of machining and increasing the average roughness [15]. This in combination
with the divergence between the inlet and outlet zones of the water jet due to a very high travel speed
results in these variations when hydraulic pressure is increased.

Also, an increased pressure leads to a greater offset between the inlet area of the water jet and the
outlet area. During this time, the kinetic energy of the water jet allowing the material to be machined is
reduced. Thus, the impacts generated on the surface are more abrupt, generating irregularly shaped
machined areas [26]. This could produce an area of higher roughness and poorer surface quality
(Figure 5). These roughness profiles were made at three different levels as shown in Figure 2. The first
profile at a distance equivalent to 25% of the thickness, the second profile at 50% of the thickness,
and the third profile at 75% of the thickness of the material were obtained.

Figure 5. Roughness profiles for the combination of P of 420 MPa, TS of 300 mm/min, and AMF of
225 g/min for: (a) IDR, (b) smooth cutting region (SCR), (c) rough cutting region (RCR) region, and (d)
overlapping roughness profiles.

This is corroborated by the results obtained for the parameter Rz (Figure 6). The trends obtained
are very close to those obtained for Ra, which would justify the previously described trends. Thus, it can
be seen that a combination of a pressure of 420 MPa, an abrasive flow of 385 g/min, and a traverse
speed of 100 mm/min generate the minimum values of Ra and Rz.
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Figure 6. Maximum profile height (Rz) values for CFRTP in CFRTP/Steel configuration.

In addition, the surface quality of the steel in terms of Ra is shown in Figure 7 and in terms of Rz
in Figure 8. It can be seen that lower values are obtained in the metal alloy compared to the composite
material. This is due to the composition of both materials. The anisotropy of the composite material
causes each layer to behave differently when interacting with the water jet [30].

Figure 7. Steel surface quality results in terms of Ra as a function of the cut-off parameters set for the
CFRTP/Steel configuration.

Figure 8. Rz values for steel in CFRTP/Steel configuration.

Furthermore, the different machinability of the reinforcement and matrix in combination with the
dispersion of the water jet produces an effect known as hydrodistortion [21] (Figure 9). In addition,
the main removal mechanism in the composite material was by microbending and fracture and in the
matrix was by erosion. This results in a transversal removal of the matrix, leaving the reinforcement
unprotected and generating a worsening of the surface quality (Figure 10).
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Due to the monolithic composition of the steel, a more homogeneous machining has been obtained.
This produces a smoother surface compared to composite material. However, as the second material is
machined in the CFRTP/Steel configuration, a reverse situation is generated. A combination of a TS of
300 mm/min and an AMF of 340 g/min shows this effect. The divergence of the water jet between the
inlet and outlet region is very high due to the destabilization of the water jet at this travel speed. This is
enhanced by the difference in machinability between the two materials. In other words, the water jet is
not capable of machining both materials consistently at the same time.

In addition, the reduced amount of abrasive particles minimizes the actual machinability of the
water jet, resulting in a rougher surface [22].

 
Figure 9. Hydrodistortion defect at a pressure of 250 MPa, an abrasive mass flow of 225 g/min, and a
travel speed of 50 mm/min.

Figure 10. Loss of thermoplastic matrix leaving the reinforcement unprotected at 1000× (P of 250 MPa,
TS of 300 mm/min, and AMF of 385 g/min).
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Due to the low machinability of steel, the increased abrasive mass flow has a positive effect on the
surface quality. An increase in particles enhances the erosive capacity of the water jet allowing it to
penetrate the steel more easily due to greater stabilization in the cut [38]. This can be seen in most tests
where an increase in this parameter generates a reduction in both Ra and Rz.

The trend of each cutting parameter in the surface quality generated in terms of Ra for each
material is shown in Figure 11. In terms of hydraulic pressure, steel is the most important material
as it is more difficult to machine and is the second material in the structure. An increase in this
parameter improves the penetration capacity of the water jet, facilitating shear impacts on the surface
and obtaining a better surface quality. An increase in the amount of abrasive particles reduces the
resistance of the material when machined.

Nevertheless, depending on the level of pressure and traverse speed, it can become a negative
aspect. On the contrary, the traverse speed seems to be the most critical parameter for surface quality.
The increase from 50 to 300 mm/min produces a 40% increase in both materials due to the destabilization
of the water jet and the inability to machine both materials at the same time.

Figure 11. Cutting parameter trends in surface quality (Ra) in CFRTP/Steel configuration. (a) CFRTP
Ra in function of P, (b) CFRTP Ra in function of AMF, (c) CFRTP Ra in function of TS, (d) Steel Ra in
function of P, (e) Steel Ra in function of AMF, and (f) Steel Ra in function of TS.

3.2. Steel/CFRTP

The results obtained in the reverse stacking order for the composite material are shown in
Figures 12 and 13.

Compared to the CFRTP/Steel configuration, the results obtained are slightly higher. This may be
due to the positioning within the hybrid structure. When machining the metal alloy, a large part of
the kinetic energy of the water jet is absorbed by this material, reducing the ability to penetrate the
composite material [22,26]. This is especially outstanding when the pressure is minimal (250 MPa) and
the amount of abrasive particles is insufficient. This produces an increase in the hydrodistortion effect
between reinforcement and matrix resulting in a very rough surface where the reinforcement is not
properly machined, generating high deviations (Figure 14).
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Figure 12. CFRTP surface quality results in terms of Ra as a function of the cutting parameters set for
the inverse Steel/CFRTP configuration.

Figure 13. Rz values for CFRTP in Steel/CFRTP configuration.

Figure 14. Reinforcements that are not machined, resulting in a worse surface quality.

The formation of a turbulent jet in the interlayer and the consequent loss of power of the water jet
results in an unstable flow that generates a very rough area. This, in combination with the low cohesion
between the reinforcement and the thermoplastic matrix, generates a separation between both leaving
the reinforcement unprotected and increasing the final roughness [39]. This can be seen in Figure 15.

Again, similar trends are observed in both Ra and Rz. However, in contrast to the CFRTP/Steel
configuration, both hydraulic pressure and abrasive mass flow do not seem to have such a significant
effect on surface quality. Only when the speed is maximum, an increase in these parameters generates
a noticeable difference. In the CFRTP/Steel configuration, the influence of these parameters is more
noticeable because the water jet dispersion is lower. In this sense, the increase in pressure minimizes
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the hydrodistortion defect in the composite material, minimizing the loss of kinetic energy prior to
steel machining.

Thus, the machining capacity of the water jet is more constant and a variation in these parameters
is more relevant. On the contrary, when the first material to be machined is steel, this energy loss is
greater because it presents a greater difficulty to be machined, minimizing the effect of the cutting
parameters in the composite material.

In contrast, the travel speed seems to have a more prominent effect in this configuration due to the
dispersion of the water jet. When the jet starts machining at a very high speed and the first material
(Steel) has a worse machinability, an excessive delay is generated between the machining of this and the
second material (CFRTP) and an increase in the hydraulic pressure enhances the penetration capacity
of the water jet improving the surface integrity in spite of obtaining very high Ra values [13].

Figure 15. Total loss of thermoplastic matrix leaving the reinforcement unprotected in 0◦ and 90◦
stacking orientation at 250× (P of 250 MPa, TS of 300 mm/min, and AMF of 385 g/min).

On the other hand, the results obtained in steel machining in terms of Ra (Figure 16) and Rz
(Figure 17) are very close to those obtained in the reverse configuration. This would indicate that steel is
the most decisive material in the machining of this structure. In terms of surface quality, the positioning
of the steel does not affect the results obtained, but it does directly affect the final quality generated in
the composite material.

Figure 16. Steel surface quality results in terms of Ra as a function of the cutting parameters set for the
inverse Steel/CFRTP configuration.
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The three cutting parameters generate an improvement in the quality obtained. When the
traverse speed is between 50 and 100 mm/min, it seems that the most dominant parameter is the
hydraulic pressure by reducing the Ra values from 4 to 3 μm and minimizing the deviations obtained,
which would indicate that the surface is very homogeneous. This is corroborated by the Rz results,
which would indicate that the surface is smooth with constant surface variations. On the other hand,
as with the other results, the increase at a speed of 300 mm/min significantly worsens the surface
quality due to the destabilization of the water jet, which leads to an increase in the lag defect in the
RCR region.

With regard to the abrasive flow, its effect is more noticeable when the speed is higher than
300 mm/min due to the loss of kinetic energy. An increase in this parameter improves the tearing of the
steel by shear forces. In addition, flows of 385 g/min offer a very reduced deviation in both Ra and Rz,
which would indicate minimal variations in the surface obtained. Thus, for this level of abrasive mass
flow and a pressure of 420 MPa, very close surface quality values are obtained for speeds of 100 and
300 mm/min, allowing an increase in productivity in the machining of hybrid structures.

Figure 17. Rz values for steel in the Steel/CFRTP configuration.

The trends for each cutting parameter are shown in Figure 18. A great influence is observed on
the composite material by increasing the hydraulic pressure and traverse speed. Being the second
material to be machined in this stack directly affects the results obtained. Steel has a higher resistance
to be machined and makes it difficult to stabilize the water jet prior to the machining of the composite
material. This, in combination with the turbulence that can be generated in the interlayer, affects the
surface quality by varying these parameters.

On the contrary, different trends have been observed in the surface quality of the steel compared to
the CFRTP/Steel configuration. Thus, the pressure does not produce a significant variation in the results
and the abrasive flow seems to slightly reduce Ra values that improves the surface quality. However,
the trend of the traverse speed is constant and similar in both materials and stacking configurations
with an increase in the results due to the delay in the water jet and not using the same amount of
particles per unit area.

The machining of materials of different machinability reflects that the surface quality can be very
disparate and that the machined part does not fulfill its function. The ratio between the Ra values
for the CFRTP/Steel configuration is shown in Figure 19 and for the Steel/CFRTP configuration in
Figure 20.
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Figure 18. Cutting parameter trends in surface quality (Ra) in the Steel/CFRTP configuration. (a) CFRTP
Ra in function of P, (b) CFRTP Ra in function of AMF, (c) CFRTP Ra in function of TS, (d) Steel Ra in
function of P, (e) Steel Ra in function of AMF, and (f) Steel Ra in function of TS.

Figure 19. Ratio values Ra CFRTP and Ra Steel for CFRTP/Steel configuration.

Figure 20. Ratio values Ra CFRTP and Ra Steel for Steel/CFRTP configuration.
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In general, the results obtained in other studies are corroborated, where the quality obtained in
the composite material is superior to steel with ratios greater than 1. In turn, in both configurations,
an increase in the abrasive flow parameter produces a greater dispersion between both materials.

This can be seen especially in the CFRTP/Steel configuration, due to the fact that a greater number
of abrasive particles increase the detachment of the thermoplastic matrix, causing the reinforcement
to be free and worsening the surface quality. On the contrary, this increase improves the penetration
capacity of the water jet allowing a stable cut in the steel and reducing the Ra values compared to the
composite material.

It should be noted that, although the traverse speed is a parameter that worsens the surface quality
considerably, its tendency is very close in both materials, which generates close ratios.

In terms of cutting parameters, ratios close to 1 are obtained for a pressure of 420 MPa because the
loss of kinetic energy of the water jet is not significant, especially in the Steel/CFRTP configuration. Thus,
the stacking configuration that offers the closest values of surface quality in terms of Ra is Steel/CFRTP.

It should be noted that, in both stacking configurations, gaps between materials have not been
observed (Figure 21).

Figure 21. Final quality of the bond between materials after machining at 250× (P of 250 MPa, TS of
300 mm/min, and AMF of 385 g/min): (a) CFRTP/Steel and (b) Steel/CFRTP.

In both cases, abrasive particles have remained adhered to the two materials and can affect the
final surface quality. In the CFRTP/Steel configuration, remains of the thermoplastic matrix can be
seen that have been pulled and adhered to the surface of the steel. On the contrary, in the inverse
configuration, a cleaner surface can be seen in the interlayer.

3.3. Statistical Analysis and Contour Diagrams

The percentage contribution of each cutting parameter in the surface quality for each material and
stacking configuration obtained by ANOVA analysis is shown in Figure 22.

It is confirmed that the traverse speed is the most determining parameter according to the results
obtained. This is particularly evident in the Steel/CFRTP configuration. An increase in this parameter
generates a greater destabilization in the water jet generating a rougher surface. In addition, due to the
loss of kinetic energy, the RCR region increases, leading to the formation of grooves [25,40]. On the
other hand, another key factor is the hydraulic pressure. An increase in this parameter improves the
penetration and machining capacity of the water jet by facilitating the removal mechanism [41].

A balance between traverse speed and hydraulic pressure has been observed in the CFRTP/Steel
configuration. A correct selection of these cutting parameters reduces the hydrodistortion defect
in the layers of the composite material and minimizes the detachment of the thermoplastic matrix.
This results in a less rough surface and improved surface quality.
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Figure 22. Percentage contribution of cutting parameters on surface quality for: (a) CFRTP/Steel and
(b) Steel/CFRTP.

In parallel, with the experimental results obtained, a series of predictive second-order polynomial
models have been generated that relate surface quality in terms of Ra with cutting parameters for
applications in the industrial sector.

The models obtained for the CFRTP/Steel configuration are shown in (1) and (2) with values of R2
of 67.48% and 86.98%, respectively, and the models for the Steel/CFRTP configuration in (3) and (4)
with adjustments of 85.73% and 95.25%, respectively. It should be noted that, due to the anisotropy
and the reduced thickness of the composite material, it generates a randomness in the surface quality
that reduces the adjustment obtained.

Ra (CFRTP) = 5.37 + 0.00211·P + 0.0050·AMF + 0.0350·TS− 0.000028·P
·AMF− 0.000119·P·TS− 0.000123·AMF·TS

(1)

Ra (Steel) = 6.18− 0.00568·P− 0.00615·AMF + 0.0116·TS + 0.000005·P
·AMF− 0.000011·P·TS− 0.000045·AAMF·TS

(2)

Ra (CFRTP) = −0.20 + 0.0123·P + 0.0128·AMF + 0.0299·TS− 0.000032·P
·AMF− 0.000037·P·TS− 0.000042·AMF·TS

(3)

Ra (Steel) = 7.91− 0.01441·P− 0.00765·AMF + 0.000025·P·AMF + 0.000024
·P·TS + 0.000003·AMF·TS

(4)

And the corresponding contour diagrams are shown in Figures 23 and 24, which relates the surface
quality (Ra) to the cutting parameters for both stacking configurations. Values close to 4.5 μm in the
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composite material in the CFRTP/Steel configuration and close to 5 μm in the Steel/CFRTP structure
are obtained by combining a pressure of 420 MPa, an AMF of 385 g/min, and a TS of 50 mm/min in the
CFRTP/Steel configuration.

Figure 23. Contour diagrams for the CFRTP/Steel configuration: (a) Composite TS vs. P, (b) Composite
AMF vs. TS, (c) Steel TS vs. P, and (d) Steel AMF vs. TS.

In this way, there is a direct relationship between the roughness generated and the ratio between
the power of the water jet and the penetration depth (

.
E/h). Very high values of this parameter indicate

surfaces with low roughness. Pahuja et al. [30] explain that the composite/metal configuration shows
a high initial roughness and suffers a very fast decrease in the composite material and slower in the
titanium due to the loss of kinetic energy of the water jet.

Furthermore, regardless of the material, the second material to be machined suffers an increase in
Ra values compared to the reverse configuration. Thus, it is corroborated that no matter the composite
material (thermoplastic or thermoset) and the metal alloy used, the roughness in a stacked configuration
is mainly governed by the characteristics of the jet. This is enhanced when the pressure is minimal due
to the reduction in machining capacity.

Conversely, lower values are obtained for the metal alloy with very similar results in both stacking
configurations close to 3.5 μm. These values are achieved by combining a P between 320 and 420 MPa,
an AMF of 385 g/min, and a TS of 50 mm/min.
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Figure 24. Contour diagrams for the Steel/CFRTP configuration: (a) Composite TS vs. P, (b) Composite
AMF vs. TS, (c) Steel TS vs. P, and (d) Steel AMF vs. TS.

4. Conclusions

Surface quality in machining processes is a key parameter in terms of functional performance.
Abrasive water jet machining of hybrid structures of dissimilar materials generates a highly variable
surface quality that depends directly on the correct selection of cutting parameters and stacking order.

Typical defectology in abrasive water jet machining of thermoset composite materials has been
identified in thermoplastic composites. Small delamination and matrix loss have been detected leaving
the reinforcement unprotected.

Stacking order is a key factor. Lower Ra and Rz values are obtained in the CFRTP/Steel configuration
due to better conservation of the kinetic energy of the water jet. This allows for a better cutting
capacity of the water jet, especially in the composite material by minimizing matrix loss and reducing
fiber pull-out defectology. In contrast, in the Steel/CFRTP configuration, due to the difference in
machinability, the steel absorbs much of the energy of the water jet reducing the ability to penetrate
into the composite material and resulting in a rougher and more random surface.

With regard to cutting parameters, the traverse speed is the most critical factor. In both materials
and stacking configurations, an increase in this parameter generates a notable growth in the Ra and Rz
values due to the divergence of the water jet and the offset that is generated between the first material
and the second during machining. Thus, smoother surfaces are obtained with a traverse speed close to
50 mm/min.

The lowest values of surface quality have been obtained by combining a traverse speed of
50 mm/min, a hydraulic pressure of 420 MPa, and an abrasive mass flow of 385 g/min, maximizing the
machining capacity of the water jet.

Finally, a series of predictive mathematical models have been obtained with good fits that relate the
surface quality in terms of Ra in both materials and stacking configurations to the cutting parameters
and which may be of interest and application in current industry.
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Glossary of Terms

CFRTP Carbon fiber-reinforced thermoplastics
IDR Initial damage region
SCR Smooth cutting region
RCR Rough cutting region
ANOVA Analysis of variance
P Hydraulic pressure
AMF Abrasive mass flow
TS Traverse speed
AWJM Abrasive water jet machining
TPU Thermoplastic polyurethane
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Abstract: Nowadays, the industry looks for sustainable processes to ensure a more environmentally
friendly production. For that reason, more and more aeronautical companies are replacing chemical
milling in the manufacture of skin panels and thin plates components. This is a challenging operation
that requires meeting tight dimensional tolerances and differs from a rigid body machining due to
the low stiffness of the part. In order to fill the gap of literature research on this field, this work
proposes an experimental study of the effect of the depth of cut, the feed rate and the cutting speed
on the quality characteristics of the machined parts and on the cutting forces produced during the
process. Whereas surface roughness values meet the specifications for all the machining conditions,
an appropriate cutting parameters selection is likely to lead to a reduction of the final thickness
deviation by up to 40% and the average cutting forces by up to a 20%, which consequently eases the
clamping system and reduces machine consumption. Finally, an experimental model to control the
process quality based on monitoring the machine power consumption is proposed.

Keywords: thin plates; thin-wall; machining; aluminium; cutting forces; roughness

1. Introduction

Aluminium fuselage skin panel machining is considered a challenging operation due to its
dimensional and surface requirements. These parts are lightened by machining superficial pockets
in order to increase the fuel efficiency of aircrafts by reducing their structure weight. These pockets
have historically been machined using chemical milling operations, although green manufacturing
approaches have been focused on the study of mechanical machining for this purpose [1]. In fact,
different projects and research studies have invested hundreds of thousands of euros to remove
chemical milling, designing specific clamping systems to ensure surface quality and dimensional
requirements while maintaining clamping flexibility. These systems are focused on twin-machining
heads [2,3], magnetic slaves [4] or flexible vacuum beds [5] that control the deflection of the part
avoiding overcut during the operation.

Additionally, the conventional machining of low stiffness parts presents dynamic and static
problems [6,7]. On the one hand, dynamic stability of machining strongly depends on system
stiffness, its natural frequency response, and the selected cutting parameters. Vibrations—chatter and
forced vibrations—can directly affect the final roughness of parts, increasing their value and forcing
manufacturers to make reprocessing steps, therefore increasing the operational cost [8,9]. In order to
avoid them, chatter influence is studied using stability lobe diagrams (SLD), a representation tool that
commonly relates the stability areas of machining with the feed rate, the spindle speed, the depth of
cut, or the tool position [10–14], and forced vibrations can be studied through dynamic models. In this
case, the applied force is studied to reduce the dynamic deflection of the part. On the other hand,
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quasi-static deflection can take place when the elastoplastic behaviour of the workpiece, combined
with a failure on the clamping, is not enough to counter the machining force effect, reducing the real
depth of cut [15–17]. This fact was proved experimentally by Yan et al. [18], who optimized the depth
of cut depending on the cutting force, reducing the part deflection and increasing the process efficiency.
Similarly, Sonawane et al. [19] used a statistical approach to model workpiece deflection, addressing it
to the machining parameters and cutting tool orientation. In contrast, Oliveira et al. [20] established
that the most influencing factor on the real depth of cut was the milling strategy (up or down milling),
while other studies [21,22] have focused on the analysis of the toolpath effect on the final quality of
slim parts.

However, few studies have been focused on the analysis of the parameters effect into the quality
characteristics of thin plates. The literature review has shown that most of the studies have focused on
thin-wall machining rather than thin-plates or thin floors [7]. Few of them have focused on the analysis
of the parameters effect into the final quality characteristics. For this reason, this paper focuses on the
study of thin plates in order to simulate the machining of large skin panels to evaluate the effect of the
machining parameters on the final thickness, surface roughness and cutting forces of the part.

2. Materials and Methods

2.1. Machining Tests

Two type of machining tests were performed. The first type was used to analyse the thin plates’
behaviour through the machining of 50 × 50 mm2 pockets on samples of 80 × 80 mm2 and 2 mm
thickness. Parts were screwed to a faced mill plate that was housed on a dynamometer. The samples
were dry machined while keeping the axial distance constant, and the depth of cut (ap), the feed rate
per tooth (fz) and the cutting speed (Vc) were variable. The values of each machining conditions are
compiled in the levels listed in Table 1, in which the spindle speed (S) is also shown. The depth of cut
was selected based on the geometrical requirements of industrial parts. Feed rate and cutting speed
were selected based on the literature [14,23,24] and aerospace recommendations. The chosen strategy
was down milling, following a toolpath from the centre of the workpiece up to the outside of it.

Table 1. Machining parameters and levels for skin sample tests.

Parameter Level 1 Level 2 Level 3 Level 4

ap (mm) 0.2 0.4 0.8 1.0

fz (mm/tooth) 0.08 0.1 - -

S (rpm) 4,000 12,000 18,000 -

Vc (m/min) 126 378 566 -

The second test aimed to obtain the cutting force values following a mechanistic approach. In this
approach, the specific force coefficients of the combination pair tool-material had to be experimentally
defined by performing different slots on a rigid aluminium workpiece. Additionally, in order to avoid
chatter and ensure the rigid behaviour of the samples, SLD were calculated using an impact hammer
test. The maximum depth of cut for stable machining was calculated using the procedure described
by Altintas and Budak [25]. Following this procedure, the frequency responses of the tool and the
workpiece at four different steps of the cutting operation were obtained. This combination provided the
SLD diagram at the four stages in order to analyse possible changes during the machining operation.

Each machining test was performed in a 5-axis NC centre ZV 25U600 EXTREME (Ibarmia
Innovatek S.L.U., Azkoitia, Spain). The material used on the sample parts was aluminium 2024-T3, and
the tool was a torus end mill KENDU 4400.60 (Kendu, Segura, Spain) with a 10 mm diameter, 30◦ helix
angle, 18◦ rake angle, 16◦ clearance angle for the secondary edge and 9◦ angle for the primary edge.
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Forces and accelerations on the workpiece were monitored using a dynamometer Kistler 9257B
(Kistler Group, Winterthur, Switzerland) and an accelerometer Kistler 8728A500 (Kistler Group,
Winterthur, Switzerland), connected to National Instruments acquisition boards NI 9215(National
Instruments, Austin, TX, USA) and NI 9234 (National Instruments, Austin, TX, USA), respectively.
The power consumed by the spindle speed and the whole machine was also recorded using a Fanuc
Servoguide system (Fanuc Corporation, Oshino-mura, Japan). The test configuration and monitoring
system are shown in Figure 1.

Figure 1. Scheme of the monitoring system.

2.2. Force Mechanistic Model

The expected forces could be calculated through a mechanistic approach [26,27] Tangential (t),
axial (a) and radial (r) forces could be considered as a function of the cutting coefficient (Kqc) and the
friction coefficient

(
Kqe

)
.

∂Fq(ϕ, z) = Kqe∂S + Kqc fz sinϕ(ϕi, z) ∂z, q = {t, r, a} (1)

where ∂S is the differential chip edge length and ϕ is the applied rotation angle which depends on the
instant depth of cut (z), the number of teeth engaged (j), the total number of teeth (N), and the helix
angle (β).

ϕ(ϕi, z) = ϕi − ( j− 1)
2π
N
− β (2)

The cutting forces were converted to Cartesian coordinates using Equation (3), with κ being the
angle referred to the torus part of the mill.

∂Fx,y,z

∂z
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
− cosϕ − sinϕ sin κ − sinϕ cos κ
sinϕ − cosϕ sin κ − cosϕ cos κ

0 cos κ − sin κ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
∂Ft

∂Fr

∂Fa

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (3)

The cutting and friction coefficients were obtained by solving the equation using the force values
obtained in the slot test performed in a rigid part. The coefficients were considered constant for all the
fz, but the effect of the Vc was taken into account. The test conditions are shown in Table 2. The results
were used to predict the SLD.
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Table 2. Machining parameters and levels for cutting coefficient calculation tests.

Parameter Level 1 Level 2 Level 3

ap (mm) 0.2 0.6 1.0
fz (mm/tooth) 0.06 0.08 0.1

S (rpm) 4,000 12,000 18,000
Vc (m/min) 126 378 566

2.3. Quality Evaluation

The quality of the parts was established through the final thickness distribution and roughness.
Typical tolerance values in the industry were really tight, about ±0.1 mm for final thickness and under
1.6 μm for the roughness average (Ra).

Final thicknesses were measured using a single coordinate measurement machine with an
electronic comparator set. Nine points of the sample were evaluated, as shown in Figure 2a. Ra was
measured using a Mahr Perthometer Concept PGK120 roughness measure station (Mahr technology,
Göttingen, Germany) on five different areas of the part (Figure 2b). The areas for the roughness
measures were selected in order to study the whole machining process and to cover both machine x
and y axes. Roughness measurements were taken following the standard ISO 4288:1996 [28].

 
Figure 2. Measure procedure. (a) points selected for the thickness analysis and (b) areas studied for the
roughness analysis.

3. Results and Discussion

3.1. Final Thickness Error

The final thickness error can be defined as the difference between the experimental thickness
and the expected one; this parameter measures the real part dimension. In addition to the static
and dynamic phenomena that occur during low rigidity parts machining [7], aspects such as the
machine positioning error and the thermal expansion of the spindle have influence over this parameter.
Other possible thermal errors can be discarded due to the short length of the machining test, which
allowed us to underestimate the effect on the accuracy of the machine due to temperature changes in
its surroundings.

The analysis of the results showed that the feed rate had a negligible effect on the average final
thickness error, while the cutting speed seems to have had a significant effect on this parameter. The
higher the cutting speed, the greater the geometric error was, and the piece became thinner (Figure 3).
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Nevertheless, the thermal expansion of the spindle increased with the revolutions and therefore with
the cutting speed [29]. This fact explains the part thinning, rejecting the direct effect of the cutting
speed. Though the thermal expansion of the spindle was identified as an influencing parameter
for the increase of the final average thickness error of the part, this error was easy to compensate
when studying the elongation curves of the spindle and considering them in the CAM design [30] or
implementing error compensation rules in the machine control [5].

Figure 3. Average final thickness error depending on the feed per teeth (fz) and the cutting speed (Vc).

Once the average error—not directly related to the cutting parameters—can be compensated, the
target is to get a homogeneous thickness distribution. Higher values of feeds per teeth combined with
higher values of spindle speed led to a reduction up to 40% of the standard deviation of the thickness
errors measured in a test sample. This decrease was due to a better behaviour of the process in terms
of dynamics. If the part was machined at higher rotation speed where cutting forces excited higher
frequency vibration modes and created lower vibration amplitudes (Figure 4), therefore leading to
a more homogeneous thickness distribution

Figure 4. Fast Fourier Transform of the part acceleration signal for test at fz = 0.1 and ap = 1.0 mm,
under two different cutting speeds.

3.2. Roughness

Roughness results were not significantly affected by any of the studied parameters in average
deviation, with all of them being inside the most restrictive tolerance values (1.6 μm) required in
chemical milling process (Figure 5a).
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Figure 5. (a) Average of the roughness values obtained for different feed rates (f = N·fz·S) as a function
of the depth of cut. The inlet shows the partial effect of the feed rate per teeth and the cutting speed.
(b) Average roughness values of each performed test against the depth of cut error considering the
force module.

Measured forces and depths of cut errors did not have any impact on this quality characteristic
(Figure 5b). However, lower cutting force values were related to roughness values under 0.3 μm.
In fact, lower forces caused less tool deflection and vibrations of smaller amplitudes, leading to more
stable machining processes that allowed us to produce more homogenous surfaces [31]. This revealed
that the surface quality can be kept constant for any depth of cut under similar machining conditions.
For this reason, the selection of parameters that decrease the forces should be considered.

3.3. Forces and Power Models

According to the SLD (Figure 6), thin plates almost behaved like a rigid part. This fact ensures
that the tests were performed under stable machining conditions, proving that any variation occurring
on the final thickness of the part was not produced by chatter issues.

Figure 6. (a) Stability Lobe Diagrams (SLD) variation depending on the machining stage. Red line,
before the machining; green line, in the first instants of the machining; blue line, intermediate stage; and
yellow line, after the whole machining operation was performed. (b) Scheme of the areas of material
removed in each stage with corresponding colours.

