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high-quality and tight tolerances. This makes the machining of this alloy even more
challenging, as guarantying these pre-requisites requires a high number of tool
changes, ensuring that are always in good condition. To mitigate the problems
associated with the machining of this alloy, many researchers and manufacturers
use of coated tools, with the WC-Co tools still being widely used in this regard.
However, since processing this alloy remains a challenge, there is a wide variety of
studies focusing on finding even more solutions, by developing novel machining
strategies, coatings and employing different tool materials. Lately there has been a
focus on the study of ceramic tool materials to machine this alloy, as these materials
exhibit high levels of hardness and wear resistance. Moreover, ceramic tools can be
used at much higher cutting speeds than standard WC-Co tools, not only mitigating
sustained wear, but also being more productive than their competitors. In the present
review study, recent research papers were analysed, focusing on the milling of Inconel
718 using WC-Co tools and ceramic tool materials, particularly, SIAION. The recent
research trends and directions will be presented, as well as a comparison of the
productivity and surface quality obtained with milling tools made of these tool
materials. Regarding the comparison, the selected research studies focus on
applications that can be replicated in industrial settings, thus facilitating this
comparison. It was found that these ceramic tool materials show tremendous potential
when applied to milling of Inconel 718, particularly for roughing operations,
exhibiting material removal rates of up to ten times higher than standard WC-Co tools.
However, the production quality is still not up to par with WC-Co tools.
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1. Introduction

Machining is mainly used to obtain high-precision and quality parts for a wide variety of industry sectors [1,2]
such as, the automotive, aeronautical, defence and even food industries. It can be applied to produce parts, with
the most common being steel and aluminium alloys for more conventional processes. However, industry sectors
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such as aerospace have tight requirements, demanding not only high-quality and precision parts, but also these
parts are made from materials such as heat-resistant super alloys [3,4], such as Inconel. In fact, Inconel 718, as
well as other Ni-based superalloys are well known for their superior mechanical properties and their ability to
retain them at high temperatures. The chemical composition of these alloys usually has the same elements (albeit
in different percentages), containing high amounts of nickel, chromium and iron, presenting traces of elements
such as niobium, molybdenum, titanium and aluminium. Ni-based superalloys have high strength, resistance to
thermal creep deformation and are very resistant to corrosion and oxidation phenomena. These properties make
these alloys very well suited for demanding applications, particularly in aeronautical and aerospace industries [5,6],
being used primarily to produce aircraft engine components, subject to high service temperature and stresses.
These properties can be further improved by additive manufacturing processes as well, making these alloys well
suited for more particular applications [6,7]. Nickel superalloys can make up for a considerable amount of the total
weight of some aircraft in which they are applied [8]. Regarding the processes that are used to produce these parts,
the most employed ones are milling and turning, with drilling being also significant and present in the part
production industry [1].

As a research topic, machining processes remain very popular, usually with a focus on process optimization,
aiming for higher produced quality and improved productivity, either by optimizing the machining parameters,
aiming either for a faster and more efficient and controlled process, or aiming for a reduction in tool wear, thus
optimizing and reducing the consumption/replacement of these machining tools [9,10]. Of course, the latter option
usually results in a faster and more optimized machining process, although it does not necessarily imply better
production quality [3]. Furthermore, when seeking improvement of a given process, novel strategies are devised,
such as alternative lubrication strategies, or even the development of new tools [11] and tool coatings [12]. These
machining studies usually focus on “popular” tool materials (including tool coatings) or on exploring less known
topics, such as processing hard-to-machine materials [13,14], such as Inconel 718, which is still a relevant and
favoured topic, today.

For this review article, the focus will be on the current machining practices of Inconel 718, which is, as
mentioned known for its excellent mechanical properties, even when compared to other Ni-based superalloys.
However, these characteristics with the addition of properties such as, high tendency to work harden and low
thermal conductivity, make Inconel 718 an alloy that is quite challenging to machine [15], causing severe tool
wear (commonly leading to premature/early tool failure) as well as negatively impacting the workpiece’s surface
integrity, causing deformation and high surface roughness values. Additionally, to mitigate these problems, using
more conventional solutions, such as coated and uncoated tools, relatively conservative machining parameters
should be applied [16]. This, on one hand, retards the wear progression sustained by the cutting tools; however, it
also hinders the productivity of the machining process itself [17]. To preserve productivity or to improve the
production quality associated with a given machining process, some techniques can be applied, mainly cooling
and lubrication techniques, with the flood-cooling being one of the most used when machining this alloy
(particularly true, when referring to processes that use coated or uncoated carbide tools). However, the use of these
cooling techniques is quite unsustainable [5]. In fact, the machining of Inconel 718 is, currently, not a sustainable
practice, as it stands, using high amounts of cutting fluid to produce the desired parts, as well as consuming a lot
of cutting tools during the process itself, due to the elevated levels of wear that are induced during cutting. The
main problems associated with the machining of Inconel 718 are [16,18]:

(1) Cutting tools sustain high levels of wear leading to premature/early failure;

(2) Difficulty in producing machined parts with good surface integrity, this is, the machining of this alloy usually
induces deformations and defects on the workpieces’ machined surfaces. It is then necessary to give special
attention to the machining parameters adjustment as well as cutting tool condition;

(3) Machining Inconel 718 is a process with low sustainability. These operations require a high number of
consumables such as, machining tools and cutting fluid. Additionally, there are high operation times when
trying to optimize the cutting tools life, during machining, causing high equipment energy consumption.

These are the three main problems associated with machining this alloy and they are somewhat connected.
For example, the high levels of tool wear will cause some alteration in tool geometry, which can negatively impact
the machined surface integrity [19].

2. Methodology

To conduct this research study, the scientific search platform SCOPUS was used to explore the machining of
Inconel 718, particularly aimed for recent research studies that focus on the mitigation of the identified problems,
commonly encountered when milling this alloy, which are presented in the introductory chapter to this document.
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An advanced search was performed on the platform, selecting research studies between 2017 and 2025, aiming for
the novel solutions that are being devised to answer the problems encountered during milling operations of Inconel
718. In order to contextualize the conducted research, some research studies that fall before this time period have
been included, but preference has been given to papers and research studies no older than 10 years.

This review work is divided into chapters describing these novel solutions and methods in the milling of this
alloy, starting with a more general look on these solutions, focusing on what authors are discovering and employing
to improve the process itself, be it the use of novel strategies, coatings, tools and tool materials (this is shown in
Section 3). After this initial step, two tool materials were identified as having high potential to be applied for
milling operations of Inconel 718, the WC-Co and SiAION tool materials. With these identified, further research
was conducted about the specific use of these tools’ materials in the machining of the alloy (Sections 4 and 5).
Moreover, specific research papers were selected for each of these tool materials, focusing now on the industrial
application of these tools. Although some of these selected papers do not describe a specific industrial setting, they
were chosen based on the parameters that were being used on the selected paper, making sure that these were
equivalent to an industrial application. This enables the comparison of these two tool materials performance, which
is presented in Section 6 of this review article. As performance metrics, machining parameters, productivity
(material removal rate), sustained tool wear and tool life (VB, flank wear, and tool life measurements) and
production quality (obtained machined surface roughness/machined surface integrity evaluations) were used. These
are presented in two tables, to facilitate the comparison between the two materials. Additionally, these results are
discussed and a balance of the both WC-Co and SiAION strengths and weaknesses is made in Section 7.

3. Recent Advanced in Machining of Inconel 718

Regarding the commonly encountered problems when milling Inconel 718, presented in Section 1, these are
currently under study, with researchers aiming for the continuous improvement of the process and the mitigation
of these problems, by employing devised solutions, namely the employment of novel coatings, either to reduce
tool wear or to improve the machined surface quality [12]. Of course, most of these coatings are applied to WC-Co
tools, which are tools that usually require the use of flood-cooling during the machining of this alloy. There is also
the development/application of different tool materials, such as CBN and PCBN tools [20] or other ceramic tools
such as SiAION tools [21]. These tool solutions differ in their modes of application, for example, although WC-Co
tools can be used in dry machining operations, which are sustainable, their allowed parameter range is quite
low/conservative. However, for the ceramic and CBN tools, a higher parameter range can be used [22], and in the
case of operations conducted with SiAION tools, these are mostly dry machining operations.