However, the forces obtained on the tests performed on a rigid body did not completely agree
with those measured on the flexible parts (Figure 7). The depth of cut was linearly related to Fx and Fy,
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but for medium and high cutting speed values, the Fz initiated a constant trend at cutting depths of 0.8
and 0.1 mm, respectively. Even though the machining operation was not in a high speed machining
regimen for aluminium alloys, there was a decrease of the force values expected for the higher depths of
cut. This fact had been previously observed by López de Lacalle et al. [32], where, due to the reduction
of stiffness, the cutting forces decreased, obtaining behaviours closer to high speed machining at lower
cutting speed.

Figure 7. Average forces for the x, y and z axes under rigid (solid blue line) and flexible (dashed orange
line) consideration.

Aiming to provide a suitable model to relate the machining parameters to the process performance,
the forces have been also studied by following a statistical approach. In this research, the force
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module and the material removal rate (MRR), which can be calculated as is shown in Equation (4),
were correlated.

MRR = fz·S·ap·N·ar (4)

A potential regression was chosen for the model in order to ensure an R2 close to 0.95. The model
equation is shown in Equation (5), where e is the Euler number, N is the number of teeth and ar is the
radial depth of cut.

F = MRR0.63e−0.44−7.78·S·10−5
(5)

This model relates the force module (F) to the machining parameters through the MRR, and, as
such, the concept of process productivity is introduced. This approach makes it easier to select higher
efficient parameters. Both experimental and predicted data are shown in Figure 8. The reduction of
forces at high spindle speeds for the same MRR is remarkable. This fact can be explained by a working
regime close to high speed machining, as was referred to in previous paragraphs. The increase of the
process temperature reduced the effort needed to cut the material [33]. Additionally, the heat generated
in the process was quickly evacuated, which could have reduced induced residual stresses [34] and
tool wear [33].

 
Figure 8. Average force module predicted (dashed lines) and experimental data against the material
removal rate (MRR) as a function of the cutting speed (Vc).

The force predicted by the proposed model, as a function of the cutting parameters, allowed the
machining operation to be monitored using the electrical power registered by the ServoGuide System.
Machining cutting power involved all the cutting parameters together, thus giving a closer idea of
the overall interactions in the cutting process [35]. This monitoring option could be used as an input
for adaptive control systems, in which the instant depth of cut can be controlled and modified online,
as an alternative to others online depth of cut control based on ultrasound measurements [36]. This
can reduce the number of overcuts and defective parts produced. In this case, the empirical model
followed Equation (4), where e is the Euler number and D the tool diameter.
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Power =
(F·S·D·π

60

)3.5
ap
−2.2e−16.7 (6)

This equation was empirically obtained following an ANOVA approach, using the data represented
on Figure 9. Combined relations between the different variables were neglected during the analysis.
The R2 for the final statistical model was 0.953.

Figure 9. Model correlation between the mechanical power, calculated based on the recorded forces,
and the electrical power obtained on the ServoGuide system as a function of the ap.

4. Conclusions

The machining of aluminium skin panels is used as a sustainable alternative for chemical milling
process in the aerospace industry; therefore, it requires tight quality tolerances. This work presents
a study of how cutting parameters influence the final thickness, surface roughness and cutting forces
of thin plate aluminium parts in order to pursue two main objectives: To ensure the final quality of the
part and to find an easy way to monitor the process.

The influence of the cutting speed on the final thickness error map of the machined thin plates has
been proven. Higher values of cutting speeds tended to reduce the standard deviation of thickness error
values measured in the test samples. The higher the cutting speed, the lower the cutting force module
and the higher its excitation frequency, leading to an increase of process stability and a reduction of the
results variability. Consequently, an improvement by up to a 40% of the implicit process tolerances has
been achieved using a cutting speed of 566 m/min. This fact suggests that these parts could present even
more homogenous results in terms of final thickness if higher cutting speeds were used. Roughness
values are always under the more restrictive requirements for chemical milling. Lower values of
cutting forces under stable machining conditions could ensure roughness values under 0.3 μm.

Furthermore, forces are affected by the low rigidity of the part that obtain lower average values for
the z axis than those expected, based on rigid body experiments. A statistical analysis of the tests also
revealed high cutting speed parameters as the more efficient ones based on MRR, providing a force
model that includes all cutting parameter effects.

Finally, this model was used to relate mechanical power and electrical power consumption,
allowing us to control online the depth of cut. This model is proposed as an alternative method to
implement adaptive control techniques in other to avoid overcuts on aeronautical panels, reducing
defective parts at the final stages of the process chain when their value is very high.
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25. Altintaş, Y.; Budak, E. Analytical Prediction of Stability Lobes in Milling. CIRP Ann. Manuf. Technol. 1995, 44,
357–362. [CrossRef]

26. Budak, E. Analytical models for high performance milling. Part I: Cutting forces, structural deformations
and tolerance integrity. Int. J. Mach. Tools Manuf. 2006, 46, 1478–1488. [CrossRef]

27. Gradišek, J.; Kalveram, M.; Weinert, K. Mechanistic identification of specific force coefficients for a general
end mill. Int. J. Mach. Tools Manuf. 2004, 44, 401–414. [CrossRef]

28. ISO, EN. 4288—Geometrical Product Specifications (GPS)—Surface Texture: Profile Method–Rules and Procedures for
the Assessment of Surface Texture; International Organization for Standardization: Geneva, Switzerland, 1996.

29. Chen, J.S.; Hsu, W.Y. Characterizations and models for the thermal growth of a motorized high speed spindle.
Int. J. Mach. Tools Manuf. 2003, 43, 1163–1170. [CrossRef]

30. Ratchev, S.; Liu, S.; Huang, W.; Becker, A.A. Milling error prediction and compensation in machining of
low–rigidity parts. Int. J. Mach. Tools Manuf. 2004, 44, 1629–1641. [CrossRef]

31. Bolar, G.; Das, A.; Joshi, S.N. Measurement and analysis of cutting force and product surface quality during
end-milling of thin-wall components. Meas. J. Int. Meas. Confed. 2018, 121, 190–204. [CrossRef]

32. López De Lacalle, L.N.; Lamikiz, A.; Sánchez, J.A.; Bustos, I.F. de Recording of real cutting forces along the
milling of complex parts. Mechatronics 2006, 16, 21–32. [CrossRef]

33. Brinksmeier, E.; Preuss, W.; Riemer, O.; Rentsch, R. Cutting forces, tool wear and surface finish in high speed
diamond machining. Precis. Eng. 2017, 49, 293–304. [CrossRef]

34. Masoudi, S.; Amini, S.; Saeidi, E.; Eslami-Chalander, H. Effect of machining-induced residual stress on the
distortion of thin-walled parts. Int. J. Adv. Manuf. Technol. 2014, 76, 597–608. [CrossRef]

35. Ma, Y.; Feng, P.; Zhang, J.; Wu, Z.; Yu, D. Energy criteria for machining-induced residual stresses in face
milling and their relation with cutting power. Int. J. Adv. Manuf. Technol. 2015, 81, 1023–1032. [CrossRef]

36. Rubio, A.; Calleja, L.; Orive, J.; Mújica, Á.; Rivero, A. Flexible Machining System for an Efficient Skin
Machining. SAE Int. 2016, 1–12. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

157





metals

Article

Influence of Elastomer Layers in the Quality of
Aluminum Parts on Finishing Operations

Antonio Rubio-Mateos 1,*, Asuncion Rivero 1, Eneko Ukar 2 and Aitzol Lamikiz 2

1 TECNALIA, Basque Research and Technology Alliance, Paseo Mikeletegi 7, E-20009 Donostia-San Sebastian,
Spain; asun.rivero@tecnalia.com

2 Department of Mechanical Engineering, University of the Basque Country, C/ Alameda de Urquijo s/n,
E-48013 Bilbao, Spain; eneko.ukar@ehu.es (E.U.); aitzol.lamikiz@ehu.es (A.L.)

* Correspondence: antonio.rubio@tecnalia.com; Tel.: +34-667-119-712

Received: 31 January 2020; Accepted: 20 February 2020; Published: 22 February 2020

Abstract: In finishing processes, the quality of aluminum parts is mostly influenced by static and
dynamic phenomena. Different solutions have been studied toward a stable milling process attainment.
However, the improvements obtained with the tuning of process parameters are limited by the
system stiffness and external dampers devices interfere with the machining process. To deal with this
challenge, this work analyzes the suitability of elastomer layers as passive damping elements directly
located under the part to be machined. Thus, exploiting the sealing properties of nitrile butadiene
rubber (NBR), a suitable flexible vacuum fixture is developed, enabling a proper implementation in
the manufacturing process. Two different compounds are characterized under axial compression
and under finishing operations. The compression tests present the effect of the feed rate and the
strain accumulative effect in the fixture compressive behavior. Despite the higher strain variability
of the softer rubber, different milling process parameters, such as the tool feed rate, can lead to a
similar compressive behavior of the fixture regardless the elastomer hardness. On the other hand,
the characterization of these flexible fixtures is completed over AA2024 floor milling of rigid parts
and compared with the use of a rigid part clamping. These results show that, as the cutting speed
and the feed rate increases, due to the strain evolution of the rubber, the part quality obtained tend to
equalize between the flexible and the rigid clamping of the workpiece. Due to the versatility of the
NBR for clamping different part geometries without new fixture redesigns, this leads to a competitive
advantage of these flexible solutions against the classic rigid vacuum fixtures. Finally, a model to
predict the grooving forces with a bull-nose end mill regardless of the stiffness of the part support is
proposed and validated for the working range.

Keywords: vibrations; part quality; flexible vacuum fixture; AA2024 floor milling

1. Introduction

Monolithic aluminum components are widely employed in the aeronautical sector due to their
good strength-to-weight ratio [1]. The final quality of these parts is normally obtained or improved in
the finishing operation and it is influenced by static and dynamic phenomena [2].

On the one hand, from the static point of view, cutting forces and part clamping produce elastic
deformation that can lead to deteriorating the final dimension and the surface of the workpiece [3].
On the other hand, vibrations increase the roughness of the parts. These dynamic instabilities become
frequent in the milling operation and are produced by the lack of dynamic stiffness in one or more
components of the system [4]. The most characteristic vibrations appeared in the milling operation are
the self-excited vibrations or chatter [5,6]. However, even in the absence of chatter, it almost always
exists forced vibrations derived from the periodic excitation of the intermittent cutting engagement of
the milling cutter on the workpiece [7].
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Thus, in order to improve the part quality different approach has been studied. First, the tuning
of the cutting parameters can lead to static and dynamic improvements. Thus, a process forces
reduction leads to a decrease of the elastic deformation of the workpiece that it is reflected in the part
accuracy. For instance, Perez et al. [8] obtained a machining forces reduction and an improvement of
the compressive residual stresses with the increase of the cutting speed. On the other hand, in terms
of vibrations, different surveys have been developed for the improvement of the system dynamic
stability and the obtained surface quality. Different stability models have been developed for the
milling operations of compliant systems [9,10] and the effect of the cutting parameters on the process
damping have been analyzed [11]. However, these solutions are limited for the inherent stiffness of
the system.

The key element for the increase of the system stiffness is the workpiece clamping. Thus, different
part-fixture systems have been employed to guarantee a suitable part positioning and fixing [12].
Due·to the lack of dynamic stability of some of these solutions, different damping features have been
implemented in the system in order to improve the machining process. Thus, different active features
based on the use of eddy currents [13,14], pivot mechanism [15,16] and piezoelectric dampers [17] have
been studied. These solutions are cost efficient and their implementation is limited to certain applications.

The use of passive damping elements is increasing for milling operations as they are more
cost efficient compared to the active developments. The passive damping systems are based in the
implementation of different elements or fluids with outstanding damping properties to stabilize
dynamically the system. Thus, by employing electrorheological [18] or magnetorheological [19] fluids,
the vibration amplitude of the cutting processes varies and the part quality is improved. Moreover,
in order to increase the narrow vibration band of these passive dampers, Yang et al. [20] developed
a tunable passive devices. However, the industrial implementation of these passive solutions are
challenging as they interfere with the clamping of the workpiece and the machining process.

In the present study, the use of an elastomer layer employed as a passive damping element
is proposed and characterized. Elastomers, particularly rubber materials, are ideal materials for
vibrations isolation as they are low in cost with high internal friction [21]. Moreover, the industrial
implementation of these compounds for machining applications is feasible as they are employed
as passive control of vibration [22–24]. In fact, the damping properties of these elastomers have
been analyzed for low frequency [25] and high frequency applications [26], including under certain
machining operations. For instance, Kolloru et al. [27] employed neoprene layers combined with
torsion springs to reduce up to eight times the vibration in the milling process of circular thin-wall
components. On the other hand, Liu et al. [28] implemented a viscoelastic material in the toolholder to
increase by 99% its damping ratio. Nevertheless, there is no study of the direct application of rubber
materials as the clamping element of workpieces in milling operations.

In this case, in order to combine a fixture and a passive damping system the use of a nitrile
butadiene rubber (NBR) layer is proposed. This sort of elastomers is one of the most employed seal
component in the oil and gas industry [29], and the proposed development benefitted from these
outstanding sealing properties [30,31] to transform a flexible layer into a suitable vacuum table. Hence,
these solutions enable milling in aggressive environments, with capacity to clamp different geometries.
Moreover, as the passive damping element act as a fixture, its industrial implementation is feasible as
the interference with the rest of the machining system is reduced.

In order to characterize the behavior of these elastic polymers under the machining processes
loads, compression tests and milling tests have been performed. Thus, these flexible solutions have
been characterized in terms of chatter and forced vibrations performed by the milling tool.
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Regardless the milling strategy, the most aggressive machining zone is the entrance of each
pocketing where the tool machines with an axial pitch equal to its diameter. Thus, the analysis is
focused in the grooving application with depth of cuts defined by finishing operations. The suitability
survey is performed in terms of part quality. First, the machined depth is measured to quantify the
groove thickness error. Then, the floor roughness is measured and analyzed. Finally, the dynamic
behavior of each system is characterized, and a universal force model is developed for the grooving
operation in finishing applications.

2. Materials and Methods

Two different NBR layers were selected for the analysis as these passive elements are defined by
different vibration bands. The mechanical properties of both vulcanized rubber materials are shown
on Table 1. Besides the hardness and the density, the compounds ingredients are given, where the
carbon black is a form of elemental carbon that is used to increase the resistance of rubber and also to
improve the tensile strength [32].

Table 1. Materials mechanical properties.

Properties Rubber A Rubber B

Hardness (Sh·A) 65 90
Density (g/cm3) 1.45 1.43
Polymer (wt.%) 37.3 54.6

Carbon black (wt.%) 3.5 14.4
Other inorganic charges (wt.%) 59.2 31.0

The mechanical behavior of rubber depends on the amplitude, feed rate and frequency of the
applied load, combined with the temperature of the material [33]. In the case of milling operations,
the amplitude and feed rate of the applied forces are completely defined by the machining conditions.

Similarly, the load frequencies suffered by the part are generated by the milling tool rotation and
by the workpiece fundamental modes. Finally, the temperature of the material is influenced by the
heat generated on the cutting zone and the room temperature.

Based on the load application strategies employed on this survey, some simplifications were
considered. For instance, the decrease in stiffness during the first few cyclic loads, the so-called Mullins
effect [34], was neglected. Therefore, different loads prior to each test were performed over each
elastomer layer. The characteristics of these loads were defined in terms of the test to perform. Thus,
for compression tests, a compression load was performed prior to each test. Likewise, prior to each
milling test, a previous groove was performed to reduce the Mullins effect on the rubber and to level
the upper side of each slot.

Finally, due to the reduced compression loads during the machining operation and the wide part
area in contact with the elastomer layer, the expected strain amplitudes are minimal. Therefore, it is not
considered a rubber heat up due to material damping derived from large harmonic loads [33]. Hence,
due to the part thickness located between the cutting zone and the rubber layer, the temperature of the
rubber was considered as the room value.

Tests were performed in a standard 5-axis numeric control (NC) center. The selected geometry
for the elastomer layers was a 300 × 300 mm2. The mean value of the thickness for both cases was
14.2 mm with a tolerance of ±5%. In order to guarantee a uniform contact and clamping conditions
between the part and the elastic material, a slot grid was machined in each rubber layer (Figure 1a).
Thus, the vacuum clamping force was distributed along the contact area by means of the channels.
Then, the air was removed through a unique orifice and the part could be safely clamped during the
machining operation, as shown in Figure 1b.
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(a) (b) 

Figure 1. Adapted rubber: (a) vacuum channels distribution. (b) Rubber layer implementation as a
vacuum fixture on milling tests.

Both, the compression of the rubber and the part profile before and after each milling tests were
monitored with a GT1000 type linear variable differential transformer (LVDT) gauging transducer (RDP
Group, Wolverhampton, UK). The forces were registered with Kistler 9257B measurement equipment
(Kistler Ibérica S.L., Granollers, Spain). In each test, following another similar set-up [35], the part and
the elastic element were attached to the force sensor with a synthetic rubber adhesive. This double-sided
filmic tape TESA 64620 (Tesa Tape S.A., Argentona, Spain) guaranteed a homogeneous clamping due to
the compressive nature of the axial loads in compression and milling tests.

2.1. Compression Tests

For most of engineering rubbers, material damping is caused by two different mechanism,
resulting in amplitude and rate dependent behavior [36]. Thus, the objective of these compression
tests is characterizing the effect of the feed rate on the strain and comparing the influence of the strain
cycles on each rubber. In general, compression tests on rubber materials are performed with circular
samples [37]. However, in order to include the effect of the slots in the material deformation, the tests
are implemented in the same elastic layer employed as vacuum fixture, see Figure 2.

  
(a) (b) 

Figure 2. Compression test procedure: (a) set-up scheme. (b) Load application zone.

The axial loads were applied by the machine head by means of a cylindrical punch and its position
was monitored with a LVDT. The feed rates conditions were selected based on the most extreme cases
tested in the milling tests. Three repetitions were performed for each condition and, in order to evaluate
the strain accumulative effect, a 15 min relaxation period was guaranteed between the successive tests.
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2.2. Milling Tests

For the milling survey, the same adapted rubber layers were employed. The part samples to
be machined were 20 mm thick AA2024-T3 rigid blocks. These parts were 240 × 240 mm2 wide and
were located in the center of the elastic support. Hence, any rubber edge effect could be neglected,
and its local thickness tolerance was diminished from ±5% to ±3%. In order to reduce the vacuum
leaks a 290 × 290 × 0.7 mm3 sacrificial porous layer was included between the elastic element and the
specimen to be machined. Hence, the vacuum leaks depended on the part area and it was not influenced
by the part contour. Thus, different part geometries could be clamped without any fixture redesign.

The air from the channels was removed through the hole with a standard Venturi guaranteeing a
proper vacuum union between the rubber and the aluminum part sample for all the working range,
see Figure 3. Then, the rubber was held to the dynamometric table with the double-sided filmic tape.
In the tests with no rubber, the part sample was stuck directly to the Kistler by the same token.

 
Figure 3. Milling test set-up with and without a rubber layer.

Groove milling was the selected machining operation. These slots were dry machined side to side,
in two steps. First, a previous 0.2 mm groove was performed in order to guarantee the same initial
profile between tests. Then, the test with each condition was milled. The separation between each
groove was 10 mm.

The selected tool was a two flutes bull-nose end-mill Kendu 4400 (Kendu, Segura, Spain), with
a diameter of 10 mm and a 2.5 mm edge radius. Table 2 shows the tests conditions. Therefore, the
effect of the depth of cut (ap), feed per tooth ( fz), spindle speed (n) or cutting speed (vc) and the tool
feed rate ( f ) on both elastic polymers could be studied and compared with the use of a rigid clamping.
Two different depth of cuts were selected based on the values employed in finishing operations in the
aeronautic field [38]. On the other hand, three different tool rotation values were studied in order to
reduce vibrations generated out of the tool-part system while two feed per tooth values were selected
for maintaining a suitable milling process of aluminum parts [9,38]. Hence, based on the feed per tooth
and spindle speed configurations, six different milling conditions were analyzed for each depth of cut.

Table 2. Machining tests conditions.

Parameters Level 1 Level 2 Level 3

Clamping material Rubber A Rubber B No rubber
ap(mm) 0.2 0.8 -

fz (mm/tooth) 0.06 0.1 -
n (rpm) 2000 4000 6000

vc (m/min) 63 126 189
f (mm/min) 240; 400 480; 800 720; 1200

For each milling condition, three repetitions were performed in different random positions relative
to the center of the part. The analyzed zone was restricted to each groove middle area. Then, the
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real machined thickness was evaluated by measuring the part profile beforehand and afterward each
milling operation. This measure was performed with the previously presented LVDT attached to the
machine tool head with an adaptor. Besides, the roughness of the floor of each slot was measured in
four different zones equally separated by 20 mm. Thus, the Ra value was evaluated with a Mitutoyo
Surftest SV-2000 (Mitutoyo, Kawasaki, Japan) roughness measure station. As a reference, the typical
tolerance values in the aeronautical industry were about ±0.1 mm for final thickness and under 1.6 μm
for the Ra [39].

2.3. Force Mechanistic Model in the Tool Axis Direction with a Bull-Nose Mill

In order to evaluate the stability for each set-up, stability lobe diagrams (SLD) were calculated in
the specimen center with an impact hammer test. A uniaxial PCB accelerometer model 352C22 (PCB
Piezotronics, Inc, Depew, NY, USA) with a measuring range from 1 kHz to 10 kHz and a sensitivity of
1.0 mV/(m/s2) was employed to register the tool and part vibration. The maximum acceptable ap in the
stable regime is calculated with the model described by Altintas and Budak [10]. The cutting forces
(tangential (t), radial (r) and axial (a)) over the cutting edge i could be considered as a function of the
friction coefficients (Kte, Kre and Kae) and the shearing cutting coefficients (Ktc, Krc and Kac)

⎧⎪⎪⎪⎨⎪⎪⎪⎩
∂Ft

∂Fr

∂Fa

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Kte

Kre

Kae

⎫⎪⎪⎪⎬⎪⎪⎪⎭× ∂S +

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Ktc

Krc

Kac

⎫⎪⎪⎪⎬⎪⎪⎪⎭× fz × sinφi × ∂z (1)

In this equation, ∂S is the length of the differential chip edge, φi is the angular position of the
cutting edge i measured from axis Y, perpendicular to the tool feed direction, and ∂z is the depth of cut.

Compared with other tool geometries, bull-nose end mills have a variable radius and helix angle
along the tool axis. Likewise, the lead angle increases its value from 0◦ to 90◦ in the toroidal part, and
then kept constant and equal to 90◦ all along the flank [40].

This geometrical variation combined with cutting speed and the depth of cut leads to variable
cutting coefficients. This nonlinearity could be solved using a linear model to calculate the SLD [9].
However, Altintas [41], simplified a circular insert geometry taking an average edge angle of 45◦.

In this case, the model was oriented to the floor finishing application. For these cases machined
depths were usually focused in a range between 0.2 mm and 1.2 mm, mainly in low stiffness parts.
This means that the edge angle was located between 11◦ and 29◦. Thus, for this survey, the average
edge angle was defined as 20◦.

The friction and shearing cutting coefficients were obtained by solving the equation by using
the force values obtained in the milling tests. These coefficients were considered constant for all the
milling conditions. The model results were employed to predict the SLD for each flexible fixture and
compared with the use of a rigid clamping underneath the part sample. Moreover, with the axial forces
obtained in these tests, a model was proposed regardless of the hardness of the support.

3. Results

3.1. Rubbers Compressive Behaviour

The differences in the composition of each tested rubber led to a completely different stress-strain
behavior. In the Figure 4 it can be observed the strain variation of each rubber based on the stress and
feed rate evolution. This evolution is presented with a fifth-degree interpolation in order to visualize
the more linear behavior of rubber B compared with rubber A.
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(a) (b) 

Figure 4. Accumulative stress and feed rate increase effects on both rubber materials: (a) rubber A and
(b) rubber B.

Both elastomers increased their elastic modulus as the feed rate rose. The rate effect was usually
attributed to the resistance in reorganizing the polymeric chains during the loading period. Since
this reorganization cannot occur instantaneously, the loss of energy is rate dependent [33]. Moreover,
the polymeric chains in the rubber A lacked time in the relaxing period to return to the original state
and, thus, the elastic modulus decreased for the second and third trial. This effect was not noticeable
in the rubber B. However, it can be observed that, as the feed rates increased, the behavior of both
elastomers tended to match for stresses under 0.4 MPa, which was within the work range for the
milling tests. Hence, regardless of the rubber composition, these flexible fixtures presented stress-strain
behavior influenced by the load amplitude and feed rate transmitted by the tool and by the previous
deformation implemented on the rubber.

3.2. Thickness Error

The thickness error is defined as the difference between the experimental and theoretical thickness.
In addition to the static and dynamic phenomena that occurred when applying loads over the elastic
layers, other effects such as the machine precision, repeatability and the thermal expansion of the
spindle had an influence over the real machined thickness. For instance, the repeatability for the rubber
A was within ±9 μm, for the rubber B was within ±19 μm and for the use of no rubber was within
±8 μm.

In order to analyze this parameter, an analysis of variance (ANOVA) was employed. Thus, the
influence of the main machining parameters in the thickness error was evaluated. Therefore, first, the
normal distribution of the data was checked by the Anderson-Darling (AD) test, and the variance
homogeneity with the Bartlett’s test. In both cases, the confidence interval of 95% (α = 0.05) was
employed. As it can be observed in the Table 3, for all the tests their p-values were over α and, thus,
were suitable for an ANOVA.

Table 3. Analysis of the suitability of the thickness error data.

Analysis Parameter Rubber A Rubber B No Rubber

Normal
distribution

AD 0.276 0.322 0.447
p-value 0.628 0.510 0.257

Homogeneity of
variance

Bartlett’s 4.480 5.160 2.310
p-value 0.723 0.640 0.941

On the other hand, a variance analysis was performed to determine the main parameters affecting
the machined depth inaccuracy. In this case, the null hypothesis was that the factors or their combination
have no influence over the thickness error. As it is detailed in the Table 4, from this survey it was
obtained that, with a 95% confidence, the null hypothesis was proved to be true. The only exception
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was the effect of spindle speed in the case of the rubber A as its p-value was under α, see Table 4 values
in bold.

Table 4. Analysis of variance of the thickness error data.

Factor Parameter Rubber A Rubber B No Rubber

n F-value 7.040 3.200 1.990
p-value 0.017 0.093 0.178

fz
F-value 0.680 0.430 0.350
p-value 0.420 0.520 0.562

ap
F-value 1.540 1.940 0.050
p-value 0.233 0.182 0.830

n× fz
F-value 0.000 0.080 0.090
p-value 0.990 0.787 0.770

n× ap
F-value 0.300 0.090 0.140
p-value 0.593 0.774 0.716

fz × ap
F-value 0.540 0.280 0.060
p-value 0.475 0.606 0.804

n× fz × ap
F-value 1.200 0.010 0.350
p-value 0.289 0.936 0.563

This result was coherent with the compression tests, as the rubber A was the most sensible to
strain changes. Furthermore, as it can be observed in the Figure 5, there was a global decrease in
the thickness mean error as the vc increased. In this case, the positives values meant that the system
was compressed, and the depth of cut was lower than programmed. This effect, as expected, was
more noticeable with the use of rubber as a support. In the other hand, if the thickness error had a
negative value, it meant that the tool machined more depth than expected. This last effect was mainly
caused by the thermal expansion of the spindle, as it increased combined with the revolutions [42].
This error can be compensated previous to the machining [43] or even with in-process tool position
adjustments [44,45].

 
Figure 5. Thickness error evolution based on the vc variation.

Another noticeable effect was that, as the cutting speed increased, the thickness errors tended to
equalize. This effect matched with the fact that, due to the cutting conditions tested, as the cutting
speed rose, the feed rates increased accordingly. Then, as it is observed in the compression analysis,
the elastic modulus of the rubbers rose as the feed rates increased, leading to a more rigid-like support.
This is aligned with the industrial implementation of this system in milling operations of aluminum, as
the productivity of these applications tend to the employment of these or even higher cutting speeds.
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Finally, there was a thickness error component that was caused by the system vibration and that
produced the difference in the variability of each system. This vibration was analyzed in terms of
roughness in the next section.

3.3. Roughness

In order to analyze the effect of the machining parameters on the floor Ra on the slots, another
ANOVA was performed. Likewise in the thickness error analysis, the data suitability was analyzed
with an AD and a Bartlett’s test. As shown in the Table 5, it was demonstrated that data met, with 95%
of confidence, the requirements for a valid ANOVA.

Table 5. Analysis of the suitability of the roughness data.

Analysis Parameter Rubber A Rubber B No Rubber

Normal
distribution

AD 0.251 0.497 0.305
p-value 0.694 0.181 0.528

Homogeneity of
variance

Bartlett’s 3.400 12.750 5.510
p-value 0.846 0.078 0.599

With this data, a variance analysis was replicated based on the effect of the machining parameter
on the roughness obtained on the groove floor. As it is can be observed in the Table 6 in bold,
compared with the thickness error, more parameters and their combination affected the part vibration.
This influence was more noticeable in the rubber A, as it happened with the thickness error, due to a
higher sensibility to strain variations.

Table 6. Analysis of variance of the thickness error data.

Factor Parameter Rubber A Rubber B No Rubber

n F-value 54.100 2.880 17.360
p-value 0.000 0.128 0.003

fz
F-value 42.240 13.910 4.850
p-value 0.000 0.006 0.059

ap
F-value 0.820 2.690 0.790
p-value 0.391 0.140 0.399

n× fz
F-value 16.740 2.280 2.990
p-value 0.003 0.170 0.122

n× ap
F-value 1.070 0.110 0.590
p-value 0.331 0.746 0.464

fz × ap
F-value 8.320 0.460 0.040
p-value 0.020 0.519 0.844

n× fz × ap
F-value 0.450 0.000 0.100
p-value 0.521 0.994 0.755

Despite the dependence on the machining parameters of the roughness, there was no direct
influence of a single parameter into the behavior of the three systems at a time. However, it was clear
that the most influential parameters were the spindle speed and the feed rate. Thus, in the Figure 6,
it can be observed the evolution of the roughness with the increase of the cutting speed and the feed
per tooth. In this case the repeatability for the rubber A was within ±0.13 μm, for the rubber B was
within ±0.17 μm and for the use of no rubber was within ±0.11 μm.