Still regarding solutions for the improvement of the mentioned drawbacks of machining Inconel 718, as
stated, there are different cooling techniques that can be employed during machining to improve the processes’
productivity. Usually, machining operations performed in Inconel 718 use lubrication or cutting fluid flooding the
cutting zone, this is particularly true for finishing operations [23]. In fact, there are a significant number of studies
conducted using this refrigeration method, as it still is the most employed in the industry. However, due to
sustainability issues, researchers and practitioners are moving towards alternative methods, such as dry machining.
Although more sustainable than flood cooling, dry machining operations induce high levels of wear and limit the
range of allowed machining parameters, usually resulting in a less productive process. Additionally, machined
surface roughness is generally always higher when performing dry machining operations [24]. Nevertheless,
authors still focus on these topics seeking improvement, and contributing with quite interesting work, from the
development of tool coatings suited for these dry operations [11], to the employment of techniques such minimum
quantity lubricant (MQL) that not only are more sustainable but can also improve the machining process’
efficiency (less sustained tool wear and better surface quality) [16,25].

MQL is quite promising in the machining of Inconel 718, being seen as an alternative to dry machining
(in some cases). This method delivers the lowest amount possible of lubricant to the cutting area, lowering the
generated heat during machining and promoting better chip evacuation, as well as slow/mitigate build-up edge
(BUE) on the tools’ surface [5]. In some cases, the produced surface finish using MQL methods can be better than
flood cooling, as reported by Shokrani et al. [26] in a study conducted using tungsten disulphide nanoparticles
dispersed in a vegetable oil which is sprayed in the cutting area through pressurized air, to serve as a cooling and
lubricating agent. The authors reported that this method was found to improve the tool life by 10%, when compared
to flood cooling methods, achieving satisfactory results in terms of lower generated surface roughness.
Additionally, the authors also reported that this method yielded better results in terms of tool life by 90%, when
compared to conventional MQL (spraying of cutting lubricants through pressurized air nozzle into the cutting
area). It is important to highlight that the solution proposed by the authors is highly sustainable, presenting a good
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alternative to commercially available lubricants. There are other authors researching this addition of particles to
MQL systems, yielding satisfactory results [27]. However, there is still room for expanding this research, as most
studies performed are conducted using coated and uncoated carbide tools. Thus, there is the possibility to
contribute and explore the behaviour of different tool materials under these conditions.

Other cooling methods that show some potential in improving Inconel 718 machining operations are the
cryogenic cooling methods [5]. Cryogenic cooling methods deliver various cryogenic liquids to the cutting area,
trying to eliminate the negative impacts of the generated high temperatures during machining. Usually, liquid
nitrogen or carbon monoxide are used during machining operations, with reported benefits regarding the increase
in tool-life, as well as improving the machined surface integrity [18,28]. However, this is not always the case,
although these methods are very effective at lowering the cutting temperature, since the machined surface is
generally harder [18]. This can cause abrasion of the cutting tool and negatively impact the produced machined
surface roughness, this because there is no lubrication during cutting [18]. However, there are some researchers
employing a hybrid cryo-cooling method, such as cryogenic cooling coupled with a MQL delivery system, as
shown by Zhang et al. [29], where the authors study the use of supercritical carbon dioxide cryogenic cooling in
milling operations of Inconel 718. These tools are usually used for dry machining operations, however, there are
some cases that cooling/lubrication techniques can be useful. Regarding the study, the authors evaluate the
performance of cryogenic cooling and compare it with dry milling, and with cryogenic cooling couples with MQL
and cryogenic cooling coupled with oil droplets (oil and water mixture). It was noticed that the tools used under
dry conditions produced the worse machined surface roughness, with it having suffered considerable grain
distortion as well. Furthermore, high levels of abrasive and adhesive wear were reported for the dry condition.
When using solely cryogenic cooling, the tool still suffers considerable wear (albeit less than in dry conditions),
however, there is very little grain distortion on the machined surface, despite having the second worst machined
surface roughness value of all tested conditions. Regarding the use of cryogenic cooling couples with MQL and
oil droplets, these yielded the best results in terms of tool wear and machined surface roughness, with the most
effective method being the oil droplets coupled with the supercritical carbon dioxide. However, there was some
grain distortion registered when using these, as their cooling potential is not as good as sole cryogenic machining.
Although these methods are quite interesting, and seem quite sustainable, particularly the processes that use liquid
nitrogen as coolant [30], these methods are still quite hard and costly to implement, requiring complicated setups
and expensive materials. Still regarding cooling methods used in Inconel 718 machining, Pedroso et al. [28],
explore these in recent literature, identifying the use of nanofluids during cutting. These cutting fluids contain
nanoparticles, being primarily used to obtain better machined surface quality, although their use is tied to tool wear
mitigation. Additionally, high pressure cooling is also listed as a promissory method to improve the quality of
Inconel 718 machining operations, contributing to significant reduction in cutting temperature as well as improving
tool-life and machined surface quality.