Results show that roughness obtained with rubber A tended to match the one obtained with the
part robustly clamped to the machine as the cutting speed increased. This effect, as explained in the
case of the thickness error, was caused by the increase of the elastic modulus. However, this increase in
the cutting speed has to be balanced with the feed rate in order to maintain the feed per tooth.
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(a) (b) 

Figure 6. Roughness evolution: (a) based on the cutting speed and (b) based on the feed per tooth.

On the other hand, rubber B tests suffered higher roughness and wider variability. As the stiffness
of rubber B was above the rubber A’s, the instability must be caused by the vacuum union between the
part and the rubber. Thus, due to the higher hardness of the rubber B, the contact with the part did not
perform proper clamping conditions as the rubber A.

This analysis indicates that cutting loads applied by the machining tool did not affect exclusively
the rubber compression but the clamping suitability as well. Despite rubber A having more variable
compression behavior, its lower hardness improved the fixture clamping capacity and the obtained
part quality.

3.4. Force Model

The SLD performed over the three systems, as shown in the Figure 7, presented the identical
behavior of them. The reason was the combination of a hammer shot at a high feed rate and a wide
supporting area of the rigid part. Then, as observed in the compression tests, these fixtures based on
elastomers, at high feed rates behaved as a rigid system in terms of chatter vibrations. Thus, these
results proved that there was no chatter on the performed milling tests as the maximum depths of the
cut were below these curves.

  
(a) (b) 

Figure 7. Stability Lobe Diagrams (SLD) variation: (a) complete and (b) zoomed on the studied zone.

The analysis of the force harmonics, see Figure 8, confirmed that the vibration was mainly
influenced by the tool cutting loads. The case of rubber A and no rubber had similar behavior, with
lower amplitudes and with the cutting per tooth as the main driver of the vibration. However, the
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forced vibrations at different harmonics were higher in rubber B. Once again, this evidence confirmed
that the union between rubber B and the part was not completely suitable.

   
(a) (b) (c) 

   

(d) (e) (f) 

   

(h) (i) (j) 

Figure 8. Fast Fourier Transform of the Fz signal for the test at fz = 0.1 mm/tooth and ap = 0.8 mm,
under different spindle speeds: (a) No rubber - 2000 rpm, (b) No rubber - 4000 rpm, (c) No rubber -
6000 rpm, (d) Rubber A - 2000 rpm, (e) Rubber A - 4000 rpm, (f) Rubber A - 6000 rpm, (h) Rubber B -
2000 rpm, (i) Rubber B - 4000 rpm and (j) Rubber B - 6000 rpm.
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Then, the main cutting forces in the axial direction were studied following an empirical approach
in order to provide a suitable model able to relate them with the machining parameters regardless the
part support. The repeatability for all the tests was within ±2 N. The process parameters were grouped
around the material removal rate (MRR), where N is the number of teeth, and ar is the radial depth
of cut:

MRR = n× fz × ap ×N × ar (2)

The model is based on a potential regression, see Equation (3). The R2 of this model is 0.984. This
equation emphasized, once again, the strong influence of the cutting speed on the machining process

Fz = 67.22× n−0.58 ×MRR0.49 (3)

Figure 9 presents how the model fits with the analyzed data. As it can be observed, the main
forces could be modeled regardless of the part support. López de Lacalle et al. [46] noticed that the
cutting forces decreased due to the reduction of stiffness. However, by using a rubber underneath a
high stiffness part sample, the system flexibility can be considered not compromised as the cutting
forces are maintained.

 
Figure 9. Axial mean loads predicted (lines) and experimental data against the material removal rate
(MRR) as a function of the cutting speed (vc).

Finally, this model demonstrated that the process axial forces in finishing of the aluminum parts
did not depend on the material hardness or the accumulative strain state of the rubber. This facilitates
the implementation of these flexible fixtures in the industry and provides a calculation tool for the
improvement of the milling process productivity.

4. Conclusions

In this paper the effect of clamping high stiffness aluminum part samples over elastomer layers
was analyzed. The machining application was groove milling, simulating finishing conditions in the
aeronautic field. First, by a compression test the influence of stress amplitude, feed rate and cycles were
examined. Thus, the rise of the elastic modulus as the strain rates increased and the strong dependence
of the stress cycles were proved, especially for the soft rubber.

Then, the effect of cutting speed, tool feed and depth of the cut were analyzed in terms of the
machined thickness error, roughness and axial forces. The results show that, as the cutting speed
increases combined with the feed rate, the rubbers tended to behave like a rigid support, guaranteeing
the thickness and roughness tolerances required in certain aeronautic applications. Moreover, as on
these applications high speed machining operations were performed with higher cutting speeds and
feed rates, the results of this solutions could improve compared to the actual rigid clamping solutions.
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In terms of hardness, the softer rubber tended to provide more stable machining conditions due to a
better clamping capacity.

Finally, an axial force model was developed and validated regardless the support stiffness and
accumulative strain. This could lead to facilitate the implementation and improve the productivity of
this solution into certain industrial applications, including the milling of aeronautical aluminum parts.
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Abstract: Magnesium alloys are increasingly used due to the reduction of weight and pollutants that
can be obtained, especially in the aeronautical, aerospace, and automotive sectors. In maintenance and
repair tasks, it is common to carry out re-drilling processes, which must comply with the established
quality requirements and be performed following the required safety and environmental standards.
Currently, there is still a lack of knowledge of the machining of these alloys, especially with regards
to drilling operations. The present article studies the influence of different cutting parameters on the
surface quality obtained by drilling during repair and/or maintaining operations. For this propose,
an experimental design was established that allows for the optimization of resources, using the
average roughness (Ra) as the response variable, and it was analyzed through the analysis of variance
(ANOVA). The results were within the margins of variation of the factors considered: the combination
of factor levels that keep the Ra within the established margin, those that allow for the minimization
of roughness, and those that allow for the reduction of machining time. In this sense, these operations
were carried out in the most efficient way.

Keywords: magnesium alloy; UNS M11917; AZ91D; hole repair; surface roughness; dry drilling;
re-drilling

1. Introduction

Recently, the need to reduce energy consumption as well as environmental pollution has been
highlighted, especially in the transport sector, which includes industries such as the aeronautical,
aerospace, and automotive industries. This need has led to a constant search for the reduction of the
weight of components by using lighter materials, which allow for mass reduction and, therefore, lower
consumption of fuel and polluting emissions. In this context, there has been increasing interest in
extending the use of materials such as magnesium, which has excellent specific mechanical properties
and whose full potential has not yet been reached, due in part to the insufficient knowledge about
magnesium compared to other materials such steel and aluminum [1–9].

The main advantages of magnesium alloys are their low density, high availability, high recyclability,
and good properties for foundry and machining, such as high specific strength and good weldability
under a controlled atmosphere. Nevertheless, there are also a few disadvantages such as low creep
resistance above 100 ◦C, low resistance to corrosion, hardness, and they are difficult to form at room
temperature [10,11]. Magnesium’s high chemical reactivity is another drawback that is closely related
to problems during machining [12].

Magnesium alloys are mainly formed by casting, of which about 70% is processed by casting in
permanent molds, producing near net shape parts. After that, machining operations are necessary in

Metals 2019, 9, 740; doi:10.3390/met9070740 www.mdpi.com/journal/metals175



Metals 2019, 9, 740

most cases [13,14]. Magnesium is considered to have excellent machinability. This is due to its low
specific cutting strength, low tool wear, excellent surface quality, short and brittle chips due to its
hexagonal crystal structure, and high thermal conductivity, which maintains low temperature increases
even using dry machining, allowing for high cutting speeds and feed rates [15,16]. As a result, all
common machining operations such as turning, milling, drilling, threading, reaming, or grinding
can be performed with these alloys without major problems. The fundamental difference between
magnesium and other structural materials is the ability to use higher feed rates and depths of cuts for
magnesium, to give low roughness and closed tolerances [17].

The published literature shows that research on magnesium alloy machining focuses on cutting
speed, feed rates, depth of cut, precision, and quality of the machining surfaces, also on the formation
of adhesions, mainly build-up edge (BUE) and build-up layer (BUL) [18]. In turning and milling
processes, researchers pay attention mainly to cutting forces, surface roughness, tool materials, tool
wear, lubricant-cooling systems, temperature, chip morphology, and hardness. The cutting conditions
for turning used in previous experimental works were as follows: cutting speed from 75 to 2400 m/min;
feed rate from 0.05 to 0.65 mm/rev; and depth of cut from 0.2 to 5 mm. For milling, the parameter
values were the same order of magnitude [1,10,19–22].

In the aeronautical industry, the drilling process is key due to the high number of joints by riveting,
threaded joints, and mechanical fasteners made in the whole vehicle. In fact, the operation that
consumes the most time during the assembly of a plane is the pre-assembly operation in the fuselage.
An important cause of problems in the structural integrity of the fuselage is the growth of cracks in
the drilled holes. For this reason, effective hole drilling is fundamentally important. In the case of
commercial aircraft, the number of drilled holes can reach up to 3 million. Twist drills are used for
most metals, using High Speed Steels (HSS) for aluminum and magnesium alloys [5].

In most studies on the drilling of magnesium alloys, the cutting speeds were around 50 m/min
and the feed rates ranged between 0.1 and 0.7 mm/rev. In these studies, the influence of machining
conditions on variables such as surface quality, force, torque, and tool wear, among others, was studied.
The majority of studies used average roughness (Ra) to evaluate the surface quality of the obtained
surfaces [3,23–27].

Weinert et al. [28] carried out a study on magnesium drilling using wide cutting parameters,
reaching cutting speeds up to 1100 m/min and extending feed rates to 1.2 mm/rev. In that study
they found that the surface quality, quantified by the maximum height of the profile, Rz, remained
approximately constant by varying the cutting speed between 100 and 1100 m/min, while keeping
the feed rate constant at 0.2 mm/rev; increasing the feed increased the roughness. In addition, the
mechanical load on the tool did not vary significantly in the range of cutting speeds from 100 to
700 m/min, being determined by feed rate.

Other studies focused on machining parameters that are not high performance, using average
roughness (Ra) as a variable to quantify the surface quality [3,23,26]. There are potential risks in the
machining of magnesium alloys; on the one hand, there is the danger of ignition when the chips
reach temperatures of 450 ◦C, and on the other hand, with the use of water-based lubrication there
is danger of a reaction between water and magnesium, which forms a hydrogen atmosphere that is
flammable [20,29]. Considering these reasons, it was decided to carry out the present study using
dry machining.

As discussed above, there are still gaps in our knowledge about magnesium alloys. There are
not many scientific works that discuss the problems during solid drilling of these alloys, and we
found only one work specifically about re-drilling or core drilling operations in magnesium alloys:
Rubio et al. [30] studied this process, but for hybrid Mg-Ti-Mg components. This type of machining is
used in the repair process of damaged holes, which is common in the aeronautical sector where the
holes are machined to a larger diameter to insert oversized rivets. These repairs must be carried out
with great care to avoid damage to the machined parts [30]. These types of operations can be framed
as low performance operations since productivity is a secondary objective.
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In machining plants, drilling operations have traditionally been carried out in two steps: first
drilling and then enlarging the diameter of the holes. These operations are executed with a solid base
of knowledge of the materials and operations. However, in maintenance and/or repair operations, this
is not always the case, especially considering that occasionally a smaller increase in the diameter of the
hole is sought in order to not weaken the pieces. In this aspect, there is a certain lack of understanding
and, therefore, such drilling operations can be improved to increase the safety and quality of the holes.

The aim of this work is to analyze the feasibility of carrying out repair and maintenance operations
on pre-drilled parts used in the aeronautical industry. To do this, a pre-drilled test piece was used to
simulate the repair of housings in covers that are joined by elements such as rivets. This joint type
is widely used in aeronautics and can be the origin of fatigue cracks, which can lead to catastrophic
failures in the pieces if they are not repaired in time.

This paper presents the analysis of the surface roughness, in terms of Ra, obtained by drilling holes
to a slightly larger diameter in magnesium alloys UNS M11917 (AZ91D) at low cutting parameters.
In this way, the behavior of these alloys in maintenance and/or repair operations was studied. The
use of twist drills in these operations has certain advantages compared to reamers, which have less
availability in the machining sections, generally have a higher price, and have a smaller variety in terms
of the machined final diameters. The final aim is to establish if it is feasible to carry out such operations
under environmentally sustainable conditions, maintaining the surface roughness requirements within
a range of values established for the aeronautical industry, that is, from 0.8 to 1.6 μm [31,32].

To achieve this goal, the experimental design was established taking into consideration the three
most important factors, feed rate, cutting speed, and type of tool, at two and three levels according to
the recommendations of the manufacturers and prior knowledge of drilling operations. In addition,
the small variations of the diameters to be drilled and the depth of the holes where the roughness
measurements were to be taken were considered factors in the experimental design. Blocks were
considered for quantification, and if obtained surface roughness was constant along the machined
surface, a replicate was performed in order to quantify the error. The statistical method used to study
the results obtained was the analysis of variance (ANOVA).

The tests were carried out in two stages by machining a pre-drill and then re-drilling, maintaining
a constant depth of 0.125 mm. The final diameters were drilled to 7 and 7.5 mm, in the first and second
stages, respectively. The last stage served firstly to corroborate the data obtained initially and secondly
to check if small differences in the diameter affected to the variables studied.

2. Materials and Methods

The UNS M11917 magnesium alloy is produced by the die casting method and was supplied
as an ingot with a length of approximately 500 mm and a section of 118 × 60 mm. A rectangular
parallel-piped block was milled using low machining parameters so as not to raise the temperature
of the piece, until reaching the measurements of 110 × 62 × 50 mm, maintaining surface roughness
below 2 μm. This alloy has a chemical composition of mass of 90% Mg, 8.30–9.70% Al, 0.35–1% Zn,
≥0.13% Mn, ≤0.1% Si, ≤0.03% Cu, ≤0.005% Fe, and ≤0.002% Ni and presents a microstructure formed
by an α-phase matrix and an intermetallic β-phase whose composition is Mg17Al12 and is located at
the boundaries of the grains [33]. The main mechanical properties of this alloy are shown in Table 1.

Table 1. Mechanical properties of die casting magnesium alloy UNS M11917.

Brinell Hardness 63 HB

Tensile strength 230 MPa
Yield strength 173 MPa

Elongation 3%
Modulus of elasticity 44.8 GPa

Charpy impact 2.7 J
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The block of magnesium was positioned in the hydraulic jaw of the machining center, aligning it
so that the upper face was parallel to the plane of the machine table. To do this, a 3D tester (Haimer
GmbH, Igenhausen, Hollenbach, Germany) was used. To avoid bias, pre-drills and drills were carried
out without moving the specimen of the clamping jaw. The clamping of drills was done by a collet
ER25 suitable for the drill diameter.

Two types of tool were used for the performance of the tests. They were both manufactured
by Phantom (Van Ommen B.V., Beekbergen, Gelderland, Netherlands) in HSS, and are called 11.130
(type A), and 11.160 (type B), Figure 1.

 
(a) 

 
(b) 

Figure 1. Twist drills for the tests; (a) Tool type A; (b) Tool type B.

These drills are suitable for drilling depths up to three times the diameter. They are manufactured
according to DIN 1897 [34], with a straight shank and two flutes of 34 mm. They have a helix shape
normal type N according to DIN 1836 [35], and both drill points are sharpened using split form C point
in accordance with DIN 1412 [36].

Drilling tests were carried out using a computer numerical control (CNC) controlled vertical
machining center Lagun L650 (Lagun Machinery S.L.L., Legutio, Álava, Spain) under dry conditions.
The cutting parameters were selected based on solid drilling operations, taking into consideration
the values given by the manufacturer for the group of non-ferrous materials and those used in the
previous published studies. Keeping in mind that the present work was focused on repair and/or
maintenance, we selected the following test values: cutting speed (S): 60 and 120 m/min; and feed rate
(f ): 0.2, 0.4, and 0.8 mm/rev; the cutting depth was kept constant at 0.125 mm. All blind holes were
drilled to a depth of 20 mm from the top face of the specimen.

In the first stage, drilling tests were performed to enlarge holes from a diameter of 6.75 mm to a
diameter of 7 mm, for all the combination of cutting conditions pointed out above, whereupon the
machined surface roughness was measured. In a second stage, drilling tests were carried out under
the same combination of cutting conditions, in this case from a diameter of 7.25 mm to a diameter
7.50 mm, in order to also evaluate the influence of the diameter of the drill on the surface roughness.

Between each drilling operation, the upper surface of the specimen and its surroundings were
cleaned using a brush and pressurized air. Before carrying out the drilling, the periphery of the block
was covered with paper, with the purpose of collecting samples of the fragile chips produced in the
machining, as shown in the Figure 2. Once the process was finished, the hole and the used drill were
marked with a number, and a photographic record of the obtained chips was taken using a Nikon
Coolpix P510 digital camera (Nikon, Tokyo, Japan).
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Figure 2. Detail of the method for collecting chips.

The arithmetical mean deviation of the assessed profile, Ra, was used as a response variable
to quantify the surface roughness of the machined surface, which according to the standard ISO
4287:1997 [37] is defined as the “arithmetical mean of the absolute ordinate values Z(x) within a
sampling length”. The range, that a priori would be expected to be the value of the measured Ra,
should be between 0.1 and 2 μm according to ISO 4288:1996 [38], which also established the sampling
length (lr) at 0.8 mm and the evaluation length (ln) at 4 mm. Subsequently, after the measurements of
the roughness were made, these assumptions were confirmed.

In each of the drilled holes, the roughness was measured on eight different lines. That is,
measurements of the Ra were taken along four lines equi-angularly separated by 90◦ in two cylindrical
zones at different distances from the upper surface of the specimen. The first one, named the top plane
(TP), was at a distance of 5.5 mm from top face and the second one, named the bottom plane (BP), was
at a distance of 15 mm from top face, as can been seen in Figure 3. The measurement length along each
one of the eight lines was of 4 mm.

Figure 3. Cylindrical sections inside the holes where the measurements of roughness were taken for
the evaluation of average roughness (Ra) (striped in red) and, in each one of them, the specific zones to
take the measurements are defined by the four points separated to 90◦ and marked as 1, 2, 3, and 4.
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Ra was measured using a contact roughness surface tester Zeiss Handysurf E-35A (Carl Zeiss AG,
Oberkochen, Baden-Wurtemberg, Germany). This model has the possibility of exporting the measured
data to a computer or displaying it directly on a display panel; it includes several types of parameters
of roughness, among them the Ra. To carry out the measurements, the roughness meter and the test
block were placed on a surface plate. The probe of the roughness tester is portable, so to perform the
eight measurements in each hole, the probe was placed in a tool coupled to a height gauge, allowing
for vertical positioning at the desired height, then rotation of the specimen four times to measure the
equi-angularly located points, and then positioning of the probe tip at the two established depths.
Figure 4 shows the surface tester, probe tip, and positioning system.

 

Figure 4. Zeiss Handysurf E-35A roughness tester, positioning system, and probe tip.

Based on all of this, the experimental design was determined, and its objective was to determine
the influence of the factors considered in the response variable, that is, the surface roughness studied
by the Ra. The experimental design selected was a full factorial design with three factors at two levels,
one factor at three levels, and a block at two levels, which is the measurement depth from the upper
face of the block, including the performance of a replica, which supposes a total of 96 experimental
runs. The considered factors and their levels are included in Table 2.

Table 2. Factors and their levels.

Factor Levels Values

Cutting speed, S, (m/min) 60, 120
Feed rate, f, (mm/rev) 0.2, 0.4, 0.8

Type of tool, T A, B
Diameter, D, (mm) 7, 7.5

Measurement depth, MD, (mm) Top plane (TP), bottom plane (BP)

Before carrying out the statistical analysis, the assumption of normality was checked; an
Anderson–Darling and Kolmogorov-Smirnov tests data were carried out, which was not overcome,
hence a Johnson transformation was carried out. Once the normal data was obtained, the next step was
the statistical analysis in order to study the influential factors and interactions on the surface quality
measured by Ra. This analysis was performed by the ANOVA.

3. Results and Analysis

3.1. Results

The experiment consisted of carrying out 96 experiments and, for each of them, measuring the
roughness on four separate zones at 90◦ in two cylindrical sections located inside the holes as can
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be seen in the striped red zones in the Figure 3. To study the measured roughness, it was evaluated
considering the average of the four values of Ra measured in each one of the two cylindrical sections
located at the different distances from the top face of the specimen in each experimental run. Before
carrying out the statistical analysis, the assumption of normality of the average Ra was checked. To do
this, normality was assessed using the Anderson–Darling and Kolmogorov–Smirnov tests. The results
obtained in both tests are shown in Table 3, and indicate the non-normality of the data and therefore
the need to carry out its transformation prior to the statistical study.

Table 3. The p-values of tests for normality of Ra.

Factor Anderson–Darling Kolmogorov–Smirnov

Original Data <0.005 <0.010
Transformed data 0.736 >0.150

Johnson transformation was used to convert the original non-normal data into a standard normal
distribution. The best adjustment of the transformation was obtained using the equality function
collected in Equation (1), where the transformed roughness values are designated by Rat, being the Ra
of the average roughness initial values. The probability plot for the population before and after the
transformation can be seen in Figure 5.

Rat = −1.05518 + 1.01828× sinh−1
(Ra− 0.562553

0.128499

)
(1)

Figure 5. Probability plots of original non-normal data and Johnson transformed data of the Ra.

Once the measured roughness data were normalized, it was possible to analyze them using the
ANOVA statistical method. For this, the arithmetic mean of the four measured values of the Ra in
each elementary run was made. The results obtained in the experimental design are those included in
Table 4.
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Table 4. Replicas of original and transformed data of Ra in μm, at different measurement depths.

S
[m/min]

f
[mm/rev]

T
D

[mm]

Ra Rat

TP BP TP BP

60 0.2 A 7.0 1.76 0.85 1.71 0.77 1.88 0.25 1.92 0.53
60 0.2 A 7.5 0.57 0.78 0.47 0.82 −1.70 0.42 −0.99 0.29
60 0.2 B 7.0 0.61 0.67 0.58 0.77 −0.89 0.22 −0.68 −0.26
60 0.2 B 7.5 0.38 0.80 0.74, 0.56 0.12 −1.03 −2.21 0.34
60 0.4 A 7.0 1.26 1.12 0.79 1.06 0.31 1.04 1.39 1.17
60 0.4 A 7.5 0.56 0.71 0.51 0.67 −1.40 −0.26 −1.01 −0.02
60 0.4 B 7.0 0.63 0.82 0.58 0.96 −0.91 0.84 -0.50 0.42
60 0.4 B 7.5 0.67 0.41 0.68 0.37 −0.20 −2.23 −0.26 −2.08
60 0.8 A 7.0 0.67 0.90 0.81 0.73 0.40 0.08 −0.23 0.66
60 0.8 A 7.5 0.66 1.15 0.69 1.24 −0.14 1.35 −0.34 1.21
60 0.8 B 7.0 0.56 0.71 0.74 0.74 0.11 0.12 −1.01 −0.02
60 0.8 B 7.5 0.61 0.49 0.54 0.48 −1.21 −1.65 −0.66 −1.58

120 0.2 A 7.0 0.87 1.07 0.61 0.78 −0.63 0.28 0.58 1.07
120 0.2 A 7.5 1.01 2.06 0.79 2.49 0.32 2.41 0.94 2.15
120 0.2 B 7.0 0.47 0.69 0.68 0.58 −0.19 −0.89 −1.72 −0.12
120 0.2 B 7.5 0.83 0.61 0.59 0.69 −0.78 −0.13 0.46 −0.68
120 0.4 A 7.0 0.66 1.70 0.64 1.20 −0.45 1.29 −0.31 1.88
120 0.4 A 7.5 1.00 0.68 0.88 0.75 0.62 0.13 0.92 −0.19
120 0.4 B 7.0 0.55 0.73 1.01 0.79 0.95 0.31 −1.11 0.08
120 0.4 B 7.5 0.95 0.54 0.51 0.73 −1.44 0.05 0.81 −1.21
120 0.8 A 7.0 0.65 0.46 0.71 0.60 −0.01 −0.70 −0.35 −1.75
120 0.8 A 7.5 1.14 1.44 1.11 1.58 1.15 1.76 1.20 1.61
120 0.8 B 7.0 0.47 0.74 0.62 0.80 −0.59 0.36 −1.68 0.10
120 0.8 B 7.5 0.71 0.81 0.77 0.99 0.23 0.90 −0.02 0.40

*S = cutting speed; f = feed rate; T = type of tool; D = diameter; Rat = transformed Ra.

3.2. Analysis and Discussion

From the data obtained, it is clear that the obtained surface quality achieved improved results,
independent of the parameters tested. All the roughness values were between 0.38 and 2.49 μm. Only
five of the 96 Ra values were above the 1.6 μm that is set as the upper limit in the aeronautical sector. In
consideration of the 16%-rule established in the ISO 4288:1996 standard [38], the surface is considered
acceptable because only 5.2% exceeded the upper limit.

For the statistical analysis of the transformed Ra values, the Minitab 17 computer program was
used. The model was reduced to include only the significant factors, for which a stepwise procedure
was followed that eliminates or adds terms to the model using a significance level α = 0.05, starting
with an empty model and then adding or removing a term for each step. Table 5 shows the influential
factors and interactions, in other words, cutting speed, feed rate, type of tool, diameter, sum of squares,
degrees of freedom (DF), mean square, F value, and p-value.

Table 5. Analysis ANOVA of the transformed Ra. DF = degrees of freedom.

Effect DF Sum of Squares Mean Square F-Value p-Value

S* 1 2.832 2.8319 4.63 0.034
T 1 18.347 18.3470 29.98 0.000

S*D 1 14.621 14.6205 23.89 0.000
f*D 2 8.259 4.1297 6.75 0.002

Error 90 55.081 0.6120 - -
Total 95 99.140 - - -

The analysis showed that among the main factors, only the cutting speed, S, and the type of tool,
T, were statistically significant for Ra. Regarding the interactions of the factors, there were only two
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significant second-order interactions: the cutting speed with the diameter, S*D, and the feed rate with
the diameter, f*D. The contribution of each effect to the variability is shown in Figure 6. The most
important effect was the type of tool with a percentage of 45.25%, the second most important was the
interaction of cutting speed with the diameter of the drill with 36.06%, the third was the interaction
between feed rate and diameter with 10.18% and the last was the cutting speed with 6.98%.

 

6.98

45.25

36.06

10.18

0

10

20

30

40

50

S T S*D f*D

Figure 6. Percentage of contribution to the variability of the ANOVA model for each effect.

In Figure 7, it can be seen that the use of a twist drill type B enhances the surface quality of the
machined surfaces with respect to those gained from the use of type A. From the untransformed values
obtained in the tests, tool A obtained a Ra of 0.97 μm, while type B was 0.67 μm, which represents a
considerable improvement. An explanation of this behavior could be the appearance of radial stresses
that would produce deformation of the drill and therefore affect the roughness, this would be caused
by the small depth of cut of only 0.125 μm in conjunction with the use of a non-high rigidity drill and
relatively high feed rates and cutting speed values. Regarding the cutting speed, it is the factor that
has the least influence, producing a higher Ra with increasing speed. This result is concordant with
those obtained by Weinert et al. for the case of solid drilling [13].

 
Figure 7. Effects on the transformed Ra of the significant factors.
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The second effect in terms of importance is the interaction between the cutting speed and the
diameter of the drill, S*D, although the diameter itself is not a significant effect. Figure 8 shows that
increasing the cutting speed in drills with a diameter of 7 mm causes a lower superficial roughness in
contrast to drills with a 7.5 mm diameter.

 
Figure 8. Box and whiskers plot graph for interactions between cutting speed and diameter, S*D.

The influence of the feed rate on the Ra was the opposite and this is explained by the third most
important effect: the interaction between feed rate and the diameter of the drill, f*D, as can be seen in
the Figure 9. This can be seen most clearly for feed rates of 0.4 and 0.8 mm/rev. Use of 7 mm tools
at higher feed rates caused lower Ra values; in contrast, for 7.5 mm tools, the lower Ra values were
obtained with lower feed rates.

 

Figure 9. Interaction graph between feed rate and diameter, f*D.

The results regarding these two interactions of the cutting speed and the feed rate with the
diameter of the drill on magnesium alloys are remarkable because the difference between the diameters
tested was so small. Further studies should be carried out to clarify this point, considering greater
values in the drill diameters studied.
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A model of surface roughness was developed to predict the variability in the transformed data,
Rat, through Equation (2). This equation uses the significant factors identified by the ANOVA, in other
words, cutting speed, type of tool, feed rate, and diameter of the drill, where s, t, f, and d represent their
effects, μ is the term to adjust the mean, and ε is the error. The estimation parameters of the equation
are included in Table 6.

Rat
ijkl = μ+ si + tj + sdik + f dlk + εi jkl (2)

Table 6. Estimation parameters of the predictive model.

Parameter Designation Estimation Parameter Designation Estimation

60 (m/min) s1 −0.1718 0.2 (mm/rev)*7 mm f d11 −0.027
120 (m/min) s2 0.1718 0.2 (mm/rev)*7.5 mm f d12 0.027

A t1 0.4372 0.4 (mm/rev)*7 mm f d21 0.372
B t2 −0.4372 0.4 (mm/rev)*7.5 mm f d22 −0.372

60 (m/min)*7 mm sd11 0.3903 0.8 (mm/rev)*7 mm f d31 −0.345
60 (m/min)*7.5 mm sd12 −0.3903 0.8 (mm/rev)*7.5 mm f d32 0.345
120 (m/min)*7 mm sd21 −0.3903 Intercept term μ −0.0043

120 (m/min)*7.5 mm sd22 0.3903 - - -

The residuals of the model were obtained by the difference between measured and predicted
values and were used for checking the model hypotheses. As can be seen in Figure 10, the residuals
satisfy the normality and homoscedasticity hypothesis; also, no patterns were found in the model.
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Figure 10. (a) Probability plot and (b) residuals versus predicted values for the model.