Given the wide variety of different possible solutions for the problems associated with machining Inconel
718, exploring and optimizing these solutions is a popular research topic with authors having conducted several
machinability studies using different tools and techniques, while closely monitoring the process [31]. This process
monitoring is crucial for machining optimization, monitoring factors such as tool wear and wear mechanisms [12],
generated cutting forces [32], machined surface roughness and integrity, vibrations and cutting temperature [33,34]
will yield valuable information to improve the process. Of course, there are additional factors that can be
considered, especially when from an environmental/sustainable point of view, for this case power consumption
and use of lubricants should be considered (as well as the fabrication of the used cutting tools). Authors also
analyse these sustainable factors, optimizing the processes in this regard [5,15].

These machinability studies are usually experimental ones, which are considerably expensive, due to being
time-consuming and requiring high amounts of machining consumables (such as tools and cutting fluid) as well
as workpiece material (which will not be made into parts that will be applied in the industry). There are, however,
numerical methods that can be applied, which although time-consuming, can prove to be quite useful from a
sustainability standpoint, as well as more cost efficient. Numerical methods do not require as many experimental
runs as conventional machinability studies, by employing popular numerical methods. For example, the Taguchi
method, which, when applied, enables the optimization of a process without requiring a full factorial design, and
thus performing less experimental runs. Authors use methods such as the Taguchi, usually combined with response
surface methodology (RSM) to find optimal machining conditions for a given tool [35]. These methods can prove
to be quite useful, for example, Zhujani et al. [36] conducts a study on finding the ideal cutting parameters for
machining Inconel 718, using a PVD AITiSiN coated tool for dry turning operations. The authors were able to
determine the ideal cutting conditions with the Taguchi method, highlighting its potential when optimizing Inconel
718 processes. Of course, there is still the need for the conduction of experimental tests, this is also true for
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simulation methods. However, by conducting these experimental tests and using these numerical methods such as
the previously mentioned one, it generates valuable information that can be “fed” to a simulation software, or even
to a genetic algorithm, which can also be used to optimize the outputs of the machining process [37].

Machining process simulations is quite an important topic, as it can be used to predict machining outputs
while not necessarily requiring the performance of experimental tests [38]. It can be used to predict generated
cutting forces, for example, which are tied to chip formation, tool wear, material machinability as well as power
consumption [39]. Nowadays, the most employed simulation methods are the Finite Element (FE) simulation
methods, mainly applied to turning of Inconel 718 [40]. This is because the turning process is a much less dynamic
process, when compared to milling, making it somewhat easier to simulate [5,18]. There have been several
improvements made over the years in the field of FE simulations of Inconel 718, as reported by Pedroso et al. [41],
however, the focus seems to be on the simulation of the turning process, which is considerably more
straightforward than the other machining processes. Despite the improvements, there are still some challenges with
simulation to be addressed, namely some of the models do not account for thermal softening, which can occur at
elevated temperatures when machining Inconel 718. Furthermore, there are still some problems regarding the wear
prediction and estimation, as the wear models usually applied are Usui’s and Tailor’s empirical models, with the
latter requiring extensive calibration. Nevertheless, the simulation of Inconel 718 cutting processes is still quite
relevant, especially given these identified challenges.