Once the validity of the model was verified, the inverse of the Johnson transformation used in
Equation (1), of the fitted values according to Equation (2), was carried out to predict the surface quality
by Ra in re-drilling operations of UNS M11917 magnesium alloys. For this, Equation (3) was used.

Raijkl = 0.562553 + 0.128499× sinh
(
μ+ si + tj + sdik + f dlk + εi jkl + 1.05518

1.01828

)
(3)

From Equation (3) and considering both the significant factors identified in the ANOVA, as well
as their levels, it was possible to calculate the predicted values of Ra for the different combinations.
These values are shown in Table 7 along with the Ra obtained from the values measured in the tests,
and the absolute error between the predicted and measured Ra.
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Table 7. Predicted Ra, measured Ra, and absolute error for levels and effects combinations.

S* (m/min) T f (mm/rev) D (mm)
Ra Predicted

(μm)
Ra Measured

(μm)
Abs. Error

(μm)

60 B 0.4 7.5 0.52 0.67 0.15
120 B 0.8 7 0.57 0.48 0.09
60 B 0.2 7.5 0.57 0.38 0.19

120 B 0.2 7 0.61 0.47 0.14
60 B 0.8 7.5 0.61 0.61 0.00
60 B 0.8 7 0.63 0.57 0.06
60 A 0.4 7.5 0.64 0.57 0.07

120 B 0.4 7 0.67 0.56 0.11
120 B 0.4 7.5 0.67 0.96 0.28
60 B 0.2 7 0.68 0.61 0.07

120 A 0.8 7 0.70 0.66 0.04
60 A 0.2 7.5 0.70 0.57 0.13

120 B 0.2 7.5 0.75 0.84 0.08
60 B 0.4 7 0.75 0.64 0.12

120 A 0.2 7 0.76 0.87 0.11
60 A 0.8 7.5 0.77 0.66 0.11
60 A 0.8 7 0.79 0.68 0.11

120 B 0.8 7.5 0.83 0.72 0.12
120 A 0.4 7 0.87 0.67 0.21
120 A 0.4 7.5 0.88 1.00 0.12
60 A 0.2 7 0.88 1.76 0.88

120 A 0.2 7.5 1.05 1.01 0.04
60 A 0.4 7 1.05 1.27 0.22

120 A 0.8 7.5 1.23 1.15 0.09

The surface roughness values obtained by the model predicted values between 0.52 and 1.23 μm.
The absolute error between the measured and predicted values was less than 0.28 μm in all cases except
one, in which the error reached 0.88 μm. The minimum Ra value was obtained with the combination
of a cutting speed of 60 m/min, type of tool B, feed rate of 0.4 mm/rev, and by using a drill with a
7.5 mm diameter.

4. Technological Discussion

For the framework in which the present study was set up, that of enlarging holes with a low depth
of cut by drilling in magnesium alloy UNS M11917, it is important to highlight some technological
aspects with implications to the practical application of these operations, mainly in the aerospace sector.

Considering all the tests carried out and according the 16%-rule established in the ISO 4288:1996
standard [38], it can be affirmed that within the margins of the levels and factors tested, the surface
quality would be within the quality requirements established in this sector (0.8μm<Ra< 1.6μm) [31,32].
Of all the 96 measured Ra values, only five of them were above the upper limit, and those five were
drilled using the type A drill. From this it follows, in addition to be the main significant factor, the
importance of the type of drill in the performance of these operations.

It is of great importance to carry out these maintenance and/or repair operations in the shortest
time possible, meeting the quality standards required for the parts, so it is important to optimize the
rate of material removal (RMM). According to Astakhov [39], this rate is directly proportional to the
product of the feed rate by the cutting speed, f*S. Therefore, a way of increasing productivity and
improving process time is to select the highest feed rate and cutting speed values, that is, 0.8 mm/rev
and 120 m/min, respectively. Using these operating parameters, the average Ra values of 0.6 μm for
the type B tool and 0.9 μm for type A were obtained.

The type of tool is the most important factor in terms of its influence on the Ra. The
Anderson–Darling test shows clearly that for the case of type B drills, the population follows a
normal distribution. However, for the case of the type A drill, with a value of p < 0.005, the
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Anderson–Darling test confirms that it follows a non-normal distribution with a strong asymmetry
and positive kurtosis, as seen in Figure 11 with its displacement to the right. An explanation of this
phenomenon could be in the appearance of greater radial efforts that, due to the low rigidity of the
drills, give rise to deformations that affect the surface quality. Subsequent studies must to be carried
out to confirm this hypothesis.

 

Figure 11. Histogram of data with an overlaid normal curve of the original Ra for tool types A and B.

5. Conclusions

This experimental study on the small-scale re-drilling operations in magnesium alloy UNS M11917
within the maintenance and/or repair processes of pieces in the aerospace sector, confirms that it is
possible to perform such operations in a way that satisfies the requirements of the surface quality and
safety and, at the same time, under environmentally friendly conditions, that is, using dry machining
or without the use of lubricant coolants. The most important factor to consider is the type of tool used,
obtaining the best results with type B drills, which have a point angle of 135◦, compared to type A
drills, which have a point angle of 118◦. However, further studies have to corroborate if, besides the
point angle, other variables of the drill, such as the type of coating, affect the surface quality. Using that
type of drill and choosing the highest values in the cutting parameters, that is, a feed rate of 0.8 mm/rev
and a cutting speed of 120 m/min, a surface roughness was obtained of approximately half of the
maximum limit considered within this sector, in other words, 0.8 μm.

The depth from the upper surface of the specimens did not present a statistical influence on the
roughness, so it can be considered constant throughout the depth of the drilling holes, which in this
study was 20 mm. Contrary to what was initially assumed, feed rate did not have an influence on
surface roughness. This result is consistent with some other work on solid drilling operations in similar
magnesium alloys, however, there are other works that show contrary data. Feed rate does have a
second-order influence in its interaction with the diameter of the drill, but its influence value is small
in relation to the other significant factors.
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Abstract: Macro-geometrical deviations play a very important role in the functionality and reliability
of structural parts for aircraft. The use of environmentally friendly techniques, such as dry machining,
may negatively affect these deviations. Despite its importance, there is a lack of research that analyzes
them as a function of the cutting parameters in the case of aluminum alloys for aeronautical purpose.
In this work, the cutting speed and feed influence on several macro-geometrical deviations (parallelism,
straightness, circular run-out, roundness, concentricity, total circular run-out and cylindricity) in dry
turning of UNS A97075 alloy was analyzed. The main novelty of this work lies in the use of high
slenderness parts used in further fatigue tests. The results showed that feed seems to be the most
influential parameter in most of the deviations studied. In addition, the parts with lower rigidity
exhibited higher sensitivity to change with the cutting parameters. Finally, different parametric
models were proposed to obtain the geometrical deviations as a function of the cutting parameters.

Keywords: UNS A97075; dry turning; surface integrity; straightness; parallelism; roundness;
concentricity; circular run-out; total run-out; cylindricity

1. Introduction

One of the most appreciated quality requirements in machining processes is related to the surface
integrity (SI) concept [1]. Field et al. [2,3] defined the SI as the inherent or enhanced condition of a
surface produced in machining operations or other surface generation processes. Griffiths [4] defined
it as the topological, mechanical, chemical and metallurgical worth of a manufactured surface and
its relationship with its functional performance. A new definition of this concept is developed by
Astakhov [5], who defined it as a set of properties (both, superficial and in-depth) of an engineering
surface that affect its service behavior. These properties include geometrical, physical-chemical and
biological parameters.

In more recent works, Gómez-Parra et al [6,7] provided an expanded view of the SI concept,
defining the SI as a set of properties that the material surface exhibits, acquires or becomes modified
during a forming process. These properties can be analyzed from three points of view connected to each
other: micro-geometrical (surface roughness, micro and macro cracks, waviness, particle adhesion),
macro-geometrical (cylindricity, concentricity, straightness) and physical-chemical properties (micro
hardness, residual stress, stress corrosion, tensile strength, fatigue behavior). The authors highlight
that these properties may not only improve the functional performance of the part, but also worsen it.

The macro-geometrical deviations or material mechanical properties inclusion within the SI
definition presents great controversy. On one hand, the macro-geometrical deviations and the
mechanical properties affect not only the part surface, but also the bulk. On the other hand,
the mechanical properties are included within the surface physical-chemical properties. The surface
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is considered as a whole, and not only from the micro-geometrical and physical-chemical approach
at a point on the surface. In this way, the macro-geometrical deviations may affect negatively the
mechanical behavior or increase the appearance of micro-geometrical or physical-chemical defects,
and vice versa. Thereby, these three points of view are interconnected and may not be considered in
isolation. Regardless of their inclusion or not within the SI definition, the macro-geometrical deviations
play a fundamental role in mechanical properties [8,9], such as fatigue behavior [10]. In that way,
fatigue test standards are very demanding regarding the tolerances of these geometrical deviations [11].

Fatigue behavior is one of the most important properties to take into account in the behavior
of aircraft structural parts in service [12]. The quality requirements of these components are highly
demanding because they are placed in critical areas. Consequently, geometrical tolerances (at macro
and micro scale) are usually very narrow in order to make their assembly easier and to improve their
functionality, reliability and longevity [13,14]. However, these high-quality demands result in higher
costs. Hence, one of the most important challenges is to balance the manufacturing process performance
of these components, from four different points of view: functional, economic, environmental and
energetic [15–17].

Light alloys (mainly Al and Ti alloys) are widely used in the manufacturing of structural parts
for aircrafts, individually or combined with composites (such as carbon fiber reinforced polymers,
CFRP) to form fiber metal laminates structures. Specifically, aluminum alloys series 2000 (Al-Cu) and
7000 (Al-Zn) are used in the components under fatigue load in service, such as the pressurized cabins
fuselage, ribs, spars and wings upper/lower skins [18–20]. Machining (mainly milling, drilling and
turning) is frequently used to manufacture these structures [21,22]. The current trend in machining of
these alloys moves towards reducing or eliminating the use of cutting fluids (dry machining), due to
environmental and occupational health reasons [23–25]. The machining process based on the minimum
quantity of cooling lubrication (MQCL) or the minimum quantity of lubrication (MQL) are good
alternatives [26]. However, the performance balance of dry machining is currently a challenge. On one
hand, the CFRP/Al structures show a bad behavior under wet machining conditions and the mixture of
aluminum chip, CFRP and cutting fluids is complex and expensive to recycle [27]. On the other hand,
dry machining results in very aggressive cutting conditions, which gives rise to a fast temperature
increase in the cutting area and fast tool wear [28]. This fact may negatively affect the surface integrity
of the machined parts. Hence, the environmental component of the process performance is improved,
whereas the economical and functional components may be reduced.

Within this context, the cutting parameters (cutting speed, feed and cutting depth) play a
very important role [29]. A large amount of research can be found in the literature analyzing the
cutting parameters influence on the SI micro-geometrical aspects of dry machined wrought aluminum
alloys [28,30–33] taking in to account the influence of the tool wear, chip geometry or axial machining
length. Usually, the mean average roughness (Ra) is the selected parameter to evaluate these deviations.
Most of the research agree that feed is the most influential cutting parameter on Ra, showing Ra a
general trend to increase with feed [34–36]. Some of these works develop parametric models that allow
predicting the Ra evolution as a function of the cutting parameters. Usually, these models adopt a
potential form [35–38] due to the simplicity of the model, where the exponent of each variable represent
the influence in the general term, and to the good fit that the models usually show. In addition, some
authors show a relationship between Ra and the cutting forces [8,39]. Therefore, an online monitoring
of micro-geometrical deviations was carried out to analyze this relationship.

Nevertheless, there is a lack of research focused on the analysis of the cutting parameters influence
on macro-geometrical deviations for these alloys, despite their importance and influence on the
functional behavior of these parts [9]. Clares et al. [7] proposed an experimental methodology to
evaluate the SI in dry turning of aerospace alloys from the three aforementioned points of view
(geometrical, at micro and macro scale and physical-chemical features). Sánchez-sola et al. [40]
studied the cutting speed (vc = 40–170 m/min) and feed (f = 0.05–0.30 mm/r) influence on straightness,
parallelism and roundness of the UNS A92024 alloy. The cylindrical bars (200 mm length, 80–120 mm
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diameter) were dry turned. The worst results were obtained when the highest f and lowest vc values
were used. A general trend to increase the straightness and parallelism with f was found for low
vc. An opposite trend was found for high vc, with a strong dispersion in the results for the highest
f values. Regarding the roundness, its value tends to increase with f, regardless vc. No clear trend
was found with vc. On the one hand, Sánchez-sola et al. explain that straightness and parallelism
are measured along the whole part and, therefore, they are more influenced by the roughness profile,
chip generation, built-up edge (BUE) detaching and, as a result, by the cutting parameters. On the
other hand, roundness is measured from the transversal section. Hence, it is less influenced by these
parameters. In addition, exponential parametric models were obtained. These models showed a good
fit for high f and low vc.

Trujillo et al. [9] analyzed the cutting parameters influence (vc = 40–200 m/min; f = 0.05–0.20 mm/r)
on roundness, circular run-out, straightness and parallelism of dry turned UNS 97075 alloy cylindrical
bars (150 mm length, 30–60 mm diameter). The cutting depth (ap) remained constant (1 mm). These
geometrical deviations showed low sensitivity to change with the cutting parameters, unlike what was
observed for micro-geometrical deviations, strongly influenced by f. However, vc exhibited higher
influence on straightness and parallelism, whereas f showed higher influence on roundness and circular
run-out. These results can be explained in a similar way that were exposed in [40]. The exponential
parametric models were also developed for each macro-geometrical deviation. Parallelism and
straightness models exhibited a good fit for low vc. However, the roundness and circular run-out
showed a good fit for all vc tested. Finally, Trujillo et al. highlighted that these models should be tested
under different conditions (cutting parameters range, specimens’ geometry) to check their generality.

It is necessary to point out that these previous studies have been carried out on low slenderness
parts. Nevertheless, the structural parts for the aircraft usually show high slenderness rates [41].
Therefore, extended research on slender parts should be developed in order to analyze the cutting
parameters’ influence on the macro-geometrical deviations and their influence on mechanical properties,
such as fatigue behavior. Given the aforementioned, the main novelty of the study, this work focusses
on the analysis of the cutting speed and feed influence on several geometrical deviations (straightness,
parallelism, circular run-out, roundness, concentricity and cylindricity) of dry turned UNS A97075
alloy. For this purpose, the specimens with high slenderness were used. These specimens were
designed to be used in further fatigue tests. Finally, the different experimental parametric models were
developed. These models allow predicting some geometrical deviations as a function of the cutting
parameters within the studied range.

2. Materials and Methods

Several dry turning tests were carried out on UNS A97075-T6 alloy specimens in order to evaluate
the cutting parameters’ influence on different macro-geometrical deviations. This material is widely
used in the manufacturing of aeronautical structural parts that work under compressive and fatigue
loads [42]. Arc atomic emission spectroscopy (AES) was used to obtain the tested alloy composition
(% mass). The results are shown in Table 1.

Table 1. Tested alloy composition (% mass).

Zn Mg Cu Cr Si Mn Al

6.01 2.61 1.88 0.19 0.08 0.07 Rest

The final specimens’ geometry obtained from cylindrical bars (D = 20 mm) was selected according
to the rotating bar bending fatigue test standard, ISO 1143:2010 [11]. Among the different geometries
proposed in this standard, the cylindrical smooth geometry was selected. On the one hand, this geometry
is less rigid that those used in previous research [9,40], being this one of the main novelties of this work.
On the other hand, these specimens are being used in current works regarding the cutting parameters
influence on fatigue behavior. The specimens’ shape and geometrical dimensions are shown in Figure 1.
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In addition, it is necessary to highlight that the standard quality requirements regarding the cylindricity
and concentricity are strongly demanding. Therefore, the specimen slenderness was taken into account
and calculated as the relation between the lengths (L = 167 mm) and the lower diameter (d = 7.6 mm),
being this value, 22.37.

Figure 1. Specimens geometrical dimensions (mm).

The machining tests were conducted in a Computer Numerical Control (CNC) turning center.
The different combinations of cutting speed (vc) and feed (f ) were used (Table 2). The cutting depth (ap)
remained constant. Every test was performed under dry conditions, in order to use environmentally
friendly techniques. It must be pointed that although low cutting speeds are not recommended for
machining aluminum alloys, these alloys are often hybridized with other materials in which these
low cutting speeds are required, such as fiber metal laminates, FML (CFRP +Al + Ti). In addition,
this fact allows the comparison with previous studies on the geometrical deviations performed in the
same cutting parameters range [9,40]. Every test was performed under dry conditions in order to use
environmentally friendly techniques.

Table 2. Cutting parameters.

vc (m/min) f (mm/r) ap (mm)

40
60
80

0.05

1.0
0.10
0.15
0.20

The tool (Figure 2) was an uncoated WC-Co insert (ISO DCMT 11T308-14 IC20) and each test was
carried out using a new tool to ensure identical initial conditions. The cutting angles setup can be
observed in Table 3. The tool geometry and position respect the specimen allow the machining of the
entire specimen profile with a single operation. Additionally, these geometrical cutting conditions
reduce the deflection effect on slenderness parts due to the predominance of the axial cutting forces
over the radial cutting forces. Due to the cutting tool geometry (a major cutting-edge angle of 66.5◦),
the force axial component is dominant over the radial component. Therefore, the bending effect on
sample was limited.

194



Metals 2019, 9, 1141

Figure 2. Specimen positioning and turning operation tool.

Table 3. Cutting angles setup.

Cutting Angles Value

Relief angle (α) 7◦
Cutting edge angle (β) 66◦

Rake angle (γ) 17◦
Major cutting edge angle (κr) 62.5◦

Insert included angle (ε) 55◦

Once the specimens were machined, different macro-geometrical deviations were controlled
in the calibrated area (parallelism, straightness, circular run-out, roundness, concentricity, total run
out and cylindricity). The experimental setup is shown in Figure 3. A millesimal dial gauge with
a measuring span of 12.5 mm, scale division of 0.001 mm and a maximum permissible error (MPE)
of 4 μm, was used to control these deviations. This device was placed on the tool carriage to avoid
removing the specimen from the turning center and achieve a faster process. Previously, the setup
rigidity and the run-out of the spindle were controlled in order to assess their contribution to the
part run-out. This contribution was found to be negligible. In addition, some of the specimens were
off-line measured in a geometrical deviation measurement machine (Figure 4) in order to validate the
experimental setup. The differences found did not exceed 10%.

Figure 3. Geometrical control setup on the specimen calibrated area.
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Figure 4. Form measuring system.

The circular run-out (CRO) was measured along six sections (S1 to S6, separated 4 mm from each
other) in the calibrated area (Figure 5a). For each section, twelve measurements were performed at 30◦
each. The parallelism (PAR) was controlled along twelve generatrix (G1–G12), separated 30◦ from each
other, Figure 5b.

Figure 5. (a) The roundness (RON), circular run-out (CRO) and concentricity (CON) measured sections;
(b) straightness (STR) and parallelism (PAR) measured generatrix.

The circular run-out (CRO) was obtained as the difference between the maximum and the minimum
profile radius (Rmax − Rmin), as in Figure 6a [42]. The roundness (RON) and concentricity (CON)
were calculated from the CRO experimental results (Figure 6a). Among the different mathematical
methods available, the least squares circles method [43] was applied in this work. To evaluate the least
square circumference center, a nonlinear iterative mathematical model was considered, minimizing the
function error (Equation (1)) and taking the seed as the rotation center.

SSE(a, b) =
n∑

i=1

(
R−

√
(xi − a)2 − (yi − b)2

)2

(1)

where different variables corresponding with:

• R: Radius of the profile
• xi: x coordinate of profile point
• yi: y coordinate of profile point
• a: x coordinate of the center of the least square circumference
• b: y coordinate of the center of the least square circumference
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Figure 6. Macrogeometrical deviations: (a) RON, CON and CRO, (b) total circular run-out (TCRO),
(c) STR and PAR and (d) cylindricity (CYL).

Once the center of the least square circumference has been calculated, RON is obtained as the
difference between the radiuses of two concentric circumferences (Jmax − Jmin) which delimit the area
containing all points of the profile, as in Figure 6a. The CON is the distance between the rotation center
(0, 0) and the least squares circumference center previously obtained (a, b) (Equation (2)).

CON =
√

a2 + b2 (2)

The parallelism (PAR) was obtained as the distance between two parallel lines (Xmax − Xmin),
which delimit the area containing all the profile points and are parallel to the work piece axis (Figure 6c).
The straightness (STR) was calculated as the distance between two parallel lines (Dmax − Dmin) which
delimit the area containing all the profile points and are parallel to the least squares regression line
(Figure 6c).

Taking into account the total calibrated area volume, the total circular run-out (TCRO) was
calculated as the difference between the maximum and minimum of every radio sections measured
(Tmax − Tmin) in the calibrated area (Figure 6b). Finally, the cylindricity (CYL) was obtained as
the difference between two co-axial cylinders, such that their radial difference is at a minimum
(Pmax − Pmin), as in Figure 6d.

The theorical PAR respect CYL was taken in to account. Considering the tool tip radius (r = 0.8 mm),
the depth of cut (ap = 1 mm) and the worst feed rate condition (f = 0.20 mm/r), the scallop calculated is
6.27 μm. The standard 1143:2010 allows a maximum of 20 μm. Therefore, the scallop value for each
feed rate implemented in this work is considered within the standard values.
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3. Results and Discussion

3.1. Parallelism and Straightness

Figure 7 shows STR and PAR experimental results as a function of vc and f. In Figure 7a, the PAR
shows a general trend to slightly increase at low f (0.05–0.10 mm/r), regardless vc. From f = 0.10 mm/r
to 0.20 mm/r, PAR tends to decrease, whereas it remains more or less constant for vc = 60 and 80 m/min.
Notwithstanding this, a higher dispersion can be observed. From f = 0.15 to 0.20 mm/r, PAR remains
constant for vc = 40 and 60 m/min. Nevertheless, PAR tends to increase for vc = 80 m/min for this f
range. In fact, the worst results (and the highest dispersion) are obtained when the highest f and vc

are combined.

Figure 7. (a) Parallelism and (b) straightness deviation as a function of cutting speed (vc) and feed (f ).

Figure 7b shows that STR presents a higher dependence on the cutting parameters studied than
PAR. On one hand, the highest values are always obtained for vc = 80 m/min, regardless f. In addition,
a general trend to increase STR with f is observed, mainly from f = 0.05 to 0.10 mm/r and from f = 0.15
to 0.20 mm/r. On the other hand, for the low range of f studied (0.05 to 0.10 mm/r), STR tends to
increase with f, regardless vc. Nevertheless, in general terms, vc seems to be the most influent parameter.
Moreover, its effect increased when it is combined with the highest vc (80 m/min). In addition, these
results show higher deviations than other research with a less slender workpiece [9,40].

These results can be explained taking into account how PAR and STR are measured along the
machining length. This fact results in a higher dependence of those geometrical deviations on the
built-up edge (BUE) formation and detaching vibrations and/or deflections of the specimen. Figure 8
shows the tool rake face for vc = 40 m/min, for f 0.05 and 0.10 mm/r. These images show that the
indirect adhesion wear phenomenon is higher for 0.10 mm/r. A similar trend was found for vc = 60
and 80 m/min. Therefore, STR is more sensitive to the BUE formation at low f. For higher f values
(0.15–0.20 mm/r), STR becomes less sensitive to BUE (with similar intensity at high f values) and more
sensitive to vibrations, more noticeable for vc = 80 m/min (Figure 9).

Figure 8. Stereoscopic optical microscopy (SOM) of the tool rake face (40×) after the tests performed
for (a) f = 0.05 mm/r and (b) f = 0.10 mm/r, for vc = 40 m/min.
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Figure 9. Stereoscopic optical microscopy (SOM) of the tool rake face (40×) after the tests performed
for (a) f = 0.15 mm/r and (b) f = 0.20 mm/r, for vc = 80 m/min.

These results have revealed two important differences with previous research on similar alloys,
in which more rigid specimens were used [9,40]. First, both PAR and STR have shown higher values.
As a result, these macro-geometrical deviations tend to increase with the specimen slenderness.
In addition, previous work did not reveal a clear influence of the cutting parameters on PAR and
STR. However, only vc seemed to be slightly more influential at high values. However, in this work,
PAR and STR behavior was more sensitive with f, and its effect was maximized at a high cutting speed.

3.2. Circular Run-out, Roundness and Concentricity

Figure 10 shows CRO experimental results as a function of the cutting parameters for each section.
With the different sections (1–6) in mind, the specimen slenderness and the experimental setup rigidity
play a special role. Further sections from the chuck (1–3) have exhibited higher CRO deviations,
whereas closer sections (4–6) have shown lower values. This general trend is more noticeable for vc = 40
and 60 m/min, regardless of f, whereas it is less evident for vc = 80 m/min. Therefore, the specimen
slenderness and rigidity are more influential at low vc. Nevertheless, vibrations become more relevant
at high vc.

Figure 10. Cont.
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Figure 10. Circular run-out deviations for (a) vc = 40 m/min, (b) vc = 60 m/min and (c) vc = 80 m/min.

In addition, Figure 11 plots the average CRO (taking all sections into account) as a function of f
and vc. In general, f seems to be the most influential parameter. The circular run-out (CRO) exhibits a
general trend to increase with f, regardless vc. This fact becomes more noticeable at high cutting speed
values. The general trend is less clear with regard to vc. Between f = 0.05 and 0.10 mm/r, the highest
CRO value is obtained for vc = 40 and 60 m/min, respectively. However, for f = 0.20 mm/r, the worst
result is found for vc = 80 m/min. As a result, the combination of the highest f and vc values result
in the highest CRO deviations. The high vibration levels, produced when the high values of cutting
speed and feed are used, should explain this behavior.

Figure 11. Circular run-out mean values as a function of cutting speed (vc) and feed (f ).

The RON and CON deviations can be calculated from CRO experimental results and Equations (1)
and (2).

Figure 12 plots the RON experimental results in the function of the cutting parameters, for each
section. A general trend to increase RON deviations in the function of f can be observed, regardless of
vc. However, a strong increment in the function of vc can be noticed for f = 0.20 mm/r. Trivial variations
of RON in the function of the section relativity position can be observed, except for vc = 80 m/min
and f = 0.20 mm/r, where severe cutting conditions show an increase on the central sections (2–5).
Taking into account that feed is the most influenced parameter in cutting forces, regardless of vc [31,44],
this fact can be explained due to an increment of deflections, especially in a slender specimen, where
the cutting forces are increased in the higher range of f. Notably, the CON evolution for the different
sections measured can be considered as a function or the results shown for CRO (Figure 10) and RON
(Figure 12).
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Figure 12. Roundness deviations for (a) vc = 40 m/min, (b) vc = 60 m/min and (c) vc = 80 m/min.

Figure 13 plots the RON and CON mean values (considering all the sections) as a function of f and
vc. A general trend to increase RON mean values with f is observed, regardless of vc, as in Figure 13a.
This increment is more evident from f = 0.15 to 0.20 mm/r and softer for vc = 40 m/min. Regarding vc,
the general trend is less clear. Only between f = 0.15 and 0.20 mm/r there is a trend to increase RD
with vc. The worst results are obtained when the highest values of f (0.20 mm/r) and vc (60 and 80
m/min) are tested. Hence, the trend is very similar as that observed for CRO. Nevertheless, the cutting
parameters influence is more evident on RON than on CRO. This fact is a consequence of deleting
the concentricity effect, which shows a less clear trend with the cutting parameters, as in Figure 13b.
The CON average values (Figure 13b) show a general trend to increase with f, but softer than RON.
Regarding vc, the CON values are more scattered, showing different behavior at a low and high feed.

Figure 13. Mean deviations values in function of vc and f for (a) roughness and (b) concentricity.
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Considering that CRO is related with RON and CON, it is necessary to point out that CON takes
more importance in CRO for low vc and f values, whereas RON influence is more noticeable for
higher values.

The found trend is slightly different from those obtained in previous research for UNS A97075 and
UNS A92024 alloys [9,40]. CRO and RON sensitivity to change with the cutting parameters was very
low (in specimens with higher rigidity). Nevertheless, this sensitivity increases when the specimen
geometry is less rigid, especially with f. In addition, the deviations values are significantly higher for
high slenderness specimens.

3.3. Total Circular Run-out and Cylindricity

Figure 14a shows the TCRO values as a function of vc and f. No clear trend can be observed as a
function of vc or f for this deviation. From f = 0.05 to 0.10 mm/r, TCRO tends to increase for vc = 60
and 80 m/min, whereas it tends to decrease for vc = 40 m/min. From f = 0.10 to 0.20 mm/r, its value
remains more or less constant, for vc = 40 and 60 m/min, regardless of f. However, TCRO only shows
a general trend to increase with f for vc = 80 m/min. This fact is more noticeable for f = 0.20 mm/r,
where the worst result is obtained. Therefore, TCRO exhibits less sensitivity to change with the cutting
parameters than CRO, RON or STR, and similar to CON. The value of TCRO strongly depends on the
maximum value of CRO in each section, but also on the angular position where that maximum value
is obtained. Therefore, the maximum value for CRO in one section may occur in a different angular
position than another one and, as a result, the effect of the cutting parameters may be less evident.

Figure 14. Mean deviations values as a function of vc and f for the (a) total circular run-out, and
(b) cylindricity.

Finally, Figure 14b plots the CYL values as a function of f and vc. For this deviation, the influence
of f is more evident. A general trend to increase CYL with f can be observed in a wide range of vc

studied. This effect is more noticeable at vc = 80 m/min, mainly at higher f values (0.15–0.20 mm/r).
The worst results appear when the highest f (0.20 mm/r) is combined with high vc (60 and 80 m/min).
For vc = 60 m/min, this trend is fulfilled from 0.05 to 0.10 mm/r and 0.20 mm/r. Nevertheless,
for f = 0.15 mm/r, a significant decrease is observed. Therefore, in a similar way than CRO, RON or
STR, CYL exhibits a higher sensitivity to change with f than vc. This behavior was to be expected,
taking into account that CYL combines the effect of the profile deviations along the specimen length,
as well as along its section.

3.4. Geometrical Tolerance in Rotating Bar Bending Specimens

ISO 1143:2010 standard establishes the different geometrical tolerances for the rotating bar bending
specimen, in order to minimize their effect in the fatigue behavior. In this sense, in the expected
fatigue fracture zone, the standard indicates a CYL and CON maximum tolerance deviation. These
requirements are 20 μm for CYL and 15 μm for CON, between sections S1 and S6 [11]. Nevertheless,
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the geometrical deviations in a manufacturing process are usually far from the standard requirements.
Therefore, it may be interesting to compare these requirements with those obtained in the manufacturing
process under different conditions.

On the one hand, the CON values were below the required standard limit, in general. Only higher
values of f (0.15 and 0.20 mm/r), in combination with high vc (60 and 80 m/min) exceed that limit.
Therefore, the influence of CON on fatigue behavior may not be neglected under these cutting
conditions. On the other hand, only for low f and vc value combinations (f = 0.05 mm/r, vc = 40
and 60 m/min), the CYL results were below the standard requirements (Figure 12b). This is due to
the stronger influence of the cutting parameters on this geometrical deviation. As a result, there is
a wide range of cutting conditions where the CYL deviations should be considered in the fatigue
behavior analysis.

3.5. Parametric Models for Macro-Geometrical Deviations

The experimental results suggest the possibility of obtaining parametric models that allow relating
some of the analyzed geometrical deviations with the cutting parameters. These experimental models
may be useful to predict these deviations before machining [9,40]. These models were developed for
those deviations (GD) that have shown a greater dependence on the cutting parameters (STR, CRO and
RON). Different models were tested. The best fit was obtained for a potential model, as shown in
Equation (3).

GD = C · vx
c f y (3)

where C, x and y are constant. Table 4 shows the results obtained for these constants. It is necessary
to point out that these models have shown, in general, a reasonable fit (coefficient of determination,
R2 ≈ 0.6–0.7).

Table 4. Model coefficients.

GD C x y

STR 0.120 1.574 1.123
CRO 119.720 0.028 0.584
RON 5.297 0.736 0.832

Figure 15 plots the experimental data versus the model results, for STR, CRO and RON respectively.
Regarding STR, both cutting parameters (f and vc) show a strong influence on the model. Nevertheless,
the higher value of the x exponent indicates a higher influence of the cutting speed. This is in
good agreement with the experimental results (previously discussed). Only for f = 0.20 mm/r and
vc = 80 m/min, the model shows a worse fit (Figure 15a).

Figure 15. Cont.
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Figure 15. Potential models as a function of vc and f (a) straightness, (b) circular run-out and
(c) roundness.

This fact may be a consequence of the higher dispersion in the experimental data. This can
be considered as normal, taking into account the higher vibration levels obtained for this cutting
parameter combination, as previously discussed.

With regard to CRO, the x low value indicates a negligible influence of vc. This fact can be also
observed in Figure 15b. Therefore, f is the most influential parameter. This is in good agreement with
the experimental observations, as previously commented. However, this is the model that showed
a worse fit. This may be explained due to the fact that CRO includes the effect of RON and CON.
The effect of the cutting parameters on CON was not clear. As a result, the CRO experimental results
exhibited higher dispersion and, therefore, the model for CRO showed a lower fit (Figure 15b).

Finally, the model for RON shows a similar value for x and y. Hence, the influence of both cutting
parameters (vc and f ) is similar, as previously commented. In addition, the model for RON shows a
better fit than for CRO. However, as it happens for STR, the model shows a lower fit for the highest
values of vc and f. As a result, it is useful only for the low range of vc and f studied.

Additionally, Figure 16 plots these parametric potential models in 3D, where each geometrical
deviation is represented by a surface. As previously commented, Figure 16a,c (STR and RON,
respectively) show a strong dependence of vc and f, whereas Figure 16b exhibits a very low influence
with vc. In addition, an increment in these deviations can be observed when the cutting parameters
are increased.

Figure 16. Cont.
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Figure 16. Potential models for (a) STR = g(vc, f ), (b) CRO = h(vc, f ) and (c) RON = j(vc, f ).

It is necessary to point out that similar models have been obtained in previous research,
for specimens with low slenderness (UNS A97075 and UNS A92024 alloys) [9,40]. Those models
presented an exponential form for these macro-geometrical deviations under similar cutting conditions.
Notwithstanding this, they exhibited a lower sensitivity to change with the cutting parameters due to
the higher rigidity of the specimens’ geometry. Therefore, the potential models presented in this work
are more suitable for specimens with higher slenderness. Finally, it is necessary to highlight that these
models are valid within the range of the tested cutting parameters and under the cutting conditions
exposed. The general validity of these models should be contrasted in further works, under different
conditions. However, they are useful for a better understanding of the experimental results obtained.

4. Conclusions

In this work, the influence of the cutting speed and feed on several macro-geometrical deviations
(parallelism, straightness, circular run-out, roundness, concentricity, total circular run-out and
cylindricity) in dry turning of UNS A97075 (Al-Zn) alloy was analyzed. The analysis was performed
using high slenderness parts in order to compare the experimental results with previous research
carried out with more rigid parts.

Straightness has exhibited a general trend to increase with the feed, regardless the cutting speed.
This trend was more evident at low feed values. The worst results were obtained when the highest
cutting speed and feed rate were combined. These results should be explained taking into account
that this deviation is measured along the specimen length. Therefore, it is influenced by the BUL and
BUE formation and detaching, the process rigidity, the part slenderness and vibrations. On one hand,
at low feed, the BUE formation and detaching becomes more relevant and the feed rate influence is
more noticeable. On the other hand, at high cutting speed, vibrations become more relevant and the
sensitivity to change with the cutting speed is higher.

Regarding parallelism, the influence was less evident and no clear trend was found as a function
of the feed rate or cutting speed. Notwithstanding this, the obtained results for both deviations were
higher than those obtained in previous works with more rigid parts under similar cutting conditions.

The circular run-out and roundness showed a general trend to increase with the feed rate.
This dependence was more evident for the roundness. The cutting speed influence was lower in both
cases. The feed rate effect worsened when it was combined with high cutting speeds. With regard to
the evolution of those deviations along the specimen section, further sections from the chuck have
shown higher deviations, whereas closer sections have exhibited lower values. This general trend
was more noticeable at a low cutting speed, regardless of f. In addition, an increased f influence was
observed in the sections more distant from the chuck. Hence, vibrations became more relevant at a
high spindle rotational speed, whereas the specimen slenderness and rigidity were more influential at
a low cutting speed.
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Regarding concentricity, no clear trend was found. Therefore, its sensitivity to change with the
cutting parameters was lower. Usually, this deviation is more influenced by the rigidity setup and
spindle concentricity than by the cutting parameters.

Furthermore, no clear trend was observed as a function of the cutting parameters for the total
circular run-out. Therefore, this deviation exhibited lower sensitivity to change with the cutting
parameters. This fact may be explained taking into account that this deviation strongly depends on the
maximum value of the circular run-out in each section, but also on the angular position for this value.

With regard to cylindricity, this deviation showed a general trend to increase with the feed rate in
a wide range of cutting speeds studied. Its sensitivity to change with the feed was higher than with the
cutting speed, in a similar way than the circular run-out, the roundness or the straightness. This is due
to the fact that cylindricity combines the effect of the profile deviations along the specimen length,
as well as along its section.

Therefore, the experimental results revealed higher sensitivity to change with the cutting
parameters than the results obtained in previous research with lower slenderness parts, for most
macro-geometrical deviations. In addition, the feed rate seems to be the most influential parameter
whereas the cutting speed has shown less influence. On the other hand, the obtained deviations have
been noticeably higher in parts with lower slenderness, compared with those obtained in previous
research with more rigid parts of UNS A92024 and UNS A97075 alloys.

Additionally, the experimental results for CON and CYL have been compared with the quality
requirements of the specimens used in the rotating bar bending fatigue test standard (ISO 1143:2010).
The results revealed that there is a wide range of cutting conditions where both geometrical deviations
should be considered for the fatigue behavior analysis.

Finally, a set of potential parametric models were proposed for STR (vc, f ), CRO (vc, f ) and RON
(vc, f ). These models exhibited a reasonable fit for STR and RON, whereas the fit for CRO was lower.
These models may be useful to analyze the influence of cutting conditions (vc, f ) in these deviations
before machining. It is necessary to point out that these models are useful in the range of cutting
conditions evaluated and can be considered as a first step to obtain more complex models. In addition,
these models were compared with other models obtained from the tests with less slender specimens
(20 times less slenderness). In spite of this, the results dispersion is of the same order.

It is necessary to point out that although the study was carried out on the parts with a geometry
different from that used for the manufacture of aircraft structural parts, this work revealed the
importance of this kind of analysis in further works. In addition, it can be considered as the
starting point to analyze the influence of the geometrical deviations on mechanical properties, such as
fatigue behavior.
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Abstract: The effects of different tool edge geometries (hone and chamfer (T-land)) on quantitative
measurement of end (exit) burr and chip segmentation (frequency and degree) in machining of
AA2024-T351 are presented in this work. The finite element (FE) approach is adopted to perform
cutting simulations for various combinations of cutting speed, feed, and tool edge geometries. Results
show an increasing trend in degree of chip segmentation and end burr as hone edge tool radius or
chamfer tool geometry macro parameters concerning chamfer length and chamfer angle increase.
Conversely, the least effects for chip segmentation frequency have been figured out. Statistical
optimization techniques, such as response surface methodology, Taguchi’s design of experiment,
and analysis of variance (ANOVA), are applied to present predictive models, figure out optimum
cutting parameters, and their significance and relative contributions to results of end burr and
chip segmentation. Various numerical findings are successfully compared with experimental data.
The ultimate goal is to help optimize tool edge design and select optimum cutting parameters for
improved productivity.

Keywords: tool edge preparation; segmented chip; machining simulation; burr; optimization

1. Introduction

Aluminum alloys are widely used in the aerospace industry due to their excellent
strength-to-weight ratios and thermal properties. Aluminum alloys are categorized as easy to machine
materials and are ideal candidates to subject to dry high-speed machining. However, certain complex
combinations of tool materials, tool cutting angles (mainly rake angles), tool edge geometry (hone
edge and chamfer edge), chip breaker profiles, cutting process parameters, machine dynamics, among
others, greatly influence high-speed cutting processes and may result in high cutting temperatures
and intense localized deformations, as reported in numerous experimental and numerical studies
performed on aluminum alloys, such as AA2024-T351, AA7010-T7451, and AA7050-T7451. The severe
cutting conditions lead to highly segmented chip morphology (higher “chip segmentation frequency”
and higher “degree of chip segmentation”), poor surface finish, compromised surface integrity, along
with high residual stresses and early failure of tools [1–5].

Furthermore, burr formation is another unlikely phenomenon associated with machining processes.
Burr (the undesired and detrimental sharp material formed on workpiece edges) is formed during
machining of metallic materials and composite/metal stacks in all sorts of machining processes, such
as drilling, milling, turning, and broaching. However, ductile of machining materials generally
results in pronounced burr lengths [6,7]. Deburring or burr removal is a necessary process before
the component is ready for its functional life, providing the required surface quality and allowing
integration into product assembly. Various mechanical, thermal, electrical, or chemical deburring
processes employed in industry are costly, require technical expertise, and are quite time consuming [6,7].
These non-value-added post-machining deburring processes undermine the benefits of high-speed
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machining of aluminum alloys. All of this necessitates the optimization of cutting parameters, tool
materials, and angles and edge geometries to improve machined component quality, improve tool
life, and eventually increase productivity. Worthy analytical, experimental, and numerical efforts
have been carried out in this context to comprehend the chip formation process [8–12] and optimize
cutting parameters to control surface quality and residual stresses [13–15]. Most recently, an integrated
finite element and finite volume numerical model was presented by Hegab et al. [16] to analyze
nano-additive-based minimum quantity lubrication (MQL) effects on machining forces, temperatures,
and residual stresses. A considerable decrease in cutting temperatures and residual stress was reported
using nano-additive-based MQL. This ultimately will help to increase tool life and improve surface
integrity. Furthermore, physical comprehension of burr formation mechanisms and burr control
through parametric optimization and tool and workpiece geometry optimization have also been widely
discussed in literature [3,4,6,7,17–19].

The present work aims to examine the effect of tool edge geometry design (hone (round) edge
and chamfer (T-land) edge), also called “tool edge preparation”, on chip formation, chip segmentation
frequency, degree of chip segmentation, and exit burr formation processes. Various combinations
of two macro-level parameters of chamfer edge geometry, namely chamfer length (lβ) and chamfer
angle (γβ), and the macro geometry of the hone edge radius (rβ) are investigated (Figure 1, Section 2.1).
Micro-level cutting edge geometry segments such as “cutting edge segment on flank face” and “cutting
edge segment on rake face”, as discussed by Denkena et al. [19], are not considered, as feed values
taken in the current study are higher than the equivalent edge radii (Table 1, Section 2.1). Additionally,
the workpiece material in the vicinity of the stagnation point (around which micro cutting geometry
is defined by Denkena et al. [19]) is extremely deformed during machining and is removed during
simulation after attaining the defined damage criteria (described later in Section 2.2).

To simulate chip segmentation and exit burr formation processes for orthogonal cutting of
AA2024-T351 finite element analyses using various combinations of tool edge geometry, cutting speed
and feed tests were performed. Higher values for the tool edge chamfer length (lβ), chamfer angle
(γβ), and hone edge radius (rβ) will certainly increase the negative rake angle in the vicinity of the
stagnation point, and the increased workpiece area will experience high thermo-mechanical load. This
will largely influence the primary shear zone, negative shear zone (responsible for exit burr formation),
and material degradation, in turn reducing the augmentation of chip segmentation and leading to
longer burr lengths. Chip segmentation and exit burr formation processes are the main focus of the
present work due to their direct and indirect effects on machined surface quality and tool life. For
example, chip segmentation frequency and degree of chip segmentation directly dictate residual stress
patterns, intensity, and depth on machined surfaces [11,20]. The chip segmentation phenomenon
also causes fluctuating cutting forces and harmful chatter vibration affecting machined surface and
tool life [21–23], whereas burr not only influences machined surface quality but also influences the
fatigue life of machined parts [4,6,7]. A phenomenal shift from “thermal softening” to “crack initiation
and propagation” has also been highlighted [12,21,24], causing formation of segmented chips using
varying tool edge geometries, cutting speeds, and feeds. This paper also provides more comprehensive
information on burr formation (“negative burrs” at the exit end of workpiece), crack propagation
at the front of the tool edge, formation of negative shear zones and pivot point locations, boot-type
chip formation, and associated burr generation phenomena. The eventual aim of the presented
work is to provide further insight into chip and burr formation in machining of AA2024-T351 and
to optimize cutting parameters and tool edge design for improved productivity, employing a finite
element (FE)-based design and analysis approach. Numerically computed results of chip morphology,
cutting forces, and chip segmentation frequency are compared with the ones obtained previously by
performing orthogonal cutting experimental investigations on AA2024-T351 under similar cutting
conditions [11].

A full factorial Taguchi’s design of experiment (DOE) technique is employed to determine optimum
combinations of tool edge geometry, cutting speed, and cutting feed to curtail burr lengths, chip
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segmentation frequency, and degree of chip segmentation. Analysis of variance (ANOVA) is performed
to determine the percentage influence of these factors on exit burr lengths, segmentation frequency,
and degree of segmentation. Response surface methodology (RSM)-based quadratic predictive models
are also proposed.

2. Finite Element Based Orthogonal Cutting Model

2.1. Geometrical Model, Mesh, Constraints, and Hypothesis

Figure 1 shows workpiece and tool geometrical models for orthogonal cutting cases, conceived in
Abaqus explicit software (Abaqus, 6.16, Dassault Systemes, Johnston, RI, USA, 2016). For the present
work, six different cutting edge geometries are considered: two hone edge (rβ = 5 μm and 20 μm) and
four chamfer edge (chamfer length (lβ) = 0.1 mm, chamfer angle (γβ) = 15◦; lβ = 0.1 mm, γβ = 25◦;
lβ = 0.2 mm, γβ = 15◦; lβ = 0.2 mm, γβ = 25◦) technologies. In the current work, chip separation is
based on ductile damage of a predefined sacrificial material layer approach [11], named the “chip
separation zone” in Figure 1. The width of the “chip separation zone” is kept to the order of the tool
hone edge radius (rβ), as per experimental evidence [25]. For hone edge radii of 5 μm and 20 μm,
the “chip separation zone” width is taken as 20 μm, while for chamfer edge geometries, the “chip
separation zone” is taken as the “equivalent radius (req)” of chamfer edge geometries, as shown in
Figure 1 and summarized in Table 1.

 
Figure 1. Orthogonal geometrical model and constraints.
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Table 1. The “chip separation zone” width for various tool edge geometries.

Tool Edge Geometry Equivalent Radius, req (μm) “Chip Separation Zone” Width (μm)

Hone edge (rβ = 5 μm) 5 20
Hone edge (rβ = 20 μm) 20 20

Chamfer length (lβ) = 0.1 mm,
chamfer angle (γβ) = 15◦ 80 80

Chamfer length (lβ) = 0.1 mm,
chamfer angle (γβ) = 25◦ 90 80

Chamfer length (lβ) = 0.2 mm,
chamfer angle (γβ) = 15◦ 166 170

Chamfer length (lβ) = 0.2 mm,
chamfer angle (γβ) = 25◦ 180 170

In the FE model, the tool rake angle = 17.5◦ and the clearance angle = 7◦, and the profile of
insert chip breaker geometry are obtained using scanning electron microscope (SEM: Zeiss SUPRA
55-VP FEGSEM, Oberkochen, Germany) and are similar to that of Sandvik’s “uncoated carbide insert:
CCGX 12 04 08-AL 93 H10 (Sandvik Coromant Sandviken, Sweden)” geometry used in experimental
work [11]. The workpiece geometry is modeled initially in three parts: the “machined workpiece”,
“chip separation zone”, and the chip (with specific feed, f ). Later on, parts are assembled, as per
Figure 1, with the Abaqus built-in tie constraint algorithm, which ensures that all parts behave as a
single entity during simulation. The objective for generating distinct parts (the “machined workpiece”,
“chip separation zone”, and chip) lies in the ease of defining different material behaviors and governing
equations in different sections of the workpiece.

During machining, heat is generated due to plastic work and friction at the tool and workpiece
interface; therefore, to perform coupled temperature–displacement simulations, both the tool and
workpiece are meshed with four-node, bilinear, quadrilateral continuum, displacement and temperature,
reduced integration elements (CPE4RT), using the plane strain hypothesis. In these elements, along
with displacement, temperature is also a nodal variable. Selection of an optimum mesh density in metal
machining simulation producing physical results is quite challenging because of the non-availability of
a specifically defined criterion in the literature. However, as a general rule, the finer the mesh, the
higher the cutting force due to the size effect phenomenon [2]. A mesh sensitivity analysis for various
mesh densities (Figure 2) was performed for f = 0.4 mm/rev and VC = 100 m/min. The increase in
cutting forces as a function of mesh density can be figured out. An asymptotic value of mesh size of
approximately 25 μm was achieved. Any further decrease in mesh density will not change cutting
forces considerably, however, it will attract a time penalty in numerical simulation. A mesh density in
the order of 20 μm is chosen in the “chip separation zone”, chip, and upper layer (~0.3 mm) of the
machined workpiece. The workpiece is fully constrained, while the tool advances with defined cutting
speed in the x-direction during simulation, as shown in Figure 1. Cutting simulations were performed
with twenty-four various combinations of cutting speed (VC), feed (f ), and tool edge geometries
(Table 2).
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Figure 2. Average cutting force (N) for various mesh densities (μm) for plain strain conditions.

Table 2. Levels of cutting parameters.

Level

Factors

Tool Edge Equivalent
Radius, req (μm)

Cutting Speed, VC
(m/min)

Feed Rate, f
(mm/rev)

1 5 800 0.3
2 5 400 0.3
3 20 800 0.3
4 20 400 0.3
5 80 800 0.3
6 80 400 0.3
7 90 800 0.3
8 90 400 0.3
9 166 800 0.3
10 166 400 0.3
11 180 800 0.3
12 180 400 0.3
13 5 800 0.4
14 5 400 0.4
15 20 800 0.4
16 20 400 0.4
17 80 800 0.4
18 80 400 0.4
19 90 800 0.4
20 90 400 0.4
21 166 800 0.4
22 166 400 0.4
23 180 800 0.4
24 180 400 0.4

2.2. Material Behavior, Chip Separation, Friction, and Thermal Models

The workpiece material’s behavior is defined by the Johnson–Cook thermo-elasto-visco-plastic
constitutive model (Equation (1)). This law adequately defines material behavior in high-speed
metal deformation applications. Chip formation and separation are based on the evolution of ductile
fracture [5]. The Johnson–Cook shear damage model (Equation (2)) is used to simulate ductile damage.
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Initially, Equation (3) is used to calculate scalar damage initiation. Then, modeling of damage evolution
is based on Equation (4), representing the linear evolution of scalar damage evolution parameter (D),
and Equation (5), representing the exponential evolution of scalar damage evolution parameter (D).
Equations (4) and (5) are used in chip separation and chip regions, respectively. In the latter equation,
Gf, represents the fracture energy required to open the unit area of a crack, as per Hillerborg et al.’s
fracture energy proposal [26], and is considered a material property. As per the approach, the material
softening response after damage initiation is characterized by a stress–displacement response rather
than a stress–strain response, and fracture energy is then given as Equation (6). In the present work, Gf
is taken as an input material parameter calculated by Equation (7). Finally, Equation (8) is used to
calculate the equivalent plastic displacement at failure.
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During the progression of material damage, as the damage evolution parameter (D) approaches a
value of one, it is assumed that the element’s stiffness is fully degraded and that it can be removed from
the mesh. Hence, chip separation from the workpiece body is realized. The tool (tungsten carbide) is
modeled as a purely elastic body in the present work. Tool and workpiece material properties and
model equation parameters are shown in Tables 3 and 4, respectively.
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Table 3. Physical properties of tool and workpiece materials [11].

Parameters Workpiece (AA2024-T351) Insert (Tungsten Carbide)

Density, ρ 2700 11,900
Young’s modulus, E 73,000 534,000

Poisson’s ratio, ν 0.33 0.22
Fracture energy, Gf 20 × 103 X

Specific heat, Cp 0.557 T + 877.6 400
Expansion coefficient, αd 8.91−3 T + 22.2 X

Thermal conductivity, λ 25 ≤ T ≤ 300: λ = 0.247T + 114.4
300 ≤ T ≤ Tm: λ = −0.125T + 226 50

Meting temperature, Tm 520 X
Room temperature, Tr 25 25

Fracture toughness (KIC and KIIC) 26 and 37 X

Table 4. Johnson–Cook model parameters for AA2024-T351 [11].

A B n C m D1 D2 D3 D4 D5

352 440 0.42 0.0083 1 0.13 0.13 −1.5 0.011 0

During the machining process, heat is produced due to friction and plastic work. Conduction is the
only mode of heat transfer considered in the present work, while the definition of contact conductance
between the tool and workpiece ensures thermal conduction between them. Heat generation due to
plastic work is modeled via Equation (9).

.
qp = ηpσ.

.
ε (9)

where
.
qp is the heat generation rate due to plastic deformation and ηp is the plastic (inelastic) heat

fraction, taken as equal to 0.9. The heat generation rate due to friction is calculated by employing
Equation (10).

.
q f = ρCp

ΔT f

Δt
= η f J τf

.
γ (10)

An amount of heat J (from the fraction of dissipated energy ηf caused by friction) remains in the
chip (1 − J) and is conducted to the tool. The fraction of heat J is a function of conductivities and
diffusivities of tool and workpiece materials [27]. These thermal properties are temperature-dependent
(Table 3) and vary with tool and workpiece contact during highly dynamic cutting processes. All of
this makes it quite challenging to consider an accurate value of J for tool–workpiece contact. Therefore,
in the present work the Abaqus default value of J = 0.5 is taken. The steady state, two-dimensional
form of the energy equation is given by Equation (11).
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Accurate and precise definition of friction characteristics between the tool and workpiece is
important as well as challenging, since it depends on tool and workpiece material properties and
geometries, cutting temperature, cutting speed, contact pressure, cutting forces, and contact length,
among others [28,29]. Valuable research studies have been dedicated to this important aspect of metal
machining to develop a more precise and realistic friction model under variable cutting conditions,
owing to its importance in affecting the chip geometry, built-up edge formation, cutting temperature, tool
wear, and surface integrity, among others. Application of these friction models in finite-element-based
machining models can be taken into account when numerical models are based on the Eulerian
formulation; nevertheless, it is still challenging when numerical models are based on the Lagrangian
formulation. In the finite element cutting models based on the latter formulation, the workpiece mesh
experiences high deformation in the vicinity of the tool–workpiece interaction. Simultaneously, when
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damage and fracture energy approaches are used in constitutive models, the contact conditions become
highly dynamic and complex. As the present work is based on the Lagrangian formulation, to avoid
complexities in simulation, a basic Coulomb’s fiction law has been adopted.

3. Results and Analysis

3.1. Finite Element Analysis and Discussion

Coupled temperature displacement cutting simulations for 24 combinations of feed, cutting
speed, and tool edge geometries were performed, as per Table 2. Computational results concerning
cutting forces, chip segmentation frequency, chip segmentation intensity, temperature distribution
in the workpiece and tool, and end (exit) burr are calculated. Results of average cutting forces,
chip morphology, and chip segmentation frequency (with tool edge equivalent radius, req = 20 μm)
are compared with the related available results of the experimental work [11]. Numerical results
of cutting forces are found to have good correlation with the related experimental ones, as shown
in Table 5. The results of chip segmentation frequencies for levels 15 and 16 (VC = 800 m/min,
f = 0.4 mm/rev, req = 20 μm and VC = 400 m/min, f = 0.4 mm/rev, req = 20 μm) adequately correspond
to their experimental counterparts. However, chip segmentation frequencies for levels 3 and 4
(VC = 800 m/min, f = 0.3 mm/rev, req = 20 μm and VC = 400 mm/min, f = 0.3 mm/rev, req = 20 μm) do
not correspond well. The latter is due to the fact that at lower cutting feeds, segmentation intensity
decreases (i.e., more uniform chip or less intense segmented chip morphology results). A more refined
mesh would be required to obtain more accurate “segmentation frequency” results at lower cutting
feeds, which would attract a greater time penalty in numerical simulations. Numerical findings
(as presented in Table 5 and Figure 3a) only at levels 3, 4, 15, and 16 are compared with available
experimental data results [11]. This comparison is made to validate the numerical model, whereas
the rest of the numerical simulations made with various combinations of speed, feed, and tool edge
geometry (levels 1, 2, 5–14, and 17–24) are merely exploitation of the validated numerical model (with
no experimental results found in the literature). Numerically simulated and experimentally acquired
chip morphologies (level 15 only) are compared in Figure 3.

Table 5. Numerical and experimental [11] comparison of mean cutting forces (at constant cutting depth,
aP = 4 mm) and chip segmentation frequencies.

Levels
Numerically
Computed

Cutting Forces (N)

Experimentally
Registered

Cutting Forces (N)

Numerically
Computed Chip
Segmentation

Frequency (kHz)

Experimentally
Registered Chip

Segmentation
Frequency (kHz)

3 669 769 53 90
4 657 769 26 37
15 840 976 63 65
16 833 978 31 32

3.1.1. Cutting Parameters and Tool Geometry Effects on Chip Segmentation Frequency and
Segmentation Intensity

In almost all parametric combinations of cutting speed, feed, and tool edge radius, a slightly
segmented to highly segmented chip morphology is reported. This shows the high plasticity properties
of the alloy. Segmented chips (with high segmentation frequency and segmentation intensity) negatively
affect machined surface integrity in terms of the quality of the surface profile, residual stress patterns,
and the intensity of residual stresses. In the literature, these chips were also reported to produce periodic
fluctuations in cutting forces and tool vibrations, which eventually effect tool life. The mechanism
of formation of segmented chips is still not well understood, owing to the complex nature of the
machining process, which is greatly influenced by the material properties and microstructure, tool
geometries, cutting parameters, machine tool dynamics, and friction, among others [12,30]. However,
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there are mainly two theories explaining the phenomenon of chip segmentation in most of the ductile
materials: (a) thermoplastic deformation and formation of adiabatic shear bands because of thermal
softening; and (b) fracture, where cracks initiate and propagate in the primary shear zone [12]. In the
present work, both phenomena have been witnessed.

 

Figure 3. Chip morphology for cutting speed VC = 800 m/min, f = 0.4 mm/rev, req = 20 μm (level 15):
(a) numerically simulated; (b) experimentally generated.