As previously mentioned, the use of different tools in machining Inconel 718 can help mitigate some of the
problems associated with the processing of these alloys, as some of these have higher hardness or are more inert [42],
such is the case for ceramic tool materials. This can help prevent abrasive wear problems and material adhesion
on the tools’ surface, for example. However, this also comes at a cost, given that the use of ceramic materials can
cause deformation and hinder the machined surface integrity of a produced part (if not assisted by any
cooling/lubrication method) [19]. As such, there is a need for improvement and optimization of the processes using
these “alternative tool materials”, being that the more conventional machining tools are coated cemented carbides
(WC-Co), with these being heavily researched and widely used in the machining industry [1,2,12]. Although WC-Co
tools are the most employed in the machining of Inconel 718, there are two more materials that show high potential
to be applied in the processing of this alloy these being PCBN and ceramic tool materials [18].

As reported by Dudzinsky et al. [43], the ideal properties for a tool material to machine Inconel 718 are: high
hardness at high temperatures; high chemical stability; high strength and toughness; high wear resistance and high
thermal shock resistance. This is because when machining Inconel 718, there are high generated cutting
temperatures, however, Inconel 718 resists thermal softening phenomena up to 750 °C (which generally improve
machinability). As explained by Bartolomeis et al. [18], the hardness varies with increasing temperature for the
mentioned tool materials, such as CBN, ceramics and carbides. CBN is the tool material that has the highest
hardness, even at higher machining temperatures, being followed by the ceramic materials and lastly, carbide tool
materials. This highlights their potential in the machining of Inconel 718, being employed in various experimental
studies focused on this alloy [18,22]. While carbides have the lowest hot hardness value of the three tool coatings
may prove to be useful in improving the performance of these tools in Inconel 718 machining operations.

Although CBN’s exhibit the highest level of hot hardness and high potential for machining Inconel 718, the
tools produced can be quite expensive. Additionally, these tools usually are made of a substrate, WC-Co and a tip
of CBN material is brazed on the tool body. This increases the tool cost with each replacement, as well as the
repair times for these tools. Furthermore, in recent years research regarding the use of this tool material for
machining Inconel 718 particularly has fallen, with the focus now being primarily on WC-Co and ceramic tool
materials, concretely SIAION for the latter.

As such, in this review article, there will be a focus on two tool materials applied to Inconel 718 milling
operations, these being: Tungsten carbide tools (WC-Co), usually coated; and ceramic tool materials. The most
relevant and current trends, practices and research work being conducted about this matter and using these
materials will be analysed and presented in this review. Furthermore, an insight into the productivity of each of
these tool types will be given, offering comparisons on their performance, tool-life and sustainability while
machining Inconel 718.

4. Recent Uses of WC-Co for Inconel 718 Machining Operations

Tungsten carbide tools (WC-Co) are very common in the machining industry, being widely used to produce
machined parts made from various materials [1,2]. Their introduction elevated the machining process’ efficiency,
by significantly improving tool-life and produced quality, these factors make them very popular and the most used
tool types for all machining processes. One great advantage of WC-Co tools used in industry is the fact that these
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are commonly coated. Tool coatings further improve the performance of these machining tools, conferring them
properties best suited for their application. Indeed, coatings can be tailored for a specific function/application, for
example, TiAIN coated tools are commonly used for high-speed machining operations, in some cases being used
in machining of hard-to-cut materials [12,44]. This is due to a phenomenon that occurs at high speeds when
machining with these coated tools, consisting of an oxide layer formation on the tool’s coated cutting edge,
conferring it higher wear resistance. TiAIN and TiAIN-based coatings show high potential for machining
applications [45], and machining of Inconel 718 is no exception. One popular research topic is the study of the
influence of doping agents introduced in these TiAIN hard coatings. These doping agents can help improve coating
hardness and toughness, as well as mitigate some problems associated with chemical compatibility. The use of
doping elements such as Ta and Y have been studied recently, revealing that the addition of these would improve
coating wear resistance [12]. However, the number of research studies made under the specific application of these
coatings in machining is still quite low, as the coatings are quite novel. As such, there is a gap in literature that can
be filled with experimental studies on the application of these coatings, particularly in hard-to-machine alloys, as
the improvement of coating hardness seems to be a common recent research trend [18]. Some authors have started
to evaluate the influence of some of these elements. For example, Silva et al. [23] conducted a study evaluating
the performance of TiAIYN coated tools in finishing operations of Inconel 718, evaluating machined surface
roughness and sustained tool wear. For the experimental tests, cutting speed (Vc), feed-per-tooth (fz) and cutting
length were varied, as to study the influence of these parameters in cutting behavior. Regarding the used cutting
speeds, the lowest value was 75 m/min, and the maximum value was 125 m/min. As for fz, three values were
tested: 0.0525 mm/tooth, 0.07 mm/tooth and 0.1050 mm/tooth. For this case, it was noticed that although higher
cutting speeds promote more wear, the feed-per-tooth parameter had considerably more influence, with lower
values of this parameter promoting higher values of flank wear (especially if paired with high cutting speed values).
However, the authors reported problems with the coating’s performance, with high levels of delamination
occurring at lower values of cutting length, this was attributed to poor coating adhesion to the tool substrate.
Despite this fact, the authors reported less abrasive wear sustained by the tool coating than the substrate,
highlighting the potential of doping TiAIN coatings with Y, thus increasing coating hardness by improving coating
adhesive strength and stability, adding an interlayer between the tool substrate and “main” coating could improve
the coating’s wear behaviour [1,2]. Still regarding the use of doping elements in the machining of Inconel 718,
Pandey et al. [46] studied the use of TiAIN coating doped with Si in dry machining operations. As mentioned by
the authors, the use of coated carbides for machining of these hard-to-cut alloys usually requires the use of cooling,
generally having negative implications regarding worker safety and environmental protection. As such, the authors
propose the application of a novel developed Si-doped TiAIN supernitride nanocomposite coating, deposited on
WC-Co, for dry machining operations. The researchers have then compared the performance of this novel coating
with an uncoated tool; it was found that the generated cutting temperature was 17% lower than that generated with
coated tools. Furthermore, it was reported that there was a 15% reduction in flank wear when using the coated
tool. Regarding machined surface quality, it was found that the chips produced with the coated tools were more
stable being more segmented. Studies such as this are quite valuable, providing new information and ideas on tool
coating development that enables the mitigation of problems associated with machining this alloy, such is the case
of Grigoriev et al. [47], that present a study on multilayered nanostructured coatings containing Zr, concretely, Zr-
ZiN-(Zr,Cr,A)N and Zr-ZrN-(Zr,Mo,Al)N. The authors compare the performance of another nanostructured
coating, however, this one is more commonly employed in machining operations, the Ti—TiN-(Ti,Cr,Al)N.
Nanostructured coatings can prove to be quite useful, albeit hard to develop and produce/deposit effectively,
improving the tools’ wear behavior significantly. Additionally, high crack resistance and hardness values are
associated with these types of coatings [18]. Still regarding the study by Grigoriev et al. [47], the authors evaluated
the tribological properties of these coatings on dry turning operations of Inconel 718 alloy. It is important to
mention that tool coatings, particularly TiAIN based coatings, enable the machining of the alloy at considerably
higher speeds, than those used for uncoated tools, which are used at around 50 m/min (or even lower) when
machining Inconel 718. Even at these lower speeds, with uncoated tools cutting temperature easily reaching over
600 °C. Nevertheless, the authors study the mentioned nanostructured coatings, yielding better results than the
TiAIN based one. Additionally, the authors state that it is possible to machine at around 300 m/min using these
coatings, which is very useful from a productivity standpoint. Indeed, tool coatings can help with improving
sustainability of machining processes using coated tungsten carbide tools. In fact, Behera et al. [48] use MT-CVD
TiCN-AI203 coated tools in dry machining operations of Inconel alloy, comparing the results with uncoated tools.
Again, it was found that these tools performed better than the uncoated ones at considerably higher cutting speeds,
suffering considerably less wear. When using coated tools, the machining temperature is typically lower, even at
lower cutting speeds, this was also registered by Zhao et al. [49] when conducting orthogonal cutting tests of
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Inconel 718, under dry conditions, using PVD AITiN coated tools and comparing them with uncoated tools. The
authors found that the AITiN coated tools generated a lower cutting temperature at the maximum value of tested
cutting speed, which was 120 m/min. Even then, this value would be lower than that generated by uncoated tools
at lower cutting speed values. This proves the potential of using these types of coatings for dry machining
operations of Inconel 718, thus improving the process’ sustainability.