At high cutting speed, frictional resistance causes an increase in cutting temperatures at the
tool–workpiece interface, resulting in thermal softening (Figure 4). The thermal softening phenomenon
dominates strain hardening, the material stiffness degrades (lower stresses in the vicinity of the tool
edge; Figure 3a), and the material flows in the primary shear zones with ease, leading to generation of
adiabatic shear bands. Apart from obvious results of higher cutting temperatures due to higher cutting
speed, it can also be seen from Figure 4 that an increase in tool edge radius (especially tools with chamfer
geometry) results in lower cutting temperatures. Similar trends have also been reported by Ozel [31] for
cutting of AISI H-13 with cubic boron nitride (CBN) cutting inserts. This phenomenon is due to the size
effect (i.e., more specific cutting energy is required as the tool radius increases in comparison to uncut
chip thickness). A wider area now experiences plastic deformation, which requires more energy, and
more heat is generated. However, the heat due to inelastic work is more easily dispersed over a large
surface area with a larger equivalent edge radius, and consequently maximum temperatures are lower.
At higher feed, higher temperatures are produced due to larger amount of plastic work (Figure 4).
However, the rate of increase of temperature is not high enough (for feed variation studied in this work
this ranges from 0.3 to 0.4 mm/rev) to cause any considerable thermal softening. Furthermore, at higher
feed values, due to length effect, longer segments of chips are generated (i.e., frequency of segments
will decrease). This shows that higher cutting speeds supplemented with a lower feed rate and lower
tool edge radius promote formation of more adiabatic shear bands (high frequency of segmented
chip morphology), mainly due to thermal softening. Segmentation frequency is greatly influenced by
variation of cutting speed, while segmentation intensity or degree of chip segmentation, calculated by
“(hmax − hmin)/hmax”, seems to be least effected by speed variation, as can be seen in Figure 5.
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Figure 4. Maximum nodal temperature evolution for cutting speeds, feed, and tool edge
radius variations.

 

Figure 5. Cutting speed effect on segmentation frequency and degree of chip segmentation:
(a) Segmentation frequency for f = 0.3 mm/rev; (b) Segmentation frequency for f = 0.4 mm/rev;
(c) Degree of chip segmentation for f = 0.3 mm/rev; (d) Degree of chip segmentation for f = 0.4 mm/rev.

Figure 6 shows that an increase in cutting edge radius rarely influences the segmentation frequency,
which largely influences the degree or intensity of segmentation. Indeed, as the chamfer tool angle (γβ)
increases, the effective rake angle in the vicinity of the stagnation point becomes more negative, and as
the chamfer tool length (lβ) or hone edge radius (rβ) increase, the workpiece area experiences high
thermo-mechanical load, leading to initiation and propagation of fracture in the primary shear zone.
Furthermore, it can be noticed that chamfer tool length (lβ) contributes more than chamfer tool angle
(γβ) in intensifying the degree of segmentation and the equivalent edge radius (Table 1). On the other
hand, as discussed previously and depicted in Figure 4, the increase in cutting edge radius results in
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decreasing temperature; hence, thermal softening is not the dominant or responsible mechanism for
chip segmentation at higher values of tool cutting edge radii.

Figure 6. Edge radius effect on segmentation frequency and degree of chip segmentation:
(a) Segmentation frequency for Vc = 800 m/min, f = 0.3 mm/rev; (b) Segmentation frequency for
Vc = 400 m/min, f = 0.3 mm/rev; (c) Segmentation frequency for Vc = 800 m/min, f = 0.4 mm/rev;
(d) Segmentation frequency for Vc = 400 m/min, f = 0.4 mm/rev; (e) Degree of chip segmentation for
Vc = 800 m/min, f = 0.3 mm/rev; (f) Degree of chip segmentation for Vc = 400 m/min, f = 0.3 mm/rev;
(g) Degree of chip segmentation for Vc = 800 m/min, f = 0.4 mm/rev; (h) Degree of chip segmentation
for Vc = 400 m/min, f = 0.4 mm/rev.
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Figure 7 shows a highly segmented chip morphology (with higher degree of chip segmentation)
generated for VC = 800 m/min, f = 0.4 mm/rev, req = 180 μm (level 23). In shear bands, the stiffness is
fully degraded, with almost zero value for stresses. This shows the probability of fracture in the primary
shear zone. Similar trends can also be seen in Figure 8 with variation of feed. The degree of chip
segmentation is highly influenced by the change in feed, although by decreasing feed, segmentation
frequency increases (due to length effect, longer segments of chips are generated), but this effect is not
as pronounced as can be seen for the degree of segmentation.

 
Figure 7. Chip morphology for VC = 800 m/min, f = 0.4 mm/rev, req = 180 μm (level 23).

 
Figure 8. Feed rate effect on segmentation frequency and degree of chip segmentation: (a) Segmentation
frequency for Vc = 800 m/min; (b) Segmentation frequency for Vc = 400 m/min; (c) Degree of chip
segmentation for Vc = 800 m/min; (d) Degree of chip segmentation for Vc = 400 m/min.
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Considering the above, it can be summarized that cutting speed greatly influences the chip
segmentation frequency, while feed and tool edge radius largely effect the degree of chip segmentation.
The thermal softening phenomenon plays a vital role in chip segmentation at higher cutting speeds,
lower feed rates, and with smaller tool edge radius values (mainly in increasing segmentation
frequency), while crack propagation in primary shear bands occurs at higher values of cutting edge
radius and feed (largely influence segmentation degree). To predict optimal combinations of speed,
feed, and tool edge radius to minimize the generation of segmented chip morphology (segmentation
frequency and degree of chip segmentation), statistical analyses are performed in the next section.

3.1.2. Cutting Parameters and Tool Geometry Effects on End (Exit) Burr Formation

During the course of chip formation, as the tool keeps on advancing in the cutting direction
towards the end of the workpiece, a negative shear zone starts to grow from the workpiece free end
(exit end) towards the primary shear zone (Figures 3 and 7). The formation of the negative shear zone is
specifically due to the bending load experienced by the workpiece free end during tool advancement in
the cutting direction. As the tool advances further, the bending load keeps on increasing, the material
experiences higher stresses in this deformation zone, and a pivot point (high stressed point) appears
on the exit edge of the workpiece (Figures 3 and 7). The location of the “pivot point” is measured from
the machined surface along the y-axis. The distance of the “pivot point” has a direct relationship with
burr lengths (produced at the exit end)—longer distances represent longer burr lengths. The pivot
point distance highly depends on the cutting parameters, materials, and tool geometry. During the
course of cutting, the negative shear zone expands further around the pivot point and reaches the tool
edge. Higher stresses far ahead of the tool tip position (due to the negative shear zone) promote the
material’s ductile failure and initiation of cracks in the chip separation zone far ahead of the tool tip
(Figure 9). The material deviates from the actual cutting phenomenon, the chip formation process
ceases, the tool pushes away the boot-type chip (combination of chip and uncut material), and the end
burr (workpiece’s deformed exit edge) appears at the end of the workpiece. Figure 9 shows early and
advanced failure of chip separation zone material with formation of cracks and generation of an end
burr for VC = 800 m/min, f = 0.4 mm/rev, req = 180 μm (level 23).

 

Figure 9. The chip separation zone’s material advance failure and formation of negative burr for
VC = 800 m/min, f = 0.4 mm/rev, req = 180 μm (level 23).

221



Metals 2019, 9, 1234

During machining of aluminum alloys, for various combinations of cutting parameters, both
negative and positive burrs at the end of the workpiece have been reported in the literature [3]. Positive
burrs (without considerable damage to workpiece edge) are normally generated at lower feed values,
and vice versa [3]. In the present work, for AA2024-T351, with investigated combinations of cutting
speed, feed, and tool edge geometry, only negative burrs (with edge breakout) were formed. It is found
that machining performed with higher feeds along with larger tool edge radii produces highly stressed
and more widened shear zones (both primary and negative), and the pivot point location is further
away from the machined surface, generating longer burrs than for machining performed at lower feed
rates and with smaller tool edge radii. Figures 10 and 11 quantify and produce a trend for exit burrs as
a function of the feed and tool edge radius. On the other hand, speed variation was been found to have
non-noticeable effects in changing exit burr lengths (Figure 12). The results, in general, are consistent
with the findings of experimental burr formation studies performed on aluminum alloys [3,32]. Table 6
details numerically computed exit burr lengths for twenty-four various combinations (defined in
Table 2) of cutting speed (VC), feed (f ), and tool edge geometries.

 
Figure 10. Feed rate variation effects on exit burr lengths: (a) Burr length at Vc = 800 m/min; (b) Burr
length at Vc = 400 m/min.

 

Figure 11. Edge radius variation effects on exit burr lengths: (a) Burr length for Vc = 800 m/min,
f = 0.3 mm/rev; (b) Burr length for Vc = 400 m/min, f = 0.3 mm/rev; (c) Burr length for Vc = 800 m/min,
f = 0.4 mm/rev; (d) Burr length for Vc = 400 m/min, f = 0.4 mm/rev.
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Figure 12. Cutting speed variation effects on exit burr lengths: (a) Burr length for f = 0.3 mm/rev;
(b) Burr length for f = 0.4 mm/rev.

Table 6. Numerically computed exit burr lengths.

Level

Factors Numerically
Computed Exit

Burr Lengths (μm)
Tool Edge
Equivalent

Radius, req (μm)

Cutting Speed, VC
(m/min)

Feed Rate, f
(mm/rev)

1 5 800 0.3 69.5
2 5 400 0.3 70.6
3 20 800 0.3 70.9
4 20 400 0.3 71.2
5 80 800 0.3 89.6
6 80 400 0.3 95.4
7 90 800 0.3 104.3
8 90 400 0.3 101.8
9 166 800 0.3 123.2
10 166 400 0.3 112.6
11 180 800 0.3 131.5
12 180 400 0.3 136.2
13 5 800 0.4 94.3
14 5 400 0.4 99.8
15 20 800 0.4 98.6
16 20 400 0.4 102.3
17 80 800 0.4 115.2
18 80 400 0.4 112.6
19 90 800 0.4 118
20 90 400 0.4 113
21 166 800 0.4 122.7
22 166 400 0.4 132.1
23 180 800 0.4 150.9
24 180 400 0.4 141.8

3.2. Statistical Analysis and Optimization

In the preceding section, finite element method (FEM) approach was employed to predict the
likelihood of chip segmentation features (segmentation frequency and degree of chip segmentation) and
exit burr formation under various combinations of speed, feed, and tool edge radius. Various associated
phenomena such as maximum nodal temperature, material stiffness degradation, early fracture of
material in the tool’s advancement direction, and location of the pivot point are also discussed.
Interesting conclusions can be drawn for optimizing the machining of AA2024-T351 using tungsten
carbide inserts. Nevertheless, further investigations are required to predict optimum combinations
of speed, feed, and tool edge radius to minimize the generation of segmented chip morphology
(segmentation frequency and degree of chip segmentation) and reduce burr formation. The relative
significance of each cutting parameter on the latter phenomenon would also be interesting from a
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production engineer’s perspective. Predictive models of chip segmentation features (segmentation
frequency and degree of chip segmentation) and exit burr lengths would be advantageous to minimize
the cutting trials to optimize the cutting. In this framework, the present section exploits statistical
analysis tools, such as Taguchi’s design of experiment (DOE), analysis of variance (ANOVA), and
response surface methodology (RSM).

3.2.1. Statistical Analyses on Burr Optimization

To determine the optimum combination of cutting parameters (speed, feed, and tool edge
radius) for minimum end burr lengths, Taguchi’s DOE is employed. The quality criterion approach
“the-smaller-the-better” is used for the data (exit burr lengths computed over twenty-four tests via
finite element analysis (FEA) and Equation (12) is used to determine the signal-to-noise (S/N) ratio.

S
N

= −10log

⎛⎜⎜⎜⎜⎝∑
⎛⎜⎜⎜⎜⎝ y2

i
n

⎞⎟⎟⎟⎟⎠
⎞⎟⎟⎟⎟⎠ (12)

In the relationship, “yi” represents the response value of the ith test and “n” is the number of test
repetitions (taken as one). Feed and speed have two levels of variations (f = 0.3 and 0.4 mm/rev and
VC = 800 and 400 m/min), while tool edge radius has six levels of variations (req = 5, 20, 80, 90, 166, and
180 μm). The parametric combination VC = 800 m/min, f = 0.3 mm/rev, req = 5 μm (Level 1, Table 2)
represents the optimum combination for generation of minimum burr, as can be figured out by the
plots of main effects of S/N ratio (Figure 13a) and data mean (Figure 13b). Table 7 results show that the
edge radius is the most influential factor and speed is the least influential factor in burr formation.
Results show a good match with the experimental findings of Niknam and Songmene [32].

−=

 
Figure 13. Exit burr lengths as a function of cutting parameters: (a) variation of signal to noise (S/N)
ratios and (b) data means.

Table 7. Response table for data means.

Level Factor (Speed) Factor (Feed) Factor (Edge Radius)

1 0.107385925 0.098054667 0.083556375
2 0.107456283 0.116787542 0.08575725
3 - - 0.10319225
4 - - 0.1092785
5 - - 0.122657
6 - - 0.14008525

Difference 7.03583 × 10−5 0.018732875 0.056528875
Rank 3 2 1

Next, to establish a relationship between exit burr lengths and machining parameters, a second
order multiple regression model (Equation (13)) based on RSM is used. The developed regression
model (Equation (14) using Minitab software (Minitab, 16.2, Minitab-LLC, State College, PA, USA,
2010). The predicted value for burr length (for optimal cutting parameters: VC = 800 m/min, f = 0.3
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mm/rev, req = 5 μm) to generate minimum burr using Equation (14) matches the value acquired through
finite element simulation (Table 6).

y = β0 +
3∑

i=1

βixi +
3∑

i=1

βi jxixj +
3∑

i=1

βiixi
2 + ε (13)

Burr length = −0.0160032− 1.41323e−6(Speed) + 0.290049 (Feed) − 0.000581417 (Edge radius)
−1.34362e−5(Speed× Feed) + 6.58783e−8(Speed× Edge radius) − 0.00104982 (Feed× Edge radius)
+2.17843e−7(Edge radius× Edge radius)

(14)

In Equation (14), quadratic terms of speed and feed are been included as they are insignificant.
Finally, to determine the significance of the regression model and relative contribution of each of the
machining parameters, analysis of variance (ANOVA) is performed. Terms used in ANOVA Table 8
are defined in Equations (15)–(18).

Sum o f Squares (SS) =
N
n f

n f∑
i=1

(yi − y)2 (15)

where N is the total number of tests, nf represents the level of each factor, y is the mean of the response,
and yi is the mean of the response at each level of the respective factor.

Mean square(Variance) : MSi =
SS
DFi

(16)

Fisher Coe f f icient(F-value) =
MSi

MSError
(17)

Percent Contributi on : PP(%) =
( SS

SST

)
× 100 (18)

Table 8. Analysis of variance (ANOVA) results for exit (end) burr.

Source DF SS MS F-Value P-Value PP% Remarks

Regression 7 0.011474 0.001639 41.56 0 - Significant
Speed 1 0 0 0.001 0.997 0 Insignificant
Feed 1 0.002106 0.002048 51.94 0.000002 17.39776952 Significant

Edge Radius 1 0.009051 0.00898 227.7 0 74.77075589 Significant
Edge Radius × Edge

Radius 1 0.000011 0.000011 0.29 0.598 0.090871541 Insignificant
Speed × Feed 1 0 0 0.01 0.918 0 Insignificant
Speed × Edge

Radius 1 0.000018 0.000018 0.46 0.508 0.148698885 Insignificant
Feed × Edge Radius 1 0.000288 0.000288 7.29 0.016 2.379182156 Significant

Error 16 0.000631 0.000039 - - 5.212722016 -
Total 23 0.012105 - - - 100 -

In the ANOVA table, significance or insignificance is attributed to each of the source factors based
on the Fisher coefficient value (F-value). ANOVA for significance level = 5% (95% confidence level)
was performed. The probability values (P-values) of the regression model, feed, and edge radius are
<0.05. This shows the significance of the regression model and the factors that contribute the most:
feed and edge radius. Speed, “quadratic terms”, and “interactive terms” have the least effect on burr
formation. Table 8 also shows that the edge radius has the highest contribution in producing burr at
74.77%, the feed contribution is 17.39%, while speed variation has the least effect in exit burr formation.
This hierarchy of contribution also confirms the findings of Taguchi’s DOE methodology (Table 7).
It is interesting to note that ANOVA produced for “pivot point location” (considering it as target
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function, Table 9) has similar trends in term of % contribution of machining parameters in producing
burr (Table 8). This helps to conclude that a distant pivot point location (for larger edge radius and
higher feed values) is a strong sign that longer burr will be produced.

Table 9. ANOVA results for pivot point location.

Source DF SS MS F-Value P-Value PP % Remarks

Regression 7 0.049389 0.007056 12.91 0 - Significant
Speed 1 0.00037 0.000374 0.68 0.42 0.636493437 Significant
Feed 1 0.004971 0.004976 9.11 0.008 8.551375342 Insignificant

Edge Radius 1 0.04362 0.043299 79.25 0 75.03741549 Insignificant
Edge Radius × Edge

Radius 1 0.000044 0.000044 0.08 0.781 0.075691111 Insignificant
Speed × Feed 1 0.00037 0.00037 0.68 0.423 0.636493437 Insignificant
Speed × Edge

Radius 1 0.00001 0.00001 0.02 0.894 0.017202525 Insignificant
Feed × Edge Radius 1 0.000005 0.000005 0.01 0.924 0.008601263 Insignificant

Error 16 0.008742 0.000546 - - 15.03844764 -
Total 23 0.058131 - - - 100 -

3.2.2. Statistical Analyses of Segmented Chip Morphology (Segmentation Frequency and Degree of
Chip Segmentation)

Figure 14a,b presents the plots of the main effects of S/N ratios and data means on segmentation
frequency, respectively. Analyses of plots show that segmentation frequency increases as speed increases,
while higher feed and larger edge radii suppress the segmentation phenomenon, though their effect is
negligible. The parametric combination VC = 400 m/min, f = 0.4 mm/rev, req = 180 μm (level 24, Table 2)
represents the optimum combination for generating the least amount of segmentation frequency.

 
Figure 14. Segmentation frequency as a function of cutting parameters: (a) variation of signal-to-noise
(S/N) ratios and (b) data means.

A second order multiple regression model based on RSM is presented in Equation (19) to define
the relationship of segmentation frequency as a function of cutting parameters. In the model, quadratic
terms of speed and feed are not included as they are insignificant.

Segmentation Frequency = −39.8568 + 0.11879 (Speed) + 105.777 (Feed) + 0.44496 (Edge radius)
−0.120458 (Speed× Feed) − 8.47311e−5(Speed× Edge radius) − 1.00696 (Feed× Edge radius)
−5.16853e−4(Edge radius× Edge radius)

(19)

To outline the significance of the model and relative contribution of each of the cutting parameters
on segmentation frequency, analysis of variance (ANOVA) is performed and results are summarized in
Table 10. Results show that speed has the highest contribution in producing segmentation frequency at
76.63%, edge radius contributes 5.37%, while feed variation has the least effect in generating chips with
high segmentation frequencies.

226



Metals 2019, 9, 1234

Table 10. ANOVA results for segmentation frequency.

Source DF SS MS F Value P-Value PP % Remarks

Regression 7 5480.35 782.91 25.99 0 - Significant
Speed 1 4569.18 4537.35 150.65 0 76.6351629 Significant
Feed 1 196.94 213.16 7.08 0.017 3.303115435 Insignificant

Edge Radius 1 320.62 302.58 10.05 0.006 5.377500105 Insignificant
Edge Radius × Edge

Radius 1 64.15 64.15 2.13 0.164 1.075936098 Insignificant

Speed × Feed 1 34.82 34.82 1.16 0.298 0.584007715 Insignificant
Speed × Edge

Radius 1 29.98 29.98 1 0.333 0.502830307 Insignificant

Feed × Edge Radius 1 264.65 264.65 8.79 0.009 4.438760535 Insignificant
Error 16 481.92 30.12 - - 8.082854627 -
Total 23 5962.25 - - - 100 -

As discussed in Section 3.1.1, machining performed at higher speeds generates higher cutting
temperatures (Figure 3), leading to thermal softening and generation of adiabatic shear bands
(segmented chips). In this context, ANOVA analysis is performed for “maximum nodal temperature”
(considering it as target function, Table 11) to figure out the % contribution of machining parameters
(speed, feed, and tool edge radius) in influencing the temperature rise. It can be seen (Table 11) that
edge radius has the highest contribution to temperature variation; indeed, temperature decreases as
the edge radius increases (Figure 4), whereas speed is the second highest contributor in effecting the
temperature; temperature increases as speed increases (Figure 4). Feed has been found to have the
least effect on maximum temperature variations. Further analyses of Tables 10 and 11 help to conclude
that higher temperatures produced at higher cutting speeds promote thermal softening and generation
of more frequent adiabatic shear bands (higher segmentation frequency), whereas higher feed and
larger edge radii reduce segmentation frequencies, though their effects are minimal.

Table 11. ANOVA results for maximum nodal temperature.

Source DF SS MS F Value P-Value PP % Remarks

Regression 7 108782 15540.3 12.2 0 - Significant
Speed 1 29698 28782.6 22.59 0 22.99140667 Significant
Feed 1 992 882 0.69 0.418 0.767980181 Insignificant

Edge Radius 1 68989 68900.8 54.07 0 53.4094604 Insignificant
Edge Radius × Edge

Radius 1 25 25.5 0.02 0.889 0.019354339 Insignificant
Speed × Feed 1 1247 1246.9 0.98 0.337 0.965394441 Insignificant
Speed × Edge

Radius 1 5282 5282.4 4.15 0.059 4.089184795 Insignificant
Feed × Edge Radius 1 2548 2547.6 2 0.177 1.972594256 Insignificant

Error 16 20387 1274.2 - - 15.78307657 -
Total 23 129170 - - - 100 -

Figure 15a,b presents the plots of the main effects of S/N ratios and data means on “degree of chip
segmentation”, respectively. Analyses of plots show that all cutting parameters promote segmentation
degree, though speed’s effect seems negligible. The parametric combination VC = 400 m/min,
f = 0.3 mm/rev, req = 5 μm (level 2, Table 2) represents the optimum combination for generation
of chips with the least degree of segmentation.
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Figure 15. Degree of chip segmentation as a function of cutting parameters: variation of signal to noise
(S/N) ratios (a) and (b) data means.

A second order multiple regression model based on RSM is presented in Equation (20) to define
the relationship of the degree of chip segmentation as a function of cutting parameters. In the model,
quadratic terms of speed and feed are been included as they are insignificant.

Degree o f Segmentation = −0.317506− 5.7063 (Speed) + 1.1144 (Feed) + 0.22237096 (Edge radius)
+0.000102409 (Speed× Feed) − 1.36297e−9(Speed× Edge radius) − 0.00342995 (Feed× Edge radius)
−3.03896e−6(Edge radius× Edge radius)

(20)

To outline the significance of the model and relative contribution of each of the cutting parameters
on the degree of chip segmentation, analysis of variance (ANOVA) is performed and results are
summarized in Table 12. Results show that speed has the least contribution to producing highly
segmented chips (with high degree of chip segmentation), while feed (43.895%) and edge radii (36.46%)
significantly affect the production of highly segmented chips. Finite element analyses provide explicit
explanation in this context (Section 3.1.1). Larger material area experiences severe plastic deformation
when cutting is performed at higher feed rates supplemented with larger tool radii. Material stiffness
degrades, leading to crack initiation and propagation in primary shear bands, resulting in highly
segmented chips.

Table 12. ANOVA results for degree of chip segmentation.

Source DF SS MS F Value P-Value PP % Remarks

Regression 7 0.08866 0.012666 14.49 0 - Significant
Speed 1 0.000865 0.000864 0.99 0.335 0.842710312 Significant
Feed 1 0.045057 0.044174 50.54 0 43.89595207 Insignificant

Edge Radius 1 0.037425 0.038387 43.92 0 36.46061669 Insignificant
Edge Radius × Edge

Radius 1 0.002218 0.002218 2.54 0.131 2.160845633 Insignificant

Speed × Feed 1 0.000025 0.000025 0.03 0.867 0.024355789 Insignificant
Speed × Edge

Radius 1 0 0 0 0.998 0 Insignificant

Feed × Edge Radius 1 0.003071 0.003071 3.51 0.079 2.991865166 Insignificant
Error 16 0.013984 0.000874 - - 13.62365434 -
Total 23 0.102645 - - - 100 -

4. Conclusions

The paper provides a staggered comprehension-to-optimization approach for chip segmentation
and end burr (exit burr) formation phenomena in machining of an aerospace-grade aluminum
alloy AA2024-T351. These phenomena effect tool life, workpiece machined surface quality and
integrity, and hence the overall productivity. Primarily, a finite-element-based cutting model has been
established and used to simulate orthogonal machining and chip formation processes for multiple
parametric combinations of cutting speed, feed, and tool edge geometry. Results concerning chip
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segmentation (segmentation frequency and degree of segmentation) and end burr are numerically
computed and comprehensively analyzed. To validate the numerical machining model, cutting
forces, chip segmentation frequency, and chip morphology results are adequately compared with
their experimental counterparts. Then, statistical optimization techniques such as Taguchi’s DOE and
ANOVA are employed to identify optimum cutting parameters and their % influence in effecting chip
segmentation and end burr formation processes. Lastly, RSM-based quadratic predictive models for
the aforementioned phenomena are presented.

The results presented in the current work are equally interesting for designers and researchers,
providing further insight into machining and related phenomena. From a production engineering
perspective, they provide optimum cutting conditions to enhance productivity through optimum
selection of tool geometry and cutting parameters. Important findings of the present work are
listed below.

• Machining operations performed with chamfer (T-land) edges can be represented with equivalent
hone (round) edge radii.

• Only negative burr with a boot-type chip was witnessed for all investigated parametric cutting
combinations of speed, feed, and tool edge geometry in machining of AA2024-T351.

• The negative shear zone is wider for cutting performed at higher cutting feed accompanied with
larger tool edge radii. This promotes the material’s early ductile failure, initiation, and progression
of fracture in the chip separation zone far ahead of the tool tip location. Consequently, the material
escapes the cutting process and the tool pushes away the boot-type chip (combination of chip
and uncut workpiece material), and a longer negative end burr (deformed workpiece exit edge)
appears at the exit edge of the workpiece. Statistical analyses show that tool edge radius is the
major contributor (74%), while feed rate contributes up to 17.4% in generating burr. Cutting speed
variation has been found to have negligible effects on burr quantification.

• Pivot point (the highly stressed point in the negative shear zone) location on the exit edge of the
workpiece shows a direct relation in quantifying burr lengths. The distant location of the pivot
point from the machined surface results in longer burr lengths, and vice versa.

• Higher cutting speeds enhance thermal softening and more frequent generation of chip shear bands
(high frequency of chip segmentation). Finite-element-based parametric analyses and subsequent
application of statistical optimization approaches show that speed is the highest contributor (76%)
among the cutting parameters in generating highly segmented chips, significantly more so than
feed and tool edge radii. Any variation in the latter parameters were found to have insignificant
effects in this area.

• Wider workpiece materials undergo severe plastic deformation when machining is performed at
higher cutting feeds complemented with larger tool edge radii. The material stiffness degrades
easily, leading to crack initiation and propagation in primary and secondary shear zones, resulting
in highly segmented chips (chips with a higher degree of chip segmentation). However, cutting
speeds, on the other hand, did not been noticeably effect the degree of chip segmentation.
Statistical analyses show that feed and tool edge radius both dominantly effect the phenomena,
with contributions of 43.9% and 36.4%, respectively.

• Optimum cutting parametric combinations of feed, speed, and tool edge radius to minimize chip
segmentation and exit burr formation have been presented. Furthermore, quadratic regression
models have been proposed to quantify segmentation frequencies, degree of segmentation, and
exit burr lengths as functions of cutting speed, feed, and tool edge radius.

In future studies, a more realistic friction model along with the most accurate heat fraction
coefficient, J, will be incorporated into the finite element model to present more realistic results of
industrial interest. Furthermore, the study will be extended for other materials and processes, such
as drilling.
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Abbreviations

A Initial yield stress (MPa)
aP Cutting depth (mm)
B Hardening modulus (MPa)
C Strain rate dependency coefficient
Cp Specific heat (Jkg−1 ◦C−1)
D Damage evolution parameter
D1 D5 Coefficients of Johnson–Cook material shear failure initiation criterion
E Young’s modulus (MPa)
f Feed rate (mm/rev)
Gf Fracture energy (N/m)
KC I, II Fracture toughness (MPa

√
m) for failure mode I and mode II

lβ Chamfer length
m Thermal softening coefficient
n Work-hardening exponent
P Hydrostatic pressure (MPa)
.
qp Heat generation rate due to plastic deformation W/m3
.
q f Heat generation rate due to friction W/m3

rβ Hone edge radius
req Equivalent edge radius
T Temperature at a given calculation instant (◦C)
Tm Melting temperature (◦C)
Tr Room temperature (◦C)
u Equivalent plastic displacement (mm)
u f Equivalent plastic displacement at failure (mm)
VC Cutting speed (m/min)
σ Stress, MPa
σJC Johnson-Cook equivalent stress (MPa)
σy Yield stress (MPa)
Tf Frictional shear stress, MPa
P
σ Stress triaxiality
ε Equivalent plastic strain
.
ε Plastic strain rate (s−1)
.
ε0 Reference strain rate (10−3 s−1)
ε f Equivalent plastic strain at failure
Δε Equivalent plastic strain increment
ε0i Plastic strain at damage initiation
ηp Inelastic heat fraction
ηf Frictional work conversion factor
ω Damage initiation criterion
ν Poisson’s ratio
αd Expansion coefficient (μm m−1 ◦C−1)
λ Thermal conductivity (W m−1 C−1)
ρ Density (kg/m3)
γo Rake angle (degrees)
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γβ Chamfer angle (degrees)
β0 Constant of regression model equation
βi and βj Coefficient of linear terms of regression model equation
βij Coefficient of quadratic terms of regression model equation
xi and xj Explicative variables (control factors)
ε Random error
ANOVA Analysis of variance
DOE Design of experiment
RSM Response surface methodology
DF Degrees of freedom
MS Mean squares (variance)
SS Sum of squares
S/N ratio Signal-to-noise ratio
PP Percent contribution
P-value Probability of significance
F-value Fisher coefficient (variance ratio)
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Abstract: Machining process modeling has been an active endeavor for more than a century and it
has been reported to be able to predict industrially relevant process outcomes. Recent advances in
the fundamental understanding of material behavior and material modeling aids in improving the
sustainability of industrial machining process. In this work, the flow stress behavior of C45E steel is
modeled by modifying the well-known Johnson-Cook model that incorporates the dynamic strain
aging (DSA) influence. The modification is based on the Voyiadjis-Abed-Rusinek (VAR) material
model approach. The modified JC model provides the possibility for the first time to include DSA
influence in chip formation simulations. The transition from continuous to segmented chip for
varying rake angle and feed at constant cutting velocity is predicted while using the ductile damage
modeling approach with two different fracture initiation strain models (Autenrieth fracture initiation
strain model and Karp fracture initiation strain model). The result shows that chip segmentation
intensity and frequency is sensitive to fracture initiation strain models. The Autenrieth fracture
initiation strain model can predict the transition from continuous to segmented chip qualitatively.
The study shows the transition from continuous chip to segmented chip for varying feed rates and
rake angles for the first time. The study highlights the need for material testing at strain, strain
rate, and temperature prevalent in the machining process for the development of flow stress and
fracture models.

Keywords: chip segmentation; damage modeling; dynamic strain aging

1. Introduction

The machining process remains one of the critical manufacturing processes in the 21st century and it
has critical engineering applications [1]. Developments in the fields of plasticity and fracture mechanics
are used to improve the understanding of the machining process [2]. This improved understanding has
become even more necessary with the ever-increasing reliability need for engineered components [3].

Machining process modeling has been carried out while using different approaches, such as
empirical, analytical and numerical methods [4]. The finite element (FE) method has been quite
extensively used in the modeling of the machining process to model the chip formation process. FE
modeling of the machining process provides the ability to incorporate a newer advanced understanding
of material behavior. This improved understanding is usually obtained through other methods, such
as material testing or more sophisticated modeling techniques. Within FE modeling of the machining
process, workpiece material modeling requires the material response to large deformations (large
plastic strains) at very high strain rates and very high temperatures.
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The ferritic-pearlitic steel group is one of the essential engineering steels having a wide area of
application [5]. Material deformation mechanisms, such as strain hardening, strain rate hardening, and
thermal softening are vital and have been used in FE modeling of the machining process for more than
two decades. Besides, there are deformation mechanisms that are material specific, such as dynamic
strain aging (DSA). Previous studies carried out in understanding the behavior of ferritic-pearlitic
steel have shown that DSA is a function of temperature and strain rate [6–9]. Earlier studies have
been uncertain about the need for the incorporation of DSA in machining process modeling [10,11].
However, recent studies [9,12] have shown the need to incorporate DSA to improve the model’s
prediction accuracy. DSA has been shown to influence strain hardening behavior, thermal softening
behavior, and strain rate hardening [13]. C45E steel falls within the ferritic-pearlitic dual-phase steel
group. Flow stress experiments in C45E steel through compression testing at varying temperatures
and strain rates have shown the presence of DSA [14]. A modified form of the Johnson–Cook (JC)
model was developed using the regression modeling approach. In another recently reported work [8],
a material model (Voyiadjis-Abed-Rusinek (VAR) model) was developed, where a phenomenological
model is combined with a physics-based model to capture DSA in C45 steel and it is better suited for
FE simulation implementation. Using the VAR approach, an attempt has been made to modify the JC
model to incorporate DSA. Further, the modified JC (MJC) model is to be implemented to simulate
chip formation in the machining process.

Predicting chip segmentation through FE simulations requires the modification of flow stress
curves through strain-softening modifications [15] or damage modeling [16–20]. Direct strain-softening
modifications of flow stress are based on the adiabatic shear theory [21]. They have been used primarily
in chip segmentation prediction in the machining of Ti alloys. Damage modeling where the material
failure due to the ductile shear failure has also been used in the chip segmentation of ductile material
machining. Most of the studies have concentrated on improving chip segmentation prediction accuracy
in terms of chip segmentation intensity [22]. Besides, from a machining process design perspective,
the transition from continuous chip to segmented chip is necessary and it has been the focus of very
few studies [22,23]. The continuous chip to segmented chip transition with increasing cutting velocity
is attributed to the adiabatic shearing process [24]. Recently developed models [16] have explored this
area where the influence of damage parameter on chip segmentation has been evaluated. The ability of
finite element simulations to predict the continuous chip to segmented chip transition is scarce [23],
and none exists for steel machining to the authors’ knowledge.

The present work aims to modify the Johnson–Cook model for the incorporation of the DSA
influence. The modified Johnson–Cook model, in combination with the damage model, needs to be
implemented then within an FE framework for simulation of chip formation in machining. The fracture
initiation strain model’s influence within the ductile damage model approach is to be evaluated in the
prediction of the continuous chip to segmented chip transition in the machining of C45E steel under
orthogonal cutting conditions.

In this section, the development of the modified JC model for C45E steel based on the approach
developed for the VAR model [8] is presented.

2. Modified Johnson–Cook Model Development Incorporating DSA

2.1. Modified Johnson–Cook Model

The JC model, which is one of the most used material models in the finite element simulation of
the machining process, as described in Equation (1).The JC model is built in the multiplicative form
in the form of strain hardening component, strain rate hardening component and thermal softening
component [25]. The strain hardening component is defined by initial yield stress (A), strain hardening
coefficient (B) and strain hardening exponent (n), respectively. The strain rate hardening and thermal
softening terms are fitted using the parameters C and m, respectively.
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The fitting of the strain hardening component is traditionally carried out using standard quasistatic
testing using tensile or compressive loading. In the previously reported work, A and B were modeled
using flow stresses at varying temperatures and strain rates using regression modeling approach.
The strain hardening exponent, n, was fitted as a first-order function of temperature. The strain
hardening behavior of the JC model itself is written in the form, as shown in Equation (2) to reduce the
FE implementation complexity.

σ = (A + Bεn)
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1 + C ln

( .
ε
.
ε0

))(
1−
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Tm − T0
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The initial yield stress parameter A is modified similarly to the VAR model to incorporate the DSA
influence, leading to yield stress increase with temperature increase at specific temperature ranges [8],
as in Equations (3)–(6) and shown in Figure 1. Reported experimental investigations have shown that
the dynamic strain aging temperature range is a function of strain rate [6,7,14]. The value of A0 is
obtained from the room temperature quasistatic compression test. The value of AΔ corresponds to
the peak initial yield stress increase in the DSA regime. The constants A1 and t are fitted with flow
stress curves that are obtained at high strain rate conditions from El Magd et al. [6] and Hokka et al. [7].
The temperatures Tl and Th represent the start and end of DSA, the regime at the reference strain rate.
Tl and Th are modeled as a function of strain rate instead of a constant as in the VAR model. This
methodology is necessary to accommodate the observation of dynamic strain aging temperature range
being dependent on strain rate [6,7]. The model assumes the DSA regime to extend to higher strain
rates at which experimental results are unavailable. Nevertheless, the DSA regime for machining
process modeling has been incorporated by modifying the temperature component of the Power-law
model while using a regression equation by Childs et al. [26], with the limitation of the temperature
range to be a constant. The constants, B/A and n, are fitted for three different temperature ranges to
accommodate the influence of temperature on strain hardening.

Figure 1. Schematic of the Voyiadjis-Abed-Rusinek (VAR) model-based modification of the JC model’s
initial yield stress parameter with corresponding mathematical equations with A0 representing the
constant, A, of the JC model.
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2.2. Fitting of Flow Stress Curves Using the Modified JC Model

The ability of the newly developed flow stress curves from the previous section to predict DSA
has been validated using the Gleeble test data from previous work [14]. The flow stress curves are
obtained for three different strain rates of 1 s−1, 5 s−1, and 60 s−1 with programmed temperatures
between 200–700 ◦C. The temperature range at which DSA is exhibited is a function of the strain
rate [6,7]. In the temperature-strain rate range where DSA is active, the initial yield stress increases
with temperature and decreases with the strain rate. The presence of DSA has also been shown to lead
to serrations in the flow stresses. The temperature at which DSA peaks has been identified to be around
650 ◦C at high strain rates present in machining conditions [12]. Table 1 presents the constants of the
modified JC model. The parameter B and n in the modified Johnson-Cook model has been modified
for three different strain hardening regimes. This approach is carried out to ease the implementation of
the FE method. The constants are provided, as shown in Equation (7).

⎧⎪⎪⎪⎨⎪⎪⎪⎩
B = 1.5A , n = 0.5 T < 400

◦
C

B = 1.2A, n = 0.3 400
◦
C < T < 500

◦
C

B = 1.0A, n = 0.2 T > 500
◦
C

(7)

Table 1. Modified JC model parameters for normalized C45E steel.

A0 (MPa) Δσ (MPa) A1 (-) Tll (
◦
C) Thh (

◦
C) t (-) ξ(-) C(-) m(-)

500.0 80.0 0.0001 200.0 500 0.1 100 0.0018 1.0

The strain rate hardening and thermal softening parameters of the original JC model for C45E
steel are used in this study (C = 0.0018 and m = 1) [11]. With the parameters obtained from the MJC
model, the flow stress curves at a strain of 0.1 are predicted under different temperatures and three
different strain rates are shown, as in Figure 2. The flow stress prediction extrapolated to higher strain
rates prevalent in machining conditions is also plotted to visualize the DSA regime being a function of
strain rate.

Figure 2. Initial yield stress (σ0.1) for varying temperature and strain rate with the modified
Johnson–Cook (JC) model extrapolated to high strain rates to accommodate machining conditions
(Experimental data is plotted with dashed lines and model-predicted data is plotted with
continuous lines).

The modification of the initial yield stress parameter of the JC model can capture the increase
in initial yield stress with temperature increase. At the reference strain rate of 1 s−1, the DSA regime
is active in the temperature range of 200 ◦C to 500 ◦C. With a strain rate increase between 103 s−1 to
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106 s−1, the modeled DSA regime’s initial yield stress moves to higher temperatures of 650 ◦C and it
correlates with other published experimental results [6,7].

With the ability of the MJC model’s initial yield stress parameter to capture the DSA regime in
Figure 2, Figure 3 shows that the MJC model can capture the strain hardening behavior observed from
Gleeble tests with reasonable accuracy. In the temperature ranges below 400 ◦C, the material strain
hardens with increasing strain. At 500 ◦C, dynamic recovery influences strain hardening, leading to
a lowering slope, and are well captured by the MJC model. Beyond 500 ◦C, at 600 ◦C and 700 ◦C,
the flow stress curves exhibit constant flow stress with increasing strain.

 

Figure 3. Flow stress curves predicted by the modified JC (MJC) model compared with the flow stress
curves obtained using compression tests using Gleeble thermomechanical simulator at strain rates
1 s−1, 5 s−1 and 60 s−1 (Model: Green color; Experimental: Red color).

MJC model predicted σ0.1 at a
.
ε of 0.52 × 104 s−1 is plotted in Figure 4 to evaluate the validity of

extending the hypothesis of DSA presence at very high strain rates. The model can predict σ0.1 with
reasonable accuracy. The flow stress at a strain of 0.1 is chosen to avoid the transient conditions during
the early stages of loading in compression testing.

Figure 4. Experimental flow stress at 0.52 × 104 s−1 from El Magd et al. [6] fitted using the MJC Model.
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3. Flow Stress Modification due to Damage

JC and MJC models both assume no change in material behavior with increasing strain. However,
in reality, the flow stress is altered because of fracture. Therefore, to model chip segmentation in ductile
materials at a lower cutting velocity where the possibility of adiabatic shear is less incorporation of
fracture is essential. Figure 5a provides the schematic modification of the flow stress curves due
to fracture from the works of Childs et al. [16,26]. The flow stress before the fracture is defined by
Equation (8) and is marked by ‘BEFORE FRACTURE’ in Figure 5a. During plastic deformation, at the
microstructure level, nucleation and growth of defects, such as micro-voids & micro-cracks and their
coalescence into macro-cracks takes place leading to material damage [27]. The damage due to plastic
deformation in the workpiece is accumulated through the damage factor (D) and is defined, as shown
in Equations (8)–(12) and Figure 5a.

Figure 5. (a) Flow stress model for chip segmentation prediction with (b) flow stress modification factor
as a function of stress triaxiality and temperature from Childs et al. using (c) the fracture initiation
strain as a function of stress triaxiality.

The damage parameter is defined as the ratio of accumulated plastic strain to fracture initiation
strain (ε f i). The fracture initiation strain is presented in detail in the following section and it is the focus
of the study. As the accumulated plastic strain equals fracture initiation strain, the damage parameter
equals one and it is shown by “FRACTURE” in Figure 5a.

D =

∫ ε

0

dε
ε f i

(8)
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f (η, T) =
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The modeling of the flow stress behavior after the fracture point is defined by “AFTER FRACTURE”
in Figure 5a. The flow stress curve is modified based on the loading conditions, η, and temperature, T,
as shown in Equation (8) using the flow stress modification factor, f (η, T). In an earlier development
of Childs et al. [16], f (η, T) was assumed to be a constant. With further development [26], f (η, T) is
defined as a function of stress triaxiality and temperature, as shown in Equation (8) and Figure 5c and
presented in detail in the following sections.

3.1. Fracture Initiation Strain

The need for the fracture initiation strain and its use in the damage factor is presented in the
previous section. The fracture initiation strain is modeled as a function of stress triaxiality (η), lode
angle parameter

(
θ
)
, temperature (T), and strain rate

( .
ε
)
, as shown in Equation (13).

ε f i = f
(
η,θ

)
·g
( .
ε
)
·h(T) (13)

The function, f
(
η,θ

)
, is used to define the loading conditions. The stress triaxiality (η) defines the

varying loading conditions in two-dimensional (2D) and the lode angle parameter, θ, extends the model
to loading in three-dimensional (3D) space. In the case of the 2D cutting process (orthogonal cutting
process), which falls under the plane strain condition, the lode angle parameter is zero. The stress
triaxiality parameter defined by, η, as σm

σ defines the varying loading conditions from pure compression
to combinations of shear/compression and shear/tension to tension, as shown in Figure 6.

Figure 6. Fracture initiation strain predicted using Shear compression specimen under quasi-static
loading, Shear specimens and compression testing as a function of stress triaxiality and fitted using an
exponential function.

In order to obtain the fracture initiation strain under different conditions of η (−1 to 1), specimens
of varying geometrical shapes are to be used [28]. Interestingly, the fracture initiation strain for
variants of C45E steel has been studied for nearly 75 years [29]. With the advances in material testing,
the variants of the C45E steel’s fracture strain has been studied. Autenrieth et al. [30] obtained the
fracture strain as a function of stress triaxiality using torsion and torsion-tension tests. These tests
provide stress triaxiality from zero to positive stress triaxiality conditions. Recently, the same fracture
strain as a function of stress triaxiality for conditions that range from negative to positive has been
obtained using the Shear-compression disk specimen by Karp et al. [31]. In this study, the latter
two fracture strain models identified as Autenrieth fracture strain data and Karp fracture strain data
are used to evaluate their influence on chip segmentation prediction. The difference in the fracture
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strain between the two models can be attributed to the difference in processing history and the stress
triaxiality evolution before fracture.

To implement the fracture strain in the finite element model, the exponential function used in the
Bai–Wierzbicki damage model [32] is used and it is shown in Equation (14).

ε f i−X(η) = DX1eDX2η (14)

The Autenrieth fracture strain data are fitted using the parameters (DX1 = 0.2339 and DX2 = −1.035)
and the Karp fracture strain data are fitted using the parameters (DX1 = 0.7 and DX2 = −0.9).

The function g
( .
ε
)

is used to model the influence of strain rate. h(T) is used to model the influence

of temperature on the fracture initiation strain. In this study, g
( .
ε
)

and h(T) are obtained from the JC
damage fracture model, as shown in Equation (15) and Equation (16) and D3 = 0.0018 and D4 = 0.58
are obtained from the literature [33].

g
( .
ε
)
=

(
1 + D3 ln

( .
ε/

.
ε0

))
(15)

h(T) = (1 + D4T∗) (16)

3.2. Flow Stress Modification Factor

As previously mentioned, the flow stress is modified, as shown in Figure 5a using the flow stress
modification factor, f (η, T) shown in Figure 5c. The flow stress in the ‘AFTER FRACTURE’ region
is modeled while using a steady-state flow stress modification factor defined by Equation (9) and a
transient flow stress modification factor. The steady-state is defined by D > D+ and the transient state
is defined by D+ > D > 1. In this study, D+ is defined to be 1.25, as suggested by Childs et al. [26].

In the steady-state, the flow stress modification is a function of stress triaxiality and it is defined
by Equation (12) below a certain temperature, TS, as shown in Figure 5c. A negative stress triaxiality
condition (e.g., η = −1) characterizing compression, the flow stress is modified only slightly due to
incompressibility. A positive stress triaxiality condition, e.g., η = 1 characterizing tension, the flow
stress is drastically reduced to zero, similar to necking in tensile testing. At temperatures above TE,
the material is assumed to be healed and continue to flow plastically with the flow stress defined by σ,
as shown in Equation (8). Between temperatures TS and TE, the flow stress curve is defined using the
tanh function, as shown in Equation (11). The transient flow stress modification factor is defined as
Equation (9) by multiplying the steady-state flow stress modification factor with a tanh function of D
and f (η, T).

The values for μi, TS, and TE used in this work are 1 ◦C, 600 ◦C, and 700 ◦C, respectively. The values
for TS and TE based on the strain hardening transition behavior observed from the Gleeble tests.

4. Experimental Investigation of Chip Formation in Orthogonal Turning

The orthogonal turning process has been carried out in a normalized C45E steel tube with a
diameter of 150 mm with a thickness of 3 mm, determining the uncut chip width. The material hardness
is measured and an average hardness of 220 HV is recorded with an average grain size of 13.5 μm.
The tubular workpiece reduces grain size variation influence. All of the experiments were carried out
under dry cutting conditions. The cutting tool material is H13A grade carbide with TiCN coating.
The cutting velocity is set at 150 m/min. The rake angle is varied as −5◦, 5◦, 10◦, and 20◦, and the feed is
varied as 0.05 mm.rev−1, 0.1 mm.rev−1, 0.15 mm.rev−1, 0.25 mm.rev−1, 0.4 mm.rev−1, and 0.6 mm.rev−1.
The cutting forces and feed forces are obtained through the Kistler dynamometer attached to the
tool turret. The sample chips were collected for all cutting conditions and they have been used to
quantify chip segmentation, as shown in Figure 7. The experimental investigation is described in detail
in previous work [34]. The chips have to be plotted with varying magnification to capture the chip
segmentation features at very low feed rate conditions (e.g., 0.05 mm.rev−1) and similarly at very high
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feed rate conditions (e.g., 0.60 mm.rev−1). This approach with varying magnification is carried out
when the chips from simulations are also presented in the following sections.

Figure 7. Chip morphology obtained through experimental investigation under varying rake angle and
feed at a constant cutting speed of 150 m/min. with the boundary differentiating between continuous
and segmented chip. Note: Image magnification not to scale.

5. FE Modeling of Chip Formation in Orthogonal Turning Process

The FE simulation of the cutting process was carried out using a commercial finite element software,
Thirdwave Advantedge [35]. The software has been specifically built ground up for metal cutting
simulations while using a dynamic explicit coupled Thermo-elastoplastic Lagrangian formulation [36].

The main requirement for metal cutting simulation is the ability for adaptive remeshing to account
for the large plastic strains in the primary and secondary deformation zones. The simulations are
carried out in 2D. The software provides the ability to customize the adaptive remeshing parameters.
The adaptive remeshing parameters control the mesh transition in the tool vicinity (primary deformation
zone) from coarse to fine and also the mesh transition from fine to coarse (chip mesh). The software
through the mesh refinement and coarsening factors automatically control the conditions for adaptive
remeshing. With predicting chip segmentation being the main aim of the study, mesh refinement factor
of 6 (1-coarse→ 8-fine) and mesh coarsening factor of 3 (1-fine→ 8-coarse) is chosen.

A further increase in mesh refinement factors leads to computation time to increase by a factor
of 3, making it practically unviable. Besides, the suggested minimum element size is set at 0.01 mm.
The friction coefficient of 0.5 is used for all cutting conditions. The software provides the possibility to
input the custom material model through a FORTRAN Subroutine, which and has been employed
in the study to implement the modified JC model. Two different solution algorithms are supported
by the software: Newton method and the secant method. At this stage, the secant method is used,
as the method does not require the derivative implementation with the compromise of a slower
convergence rate.

Simulations are carried out for all rake angles (−5◦, 5◦, 10◦ and 20◦) and feed from 0.05 mm.rev−1

to 0.6 mm.rev−1. The relief angle and the cutting-edge radius are kept constant with the values 7◦ and
30 μm, respectively, both in the experimental conditions and simulations. Simulations are run with the
JC model and MJC model combined with the damage modeling approach. Within the MJC model
+ damage model framework, the influence of two fracture initiation strain model’s (Autenrieth ε f i
model and Karp ε f i model) capability to evaluate the transition from continuous chip to segmented
chip is studied.
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6. Results

The FE simulations were carried out using two different material models (JC and MJC). With
the MJC+ damage model, two different parameter sets of fracture initiation strain models’ ability to
predict the continuous chip to segmented chip transition are evaluated. The FE simulations were run
till a steady state was achieved, and the chip morphology was obtained. The chip morphology was
plotted in the chip chart form. Further on, the continuous chip–segmented chip boundary is identified
in the chip chart. The cutting forces predicted by the material models are also presented.

6.1. Validation of Material Model under Continuous Chip Formation Conditions

This section presents the MJC model validation in the simulation of the chip formation process.
Experimental results with continuous chips are used to avoid the damage model influence. The rake
angle of 10◦ was used with feeds of 0.05 mm.rev−1 to 0.6 mm.rev−1 and Figure 8 presents the
cutting forces.

Figure 8. Cutting force predicted by the JC model and modified the JC model for a constant cutting
speed of 150 m/min and rake angle of 10◦.

The experimental result showing the increase in cutting force with feed is well established within
the metal cutting with the influence of uncut chip thickness increase. The cutting forces predicted by
the JC model and the MJC model have a similar trend. The MJC model improves the prediction for all
of the cutting conditions quantitatively. This improvement in cutting force prediction as compared to
the JC model is attributed to the material testing used and the ability of the MJC model to incorporate
the material behavior with improved accuracy. The highest discrepancies in quantitative prediction for
both JC and MJC models are at the maximum chip thickness conditions. The MJC model’s cutting
force prediction error can be attributed to the extrapolation that was carried out with the fitting of the
MJC model at very high strain rates. Further improvement has to be carried out, among other things,
by improving the friction models.

6.2. Experimental and FE Modeling of Continuous Chip–Segmented Chip Transition for Varying Rake Angle
and Feed

The chips obtained from experimental investigation for varying rake angle and feed rates at a
constant cutting speed of 150 m/min are plotted in the form of chip chart in to evaluate the ability of
the different fracture initiation strain models in chip segmentation prediction. Figure 7 shows that,
at constant cutting speed, continuous chips are produced for rake angles 10◦ and 20◦. With a rake
angle of 5◦, the cutting process is in a transition zone. Continuous chips are produced for feed of
0.05 mm.rev−1 and 0.10 mm.rev−1 and segmented chips are produced for feed from 0.15 mm.rev−1

to 0.6 mm.rev−1. For a rake angle of −5◦, the produced chips are segmented for all feeds. At a
constant feed of 0.40 mm.rev−1, a change in the rake angle from 5◦ to 10◦ changes the chips from being
continuous to segmented.
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Similarly, at a constant rake angle of 5◦, the change in feed rate from 0.10 mm.rev−1 to 0.15 mm.rev−1

leads to continuous to segmented chip. This leads to the rake angle of 5◦ being a transition zone.
The experimental results clearly show that chip segmentation/continuous chip is stable under certain
cutting conditions (−5◦, 10◦, and 20◦) and in transition mode under certain conditions (5◦). It is also
seen that, in the transition zone, the feed also plays a role in chip segmentation. This states that
minor changes in the cutting zone to be highly sensitive to the machining output. This would lead to
challenges in the process capability in a production environment.

6.3. Prediction of Chip Segmentation Using MJC Model and Two Different Fracture Initiation Strain Models

Initial simulations were run with the JC flow stress model [37] and the JC fracture model [38]
reported for AISI 1045 steel to predict chip segmentation. The continuous chip to segmented chip
transition predicted by the JC flow stress-JC fracture model, as shown in Figure 9, with the JC fracture
parameters that were obtained from the literature [38]. The JC flow stress–JC fracture model is unable
to predict the influence of the rake angle and, at the same time, predicts lower chip segmentation
intensity when compared to experimental investigation. With the inability of the JC flow stress–JC
fracture model established, the flow stress behavior is modified while using the damage model to
improve chip segmentation prediction. The chip morphology predicted by the MJC model with the
damage model using the two fracture initiation strain models is presented here.

Figure 9. Continuous chip to segmented chip transition prediction predicted by the JC flow stress
model in combination with the JC Fracture model. Note: Image magnification not to scale.

6.4. Autenrieth Fracture Initiation Strain Model Predicted Chip Segmentation Continuous Chip Transition

Figure 10 shows the transition of the chip morphology that was predicted by the Autenrieth
fracture initiation strain model and MJC material model. The continuous chip to segmented chip
transition is predicted with reasonable accuracy. At a constant feed of 0.6 mm.rev−1, the model can
predict the segmented chip for rake angles: −5◦ and 5◦ and the transition to continuous chip with a
rake angle of 10◦. The model can predict the transition from continuous chip to segmented chip as the
feed is increased from 0.05 mm.rev−1 to 0.1 mm.rev−1. At a feed of 0.05 mm.rev−1, a continuous chip is
predicted for both negative and positive rake angle. A qualitative comparison of chip segmentation
between the experimental investigation and the Autenrieth fracture initiation strain model prediction
shows that the level of chip segmentation intensity is lower when compared to the experimental
results. This leads to a further quantitative evaluation in terms of chip segmentation intensity become
counterproductive. Chip segmentation intensity has been predicted with improved accuracy in
literature but only for a constant rake angle and varying cutting speeds [39]. The models in these
studies have shown cutting speed’s influence and not the rake angle’s influence on chip segmentation.
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Figure 10. Continuous chip to segmented chip transition prediction predicted by the MJC flow stress
model in combination with the Autenrieth Fracture initiation strain model. Note: Image magnification
not to scale.

6.5. Fracture Strain Through Shear Compression Disk (SCD) Experiments Predicted Chip Segmentation
Continuous Chip Transition

Figure 11 shows the transition of the chip morphology predicted by the fracture initiation strain
that was obtained by Karp et al. [31] while using shear compression disk specimen. The model predicts
segmented chips for all rake angles for feeds above and including 0.1 mm.rev−1. For the feed of
0.05 mm.rev−1, the segmented chip for a negative rake angle is not predicted correctly compared to
experimental results. Qualitative evaluation of the chip segmentation intensity when compared to
the experimental investigation is relatively low for a negative rake angle. On the other hand, the chip
segmentation frequency is higher qualitatively compared to the Autenrieth fracture initiation strain
model predicted chip segmentation frequency.

Figure 11. Continuous chip to segmented chip transition prediction by the fracture initiation strain
obtained Shear compression specimen. Note: Image magnification not to scale. Note: Image
magnification not to scale.
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7. Discussion

The FE simulation of the machining process’s ability to predict chip segmentation is dependent
on the accuracy in which the material behavior is modeled to a large extent, as shown by
Fernandez-Zeliaia et al. [40]. The other well-known influencing factors are friction behavior and
thermal behavior input. Within flow stress behavior, the initial yield stress, the strain hardening
behavior, the fracture initiation, and the material behavior after fracture are essential inputs. For
the material under study, C45E steel, strain hardening behavior, and thermal softening behavior are
more influential when compared to strain rate hardening [41]. The MJC model’s ability to accurately
predict three different strain hardening behavior as a function of temperature, therefore, systematically
improves the accuracy of FE modeling of chip formation. The material behavior at the strain, strain
rate, and temperature occurring in the chip formation conditions is vital in accurately predicting the
chip morphology. In this study, the material flow stress is initially validated while using the flow
stress that was obtained from compression testing through Gleeble tests (Figure 3). Although the
temperatures at which the material behavior is validated through Gleeble tests are comparable, the
strains and strain rates are lower by orders of magnitude. The material model validation through
cutting process simulation is carried out by avoiding the cutting conditions where chip segmentation
is not observed. The MJC model’s DSA incorporation, which is active in temperatures occurring at
the primary and secondary deformation zones, is an important outcome of this work. The ability
to incorporate DSA keeping all other things constant has been shown to improve the cutting forces
prediction accuracy, as shown in Figure 8. The fracture initiation models with the JC model have not
been able to predict the chip segmentation boundary. This shows the influence of the MJC model on
the improved prediction of chip segmentation boundary.

The damage behavior modeling involves fracture initiation strain and the flow stress after the
fracture initiation strain. The results of Figure 9, Figure 10, and Figure 11 show that the continuous
chip to segmented chip transition and chip segmentation intensity is sensitive to the fracture initiation
strain input. The Autenrieth fracture initiation strain model better predicts the transition between
the continuous chip and segmented chip when compared to the Karp fracture initiation strain model.
Simulations run with the JC material model combined with the fracture initiation strain models
have shown poor results in terms of prediction of the chip segmentation (Figure 9). This shows that
the ability of the fracture initiation strain models to predict chip segmentation is dependent on the
components of the flow stress behavior, i.e., initial yield stress and strain hardening behavior. The strain
hardening behavior and the resulting temperature increase influences the fracture initiation strain.
The strain rate difference and the initial yield stress variation between the two experimental conditions
(for the Autenrieth fracture initiation strain model and Karp fracture initiation strain model) have
been reported as being possible causes for the significant variation in the fracture initiation strain.
The significant fracture initiation strain variation correspondingly leads to significant variation in the
continuous chip to segmented chip transition and the chip segmentation intensity prediction in the
finite element models that were developed in this study.