Although the improvement of tool coatings’ mechanical properties to eventually enable stable dry machining
of Inconel 718 alloy seems to be quite a popular research topic [5], another common research trend is the
improvement of already existing processes, either by numerical [50] or practical optimization. Machining process
improvement can be achieved in many ways, by studying the application of novel tool and tool coating
technologies [2,12], or implementing new machining strategies and cooling methods [16,18]. One strategy usually
adopted in the improvement of Inconel 718 machinability with coated carbide tools is the high-speed ultrasonic
vibration assisted machining [51]. This machining strategy has already proven to be useful in obtaining of good,
machined surface quality of titanium alloys, which also causes high tool wear with high adhesion of machined
material. Peng et al. [14], studied the application of this strategy on Inconel 718, using a TIAIN coated tool. The
authors state that, despite coated carbide tools being employed with low cutting speeds and having low
productivity, the machined surface quality is higher than that obtained by more productive ceramic tools. As such,
there is also an interest in improving the machined surface quality of coated carbide tools while mitigating their
wear problems. The authors have used 80 to 249 m/min of cutting speed on their tests, obtaining a tool life
2.5 times higher than the uncoated tool and a reduction in generated cutting forces by almost 33%. The use of
ultrasonic vibration during machining significantly improved machined surface quality when compared to
conventional machining, having a beneficial impact on the machined surface micro-hardness (surface integrity).
Recently, Namlu et al. [27], have tested this ultrasonic vibration assisted machining method, while employing
MQL and Hybrid-MQL cooling techniques. The hybrid MQL consisted of using Al,03-CuO nanofluid, added to
the MQL system. The authors have also tested this method using conventional cutting fluid (flood cooling method),
finding that this produced the worst results in terms of machined surface quality. Indeed, MQL improved the
machined surface integrity, with the hybrid MQL method achieving the best results in this regard, also average
measured cutting forces were lower for the MQL tests. As such, the authors concluded that ultrasonic assisted
vibration machining strategy outperforms conventional machining strategies. Moreover, by pairing this “new”
strategy with MQL methods, a high-quality machined surface can be obtained, thus highlighting the importance
and potential of the studied strategy.

Indeed, the use of alternative cooling and lubrication strategies can bring many advantages, improving the process’s
productivity and quality as well as its sustainability, such as MQL and cryogenic cooling alternatives [16]. It seems that
there are quite a few researchers conducting studies using MQL and cryogenic cooling methods while machining Inconel
718 with coated tungsten carbide tools, this is a trend that is observed for other machining operations conducted in other
hard-to-cut alloys [1,2]. There are some studies already being conducted on use of cryogenic cooling to mitigate tool
wear problems [52], with positive results. However, these methods can prove to be quite hard to implement, requiring
complicated machining setups, to ensure the correct delivery of the cryogenic liquid to the cutting area [53]. However,
there might be some added benefits to using these methods as way to mitigate machined surface integrity problems, such
as producing high grain deformation as well as refinement, in addition to producing surfaces with high roughness. There
are some studies conducted in this regard, such as Pusavec et al. [19], which study the use of this method in machining
of Inconel 718, finding that by using cryogenic cooling, a fine surface layer with higher hardness is obtained, than
obtained with MQL or dry machining. Additionally, using cryogenic machining, in this case, led to obtaining the best
machined surface quality. Although very useful, these methods show more potential for other tool materials, for example
ceramic tool material, as the use of these ceramic tools usually leads to low machined surface quality and high (deep)
grain deformation on the workpiece’s surface [16,25].