The experimental investigation (Figure 7) shows that the chip segmentation at a constant cutting
speed is influenced by tool geometry and chip thickness. In this study, the normal rake angle is the
tool geometry parameter modified, and its influence on the chip formation is studied. With the normal
rake angle being modified from negative to positive rake angle under certain uncut chip thickness
(feed) conditions, the chip formation process is transformed from a continuous chip to a segmented
chip, as observed with the segmented chip boundary.

With the normal rake angle modification, the mechanical loading of the workpiece ahead of the
tool is modified with varying levels of shear and compression. The mechanical loading is not uniform
along the shear plane from the cutting edge to the free surface in the primary deformation zone.
The stress that was observed by the workpiece material close to the cutting-edge is highly compressive
when compared to the free end of the primary deformation zone, where the stresses are a combination
of shear and compression. The workpiece material that is close to the cutting-edge rounding is mainly
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under the stress state defined by combined shear and compression defined by a large negative stress
triaxiality. The workpiece material on the free end of the primary deformation zone has a relatively
lower negative stress triaxiality; still, they are in the negative stress triaxiality conditions. Figure 6
shows that the fracture initiation strain in the negative stress triaxiality condition to be sensitive and
varies based on testing conditions. This fracture initiation strain sensitivity is attributed to be the main
reason for chip segmentation to be sensitive to minor changes in cutting conditions. At a constant chip
thickness and cutting speed, the tool geometry influences this mechanical loading and it is observed to
influence the onset of chip segmentation. Another critical factor that influences the material behavior
is the material’s history. From a machining perspective, the influence of the previous cut on the strain
profile has been shown by Childs et al. [26]. The tool edge geometry controls the influence of the
previous cut on the stress profile on the workpiece surface, tool wear, and tool vibration. The tool edge
geometry could also influence the transition zone between the continuous chip to segmented chip.
In this work, the influence of the previous cut is not taken into account and it could be a source of
improvement in chip segmentation prediction in future work.

It is clearly understood that the uncut chip thickness, in addition to the rake angle, influences the
transition from continuous to segmented chip at constant cutting speed. This is understood from the
results, showing that, at a constant rake angle, the chip thickness influences chip segmentation. The chip
thickness increase leads to the heat being concentrated in the primary shear zone. This concentration
of heat leads to a segmented chip, as predicted in the presented FE simulations. On the other hand,
chip thickness increase needs to be significant in this case at a rake angle of 5◦ up to 0.6 mm.rev−1 to
produce segmented chips.

8. Conclusions

In this study, a new modified JC model is developed based on the Voyiadjis–Abed–Rusinek [8]
constitutive modeling approach. The modified JC model with the fracture modeling approach by
Childs et al. [26] has been implemented for the first time in the FE framework for the chip formation
simulation. The influence of the fracture initiation strain model on the continuous to segmented chip
transition prediction has been successfully demonstrated. The following conclusions are made from
the study.

1. The modified JC model can incorporate the DSA influence on flow stress curves of normalized
C45E steel for varying temperatures and strain rates with reasonable accuracy.

2. The strain hardening behavior modeling of the modified JC model can predict the temperature’s
influence on strain hardening accurately when compared to the JC model.

3. The strong influence of DSA in the simulation of chip formation in machining of C45E steel is
established with an improvement of cutting force prediction accuracy.

4. The transition from continuous chip to segmented chip is established to be a function of normal
rake angle and feed at a constant cutting speed in orthogonal cutting.

5. The Autenrieth fracture initiation strain model can predict the chip segmentation boundary better
as compared to the Karp fracture initiation strain model.
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Nomenclature

Symbol Description Unit

A Initial yield stress MPa
A0 Initial yield stress at room temperature and reference strain rate MPa
AΔ Flow stress increase function in DSA range in modified JC model MPa
a Damage function parameter (Childs damage function) -
B Strain hardening coefficient MPa
C Strain rate hardening coefficient -
D Damage -
D+ Steady-state damage value -
DXi Fracture initiation parameter -
D3 Strain rate component coefficient of fracture initiation function -
D4 Temperature component coefficient of fracture initiation function -
f Feed rate mm.rev−1

Tl Lower temperature bound function in DSA range (MJC Model) ◦C
Tll DSA range’s lower temperature bound at room temperature and reference strain rate (MJC Model) ◦C
Th Upper-temperature bound function of DSA range ◦C
Thl Upper temperature bound of DSA range at room temperature and reference strain rate (MJC Model) ◦C
T Temperature ◦C
To Reference temperature ◦C
Tm Melting temperature ◦C
TS Lower bound healing temperature (Childs damage function) ◦C
TE Upper bound healing temperature (Childs damage function) ◦C
T∗ Homologous temperature -
t DSA regime fitting parameter of MJC Model
m Thermal softening coefficient -
n Strain hardening exponent -
α Rake angle ◦
ξ Temperature dimensioned parameter of the VAR model -
Δσ Flow stress increase of DSA range in MJC model at room temperature and reference strain rate MPa
ε f i Fracture initiation strain -
ε Equivalent plastic strain -
ε f i−X Fracture initiation strain -
.
ε Strain rate s−1
.
ε0 Reference strain rate s−1

η Stress triaxiality -
θ Lode angle parameter -
μi Internal Coulomb friction coefficient (Childs damage function) -
σ Flow stress MPa
Abbreviation

FE Finite element
DSA Dynamic strain aging
VAR Voyiadjis–Abed–Rusinek model
JC Johnson-Cook model
MJC Modified Johnson-Cook model
SCD Shear compression disk specimen
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Abstract: Currently, the available evaluation methods for determining the chip breakability in the
industry are mainly based on subjective visual assessment of the chip formation by an operator during
machining or on chips that were collected after the tests. However, in many cases, these methods
cannot give us accurate quantitative differences for evaluation of the chip breakability of similar
steel grades and similar sets of machining parameters. Thus, more sensitive methods are required to
obtain more detailed information. In this study, a new method for the objective assessment of chip
breakability based on quantitative determination of the weight distribution of chips (WDC) was tested
and applied during machining of stainless steels without Ca treatment (316L) and with Ca treatment
(316L + Ca). The obtained results show great consistencies and the reliability of this method. By using
the WDC method, significant quantitative differences were obtained by the evaluation of chips,
which were collected during the machining process of these two similar grades of steel at various
cutting parameters, while, visually, these chips look very similar. More specifically, it was found that
the Ca treatment of steel can improve the chip breakability of 316L + Ca steel in 80% of cutting trials,
since a fraction of small light chips (Type I) from this steel increased and a fraction of large heavy
chips (Type III) decreased accordingly. Moreover, the WDCs that were obtained at different cutting
parameters were determined and compared in this study. The obtained results can be used for the
optimization of chip breakability of each steel at different cutting parameters. The positive effect of
Ca treatment of stainless steel was discussed in this study based on consideration of the modification
of different non-metallic inclusions and their effect on the chip breakability during machining.

Keywords: stainless steel; Ca treatment; machinability; turning; chip breakability; weight distribution;
non-metallic inclusions

1. Introduction

During the last six decades, steelmakers have developed a considerable amount of new steel grades
with low-level impurities, which significantly improved the mechanical properties of steel. However,
the production industry also faces the increasing challenge during machining these high-quality
steels, because of the increased tool wear, difficult-break chips, and the significantly reduced tool life,
which increases the consumption of time, energy, and money in machining operations [1,2].

Non-metallic inclusions (NMIs) play a significant role with respect to the mechanical properties
and machinability of steels. Non-metallic inclusions, especially large inclusions, are generally harmful
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to the property of the steel, by reducing mechanical properties, like toughness, fatigue life, and corrosive
resistance, which may increase the failure probability of the final product [3,4]. For example, MnS
will result in the anisotropy of mechanical property. It will also provide the origin for fatigue crack
and corrosion. [1,5] From another side, because of different properties of NMIs, such as hardness and
thermal expansions, as compared to the metal matrix, the NMIs will have different roles during the
machining of materials. The effect of different inclusions on machinability characteristics (such as tool
life, tool wear, chip breakability, etc.) was evaluated in many studies [1,6–11]. For instance, NMIs
could act as a source of stress concentrations, which is beneficial for a crack formation making the
chip easy to break. However, some hard inclusions will damage the tool surface and increase the tool
wear [1,7,12]. It is reported that some NMIs (such as sulfides and Ca modified oxides) are beneficial
for improved steel machinability [6–11]. These NMIs can help to improve the steel machinability in
two ways: (1) as a source of stress concentrations, which decrease the cutting force and increase the
chip breakability and (2) as a lubricant (constant tool protection layer) in the contact zone between
the cutting tool and material, which reduces the abrasive and chemical wear of the tool and extends
the tool life. Thus, it is necessary to modify NMIs in steels during steelmaking to obtain favorable
machinability properties, while the mechanical properties are not affected in a negative manner.

Machinability is a complex concept that can be described by a wide range of parameters and
factors. A large number of criteria, such as tool wear (TW), tool life (TL), cutting forces (CF), chip
characteristics (CC), and surface roughness (SR), have been developed to evaluate the machinability
of different workpiece materials [1]. Among them, chip breakability has an important impact on the
easiness and operation of the machining process. If long composite chips, which combine distinct size
and shape chip segments, are obtained in the machining, the production efficiency will be threatened
when chips stuck in the rotating cutting tool or the chuck. Thus, chips with shapes, like short broken
corkscrews or spirals, are preferred during the machining operation [13]. Chip breakage can take place
in three different stages. Chip breakage for a material with a low ductility is preferred to take place
during the chip formation phase. If the material has a low mechanical strength, chip breakage is more
likely to happen during the chip curl phase. Additionally, when the formed chip is long and contacted
with the workpiece surface or tool flank face, it is possible to break [14].

Today, there are several methods for evaluating the chip breakability. One common method
that is applied in the industry is to use chip breaking curves made by visual inspections during the
longitudinal turning operation. The operators defined the transition point between acceptable and
unacceptable chip breakages, based on their subjective experience. Another test is the chip chart,
which suggests appropriate cutting parameters to obtain a satisfactory chip breakage, which is supplied
from the cutting tool companies [13]. Photos of chips that are collected from different cutting parameters
are put together and compared. There are some other complex evaluation methods to determine
the chip breakability, like a fuzzy rule-based system, to describe chip breakability performance [15].
However, when it comes to the problem of the sensitive quantitative comparison of similar steel grades
(such as modified steels and reference steels) or during optimization of chip breakability of steel at
different cutting parameters, the results from these methods often look quite similar. Therefore, it is
difficult to conclude which of the two materials that has the better chip breakability or to decide the
optimized machining parameters. In the previous study [16], a quantitative method of evaluation of
chip breakability, which was based on measurement of weight distribution of chips (WDC) obtained
during machining of two similar stainless steels, was tested. The obtained results showed a clear
difference in chip breakability for investigated steels. However, the weight of chips during machining
depends not only on the quality of steel, but also on the method and parameters of machining (such as
the cutting speed, feed rate, and cutting depth). Therefore, only the measurement of WDC cannot
be applied for the accurate evaluation and comparison of chip breakability in the cases when the
machining is carried out at different parameters. Thus, more systematic investigations are necessary in
order to improve the accurate quantitative assessment of chip breakability of steels during machining
at different parameters.
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The present study aims to develop and test a sensitive and quantitative evaluation method that is
based on measurements of the chip weights to estimate the chip breakability of different steels and
comparison of obtained results with the results obtained by using the standard chip charts. Here,
the weight distributions of chips that were obtained at different cutting parameters were investigated
and compared for industrial 316 stainless steels produced without and with Ca-treatment.

2. Materials and Methods

2.1. Workpiece Materials and Cutting Tool

This study investigated one Ca treated 316L continuous casting stainless steel (316L + Ca) and
one reference stainless steel without Ca treatment (316L) from industrial trials. The only difference
between the two trials is that there was a CaSi wire addition at the end of ladle treatment for the 316L +
Ca steel. Their chemical compositions are given in Table 1. The results of mechanical tests and impact
tests show that there is no significant difference in mechanical properties between the two materials
(around +2.2% for Young’s modulus and +10% for impact test in the transversal direction for 316L +
Ca steel as compared to 316L steel).

Table 1. Composition of samples of the reference steel (316L) and the Ca-treated steel (316L + Ca).

Steel Grade Ca-Treated
C Si Mn Cr Ni S O Ca Al

(mass %) (mass ppm)

316L No 0.02 0.38 1.60 16.82 11.18 70 20 - 40
316L + Ca Yes 0.01 0.46 1.58 16.86 11.14 90 59 28 40

CNMG120408-MM 2025 cemented carbide inserts (Sandvik Coromant, Gimo, Sweden), with CVD
coating (Ti (C, N) + Al2O3 + TiN), were used for the machining testings.

2.2. Conventional Evaluations of Chip Breakability

Conventional chip breakability evaluations were conducted during longitudinal turnings for 36
operations in two different cutting speeds (130 m/min and 180 m/min). A flood coolant (7–9% Hocut
4160 Emulsion, Barcelona, Spain) was applied during the turning test.

The first six operations were used for the visual inspection to make chip breaking curves with six
different cutting depths (ap = 0.5, 0.75, 1, 2, 3, and 4 mm). It was started with the first fixed depth of cut
(0.5 mm), then the feed rate was slowly increased until chips changed from long chips to short chips,
and then this feed rate was recorded. Subsequently, the depth of cut was increased to the next one and
increased the feed slowly again. Repeat the previous operations for all six depths of cuts. Afterwards,
a chip breaking curve was drawn with ap versus fn.

The next 30 operations were used for making chip charts. Each operation corresponded to one
combination of the following machining parameters shown in Table 2.

Table 2. The cutting data used for chip breakability curves and chip charts.

Type of Test Feed Rates (fn) (mm/rev)
Cutting Depths (ap)

(mm)
Cutting Speed (m/min)

Chip breakability curves 0.15, 0.2, 0.3, 0.4, 0.5 0.5, 0.75, 1, 2, 3, 4 130, 180
Chip chart 0→ 0.5 (continuous) 0.5, 0.75, 1, 2, 3, 4 130, 180

Broken chips from each set of cutting parameters were collected by a collector close to the cutting
operation during the adequate time for a representative amount separately. Subsequently, photographs
for each set of chips were placed in a chart with fn as the x-axis and ap as the y-axis. In addition, based
on visual subjective evaluation of the operator, all sets of short chips, which have one arc or two and
more connected arcs, were marked as acceptable.
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2.3. Chip Weight Measurement

The chips that were obtained from longitudinal turnings with similar sizes and shapes in the
chip charts were compared by weight in this study. For each set of cutting parameters, more than
100 chips were randomly collected and weighted individually. An analytical balance with yield
readability to four decimal places to the right of the decimal point (up to 0.0001 g) was applied for
measurements. The chips were classified into three groups, according to the weights and shapes.
Thereafter, the percentage of the number of each group were calculated and finally summarized.

2.4. Investigation of Non-metallic Inclusions

The non-metallic inclusions in the two steels were extracted using electrolytic extraction. During
the electrolytic extraction process, the steel samples were partially dissolved, while inclusions did not
dissolve. Accordingly, the inclusions were easily collected by a filtration process and investigated
using a scanning electron microscope (SEM, S3700N-Hitachi, Hitachi High-Technologies Corporation,
Tokyo, Japan) combined with an energy dispersive spectroscopy (EDS, Bruker, Karlsruhe, Germany).

In addition, the fracture sections of chips obtained from the previous cutting tests were also
observed by using the SEM (S3700N-Hitachi, Hitachi High-Technologies Corporation, Tokyo, Japan).

3. Results and Discussion

3.1. Evaluations by Conventional Methods

Two different cutting speeds, 130 and 180 m/min, were applied during the longitudinal turnings
to study the chip formation ability of the 316L and 316L + Ca steels. Figure 1 shows the chip breaking
curves that were obtained at 130 m/min (a) and 180 m/min (b). The point in the graph is the parameter
set that the operator thought was a watershed between acceptable chips and unacceptable chips.
The right side of the curves in this figure represents good chip formation conditions. From the results
of the chip breaking curves, the experimental grade 316L + Ca shows a slightly wider range of cutting
parameter combinations (the spotted area) when compared to the reference 316L steel for both cutting
speeds. However, for the same cutting parameters in the grey area, the obtained curves cannot show
any difference between the two steel grades. In this case, it is difficult to evaluate the differences
between the chip breakabilities for the reference and experimental steels at different cutting parameters
in the selected area.

  
(a) 130 m/min (b) 180 m/min 

Figure 1. Chip breaking curve at cutting speeds of 130 m/min (a) and 180 m/min (b).

Figure 2 shows the results of another chip breakability evaluation method, the chip charts, obtained
at a cutting speed of 130 m/min. Chips in the red polygons are acceptable chips. In general, the charts
show more detailed information than the chip breaking curves. However, the polygons are visually

254



Metals 2020, 10, 675

quite similar, and it is hard to tell the difference between the chips of the reference sample 316L and the
experimental 316L + Ca sample based on the same set of cutting parameters. These two steel grades
share similar chip breakabilities, according to this chip chart method.

(a) (b) 

Figure 2. Chip charts of (a) the reference sample (316L) and (b) the experimental sample (316L + Ca) at
a cutting speed of 130 m/min, reproduced from Ref. [16].

Chips from 5 sets of cutting parameters (blue zone in Figure 2, which were determined from
both speeds as being acceptable based on ordinary means) were collected and weighted to better
quantitatively evaluate and compare these two materials.

3.2. Classification of Chips

The chips from the accepted area (grey zone in Figure 1), which have good breakability, are
mostly the chips with one arc or two and more arcs hard connected in one construction. In this study,
a measured weight of each chip was used as a quantitative index for evaluating and comparing the
chip breakability. It is apparent that the steel, which has the chips with a small number of arcs and
correspondingly a lower weight, has the better chip breakability. Therefore, it can be expected that
this steel can have better machinability and lower tool wear, which is beneficial from short broken
chips at the selected cutting parameters. The chips could be divided into three groups according to the
shapes and weights (as shown in Figure 3): Type I-light chips (<0.2 g) with one arc, Type II-middle
chips (0.2–0.4 g) with two-three arcs, and Type III-heavy (>0.4 g) multi-arcs chips, as was classified in
the previous study [16].

However, when the feed rate (fn) and cutting depth (ap) change, the thickness and width of chips
will also change. As a result, the weight of chips and their corresponding gradation can significantly
change. Accordingly, for a quantitative comparison of the chip breakability between different cutting
conditions, a unified index should be used. Such an index can be the length of a chip (l) having the
same cross-section area (A), which can be determined by using the following equation:

l =Wchip/(ρme·A) =Wchip/(ρme·w·d) (1)

where Wchip is the measured weight of the chip, ρme is the density of the metal chip, A is the undeformed
cross-sectional area of the chip, and w and d are the width and depth of the measured chip. In this study,
it was assumed that the ρme value is constant for all chips independently on the cutting parameters.
The values of w and d cannot be precisely measured for each chip. However, they can approximately
be estimated based on the feed rate fn, cutting depth ap and major cutting edge angle κ (the angle

255



Metals 2020, 10, 675

between the edge of cutting tools and the longitude direction of role material) using the following
equations [13]:

w ≈ ap
sinκ

d ≈ f n· sinκ
(2)

Hence, the A value can be estimated by the following relationship:

A = w · d ≈ f n · ap (3)

Since the cross-sectional area (A) of chips are proportional to the feed rate (fn) and cutting depth
(ap), these cutting parameters were used in this study to evaluate the unified index of the chip weight
(IWchip) and classification of chips that were obtained at different cutting conditions:

IWchip = Wchip/(ap · f n) (4)

Figure 3. Distribution of chip weight with a step of 0.02 g at the following cutting parameters: v = 130
m/min, ap = 3 mm, fn = 0.5 mm/rev.

Table 3 shows the classification of chips depending on shape, weight, and IWchip index: Type I:
one-arc chips with IWchip smaller than 0.13; Type II: chips having two or three arcs with IWchip 0.13–0.27;
Type III: multi-arc chips (usually at least 3 curves) with IWchip values larger than 0.27.

Table 3. Classification of different chips.

Type of Chips I II III

Photograph

   
IWchip <0.13 0.13–0.27 >0.27

3.3. Chip Distributions

Table 4 shows the results of the weight distribution of chips from 10 sets of cutting parameters
corresponding to the blue zone in Figure 2. It was found that a clearer difference in chip breakability,
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as compared to conventional breakability test methods, could be detected for the 316L and 316L + Ca
steels. The results show that compared to the 316L steel, the frequency of large Type III chips (IWchip > 0.27)
is significantly smaller for the 316L + Ca steel. Especially in sets 1, 5, and 10, the frequency of Type III
chips decreases by 11–32%. On the other hand, it is also evident that the number of small Type I chips
(IWchip < 0.13) in the 316L + Ca steel increases for most cutting parameter sets. It is especially clear in sets
2, 4, 7, and 8, in which the frequency increases by 15–23%. The frequency of Type II chips is quite scatted.
However, an obvious improvement of chip breakability was quantitatively detected for the 316L + Ca
steel for the cutting parameters in set 2, 4, and 6–8 (due to significant increase of the number of small
chips (Type I) and decrease of the number of middle size chips (Type II)) and in set 1, 5 and 10 (due to the
significant decrease of the number of large chips (Type III)). No clear difference between the 316L and
316L + Ca materials is found between sets 3 and 9. It might be due to that, for cases where Type I chips are
in the majority (more than 70%, in sets 3 and 9) in both steels, no clear difference could be detected. Thus,
it can be concluded that a Ca treatment is beneficial for the chip breakability in most cases according to
the obtained results (in 80% of trials in this study: sets 1, 2, 4–8, 10).

Table 4. Summary of results based on weighting measurements and calculated IWchip.

Set 1 2 3 4 5 6 7 8 9 10

Speed (m/min) 130 130 130 130 130 180 180 180 180 180
ap (mm) 3 3 3 2 4 3 3 3 2 4

fn (mm/rev) 0.3 0.4 0.5 0.5 0.5 0.3 0.4 0.5 0.5 0.5

Type I in 316L - 6% 74% 62% 11% 25% 50% 38% 77% 0%
Type I in 316L + Ca - 21% 72% 81% 13% 33% 69% 61% 72% 2%

Δ (Type I) - +15% −2% +19% +2% +8% +19% +23% −5% +2%

Type II in 316L 15% 90% 23% 35% 69% 68% 42% 62% 23% 36%
Type II in 316L + Ca 47% 75% 24% 18% 78% 63% 26% 39% 27% 58%

Δ (Type II) +32% −15% +1% −17% +9% −5% −16% −23% +4% +22%

Type III in 316L 85% 4% 3% 3% 20% 8% 8% - 0% 64%
Type III in 316L + Ca 53% 4% 4% 1% 9% 5% 5% - 1% 40%

Δ (Type III) −32% 0% +1% −2% −11% −3% −3% - +1% −24%

The weight distributions of chips for 316L and 316L + Ca steels at different feeds with a fixed cutting
depth (ap = 3 mm) are shown in Figures 4 and 5 for cutting speeds of 130 and 180 m/min, respectively.
The obtained results correspond to sets 1–3 and 6–8 in Table 4. It can be seen that, at the same cutting
parameters, the experimental 316L +Ca steel led to the production of a larger fraction of small Type I chips
in most cases (sets 6–8 at Vc = 180 m/min and set 2 at Vc = 130 m/min and fn = 0.4 mm/rev). Moreover,
the chips of a 316L + Ca steel from set 1 (fn = 0.3 mm/rev) at the low cutting speed show an increase
of Type II chips instead and a decrease of large Type III chips. However, no clear benefits of using a
Ca-treatment steel was detected in the case of set 3 (Vc = 130 m/min, fn = 0.5 mm/rev).

Although the chips obtained from different feed rates look visually quite similar in the chip charts,
the percentage of the small Type I chips in both steels increases drastically with an increased feed rate
(fn) at both cutting speeds. This is true for all sets, except for set 8 (Vc = 180 m/min, fn = 0.5 mm/rev).
Moreover, it should be pointed out that an increase of the cutting speed from 130 up to 180 m/min
promotes an increase of the fraction of small Type I chips for both steels, except for the cutting conditions
in set 8. This can be connected with some increase of temperature in the local cutting zone with an
increase of feed rate and cutting speed during cutting [17,18]. However, a too high temperature in the
cutting zone during the higher cutting speed might significantly decrease the chip breakabilities, as
was obtained for the set eight cutting parameters (Vc = 180 m/min, fn = 0.5 mm/rev). This negative
effect might be due to the increased plasticity of the steel matrix and inclusions, resulting in too few
formations of void around inclusions in the cutting zone where the temperature is too high. This can
decrease the possibility of chip breaking.

On the other hand, the fraction of the small Type I chips significantly decreases in most cases for
both steels with an increased cutting depth (ap) at the fixed feeding rate (fn = 0.5 mm/rev). This is
shown in Figures 6 and 7 at cutting speeds of 130 and 180 m/min, respectively, for the sets 3–5 and 8–10
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in Table 4. At the same time, the fraction of large Type III chips tends to increase with increased cutting
depths. It shows that, with a larger cutting depth, the breadth of chips is wider and the helical radius
is larger, so the chips need a larger length to break. In this case, the Ca-treatment and increased cutting
speed did not show clear benefits for the chip breaking with respect to the small Type I chips, except
for in sets 4 and 8. However, the frequency of large Type III chips in the 316L + Ca steel is smaller than
that in the 316L steel in sets 4 and 8.
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Figure 4. Chip weight distributions for Type I (a), Type II (b) and Type III (c) chips obtained at an ap

value of 3 mm and a cutting speed of 130 m/min.
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Figure 5. Chip weight distributions for Type I (a), Type II (b) and Type III (c) chips obtained at an ap

value of 3 mm and a cutting speed of 180 m/min.
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Figure 6. Chip weight distributions for Type I (a), Type II (b), and Type III (c) chips obtained at an fn
value of 0.5 mm/rev and a cutting speed of 130 m/min.
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Figure 7. Chip weight distributions for Type I (a), Type II (b), and Type III (c) chips obtained at an fn
value of 0.5 mm/rev and a cutting speed of 180 m/min.

Overall, based on obtained results, it can be concluded that this weighting method can provide more
detailed chip breakability differentiations of similar steel grades for different sets of cutting parameters.

3.4. The Difference of the Non-Metallic Inclusions in Two Steel Grades

The difference in chip breakability between these two steel grades 316L and 316L + Ca comes
from the difference of the non-metallic inclusion content in the steels. The investigation results of
non-metallic inclusions in the 316L + Ca sample show a significant increase of the amount (on ~40%)
of two kinds (undeformed and elongated) of Al2O3-CaO-SiO2-MgO oxide inclusions (as shown in
Figure 8a,b), while the 316L sample contains mainly MnS inclusions and quite a small amount (4.4%)
of Al2O3-MgO-MnO oxide inclusions (as shown in Figure 8c), according to a previous study [19].
More details of the evaluation of the non-metallic inclusions can be found in the previous paper [19].
The difference between oxide and sulfide inclusions with respect to plasticity at different temperatures
lead to a different effect on the chip breakability for different sets of cutting parameters. For example,
the hardness of pure MnS at 800 ◦C is only 20% of that at room temperature, whereas the hardness of
silicate inclusions with a composition 34–40% SiO2-29–40% Al2O3-28% MnO-3% TiO at 800 ◦C drops
to only 10% of that at room temperature [20]. Many of undeformed Al2O3-CaO-SiO2-MgO oxide
inclusions were found in some big dimples of the fracture section of the broken chips of the 316L + Ca
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steel, which is supposed to contribute to the void nucleation and be beneficial for chip breaking for the
current cutting conditions, as shown in Figure 9 (the arrows marked). A more systematic study of
the mechanism of contributions of this kind inclusions on chip breakability will be considered in a
separate paper.

  
(a)  (b)  (c)  

Figure 8. Typical non-metallic inclusions (NMI) investigated by using scanning electron microscope
(SEM) after electrolytic extraction: undeformable oxides (a), elongated oxides (b) in 316L + Ca steel,
and undeformed oxides (c) in 316L steel.

 

Figure 9. Oxide NMIs found in the large dimples on the fracture section of the chips obtained during
machining of the 316L + Ca steel.

4. Conclusions

The focus of this study is to develop an alternative method for quantitative assessments of the
chip breakability during machining of similar steels at acceptable cutting conditions, which are difficult
to obtain while using conventional evaluation methods. Based on the results obtained in this study,
the conclusions were summarized as follows:

1. It is hard to quantitatively differentiate the chip breakability of the 316L and 316L + Ca
workpieces by using conventional visual subjective evaluation methods, because the chips obtained
at different feed rates or different cutting depths often visually look very similar in the chip chart.
However, the unified index of chip weight (IWchip) and chip distributions can be used for a differentiation
and quantitative estimation of the chip breakability for these two steel grades.

2. In most cases, the Ca treated steel (316L + Ca) workpieces show a considerably improved chip
breakability at the same cutting parameters when compared to the conventional reference 316L steel.
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In these cases, the fraction of small chips (Type I) in the Ca-treated steel can be increased by 8–32%,
while the fraction of large chips (Type III) can be decreased by 11–32%. However, if the fraction of the
small chips is more than 70%, no clear difference could be detected between these two steel grades.

3. Although the chips obtained from different feed rates look visually similar in the chip charts,
the fraction of the small chips (Type I) in both steel grades increases with an increased feed rate (fn)
and cutting speed. However, the fraction of small chips can significantly decrease at the higher cutting
speed (180 m/min), larger feeding rate (0.5 mm/rev), and at an increased cutting depth (ap).

4. The difference in chip breakability between the 316L and 316L + Ca steels derives from the
different non-metallic inclusion contents in these two steel grades. More undeformed oxide NMIs,
which could contribute to voids nucleation and be beneficial for chip breakability, were found in large
dimples on the fracture section of the chips that were obtained from 316L + Ca steels.
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