There are, however, some interesting recent applications of MQL method in machining of Inconel 718.
However, these studies expand on traditional MQL systems, which consist of spraying the cutting area with lubricant
oil dispersed in pressurized air. For example, Khosrowshahi et al. [54] propose a more sustainable alternative to MQL
methods, using vegetable oils, thus focusing on further improving process sustainability. The authors have tested two
vegetable oils, namely castor and sunflower oil during machining operations of Inconel 718, conducted at a cutting
speed of 30 m/min, 50 m/min and 70 m/min, while testing three values of feed rate value, name 0.168, 0.281 and
0.393 mm/rev. Authors found that, under these conditions, the tool wear increases with an increase in cutting speed
and feed rate value. However, there is a clear influence of the tested MQL methods, with the MQL using sunflower
oil yielding the best results, both in terms of tool wear and machined surface quality. This highlights the potential of
using more environmentally friendly consumables without the need to give up on machining process quality. The use
of solid lubricants in machining of Inconel 718 has also seen some use recently, as proposed by Paturi et al. [15], with
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the authors obtaining quite satisfactory results when comparing the performance of the presented system with
conventional MQL, achieving production quality using these solid lubricants up to 35% better than the conventional
method. The use of these solid lubricants can also help mitigate problems related to machined surface integrity, being
tied to not only machined surface roughness improvement, but also the reduction in grain deformation and grain
refinement layer formed on the machined surface [54].

Analysing recent research trends, it seems that the main areas of interest on machining operations using WC-Co
tungsten carbides are:

e Increasing the mechanical properties of coatings and evaluate how these perform during machining
operations with a focus on using them for dry machining operations;

e  Use of novel tool coatings, geometries and machining strategies to mitigate tool wear problems as well as
improve machined surface quality;

e  Use of MQL paired with solid lubricant methods to improve coated tool machining operations and produce
an overall machined surface;

e Studies on the surface integrity produced by coated tools for different machining strategies and
cooling/lubrication conditions.

5. Recent Uses of Ceramic Tools for Inconel 718 Machining Operations

Ceramic tool materials are a great candidate to be used on Inconel 718 machining operations. These cutting
tools can be employed at very high cutting speeds, up to ten times higher cutting speed than that used when
machining using WC-Co tools. Additionally, these tools show high abrasive wear resistance, which leads to higher
tool life. They also possess high thermal and chemical stability. However, these tools have low toughness. Also,
they cannot be employed together with cooling during machining operations, as they have low resistance to thermal
shock. Cyclic heat generated on some cutting processes also hinders the integrity of these cutting tools [18].
Nevertheless, these tools remain a very popular research topic due to its better performance than coated WC-Co
tools, as exemplified by Celic et al. [55], where SiAION milling tools are used in dry milling operations of Inconel
718, carried out with a cutting speed value of 585 m/min. The authors reported that the tool sustained 38 min of
machining time, a considerably high value to achieve at these cutting speed values. Due to these high cutting
speeds, the tool generates very high cutting temperatures, over 1000 °C, this promoting diffusion wear
mechanisms. Celic et al. [55] were researching these same wear mechanisms, comparing a SiAION tool, with other
with TiN particles added into its matrix. It was found that the addition of TiN promoted the tools’ resistance to
form diffusion zones. In addition to diffusion wear, the authors have reported high levels of material adhesion on
the tools’ flanks. On this adhered material, a diffusion scale was formed, causing the oxidation of Al and Ti atoms.
Studies such as these are quite important, as understanding the wear types and wear mechanisms of the cutting
tools is crucial when wanting to improve a cutting process [2,12]. There is quite a significant number of studies
performed about the wear behaviour of ceramic tools, such as this by Zimmerman et al. [S6], where the authors
evaluate a SiAION tool wear progression when machining a BLISK component made of Inconel 718. The authors
have also used a carbide tool to produce the part. The use of ceramic tool proved to be highly productive, being
used at 503 m/min, while the carbide tool was used at 40 m/min. Only air cooling was used during the machining
operation using ceramic tools, while flood cooling was required for the carbide tool. Regarding machining time,
the total machining time for the carbide tool was 4 min and 30 s, while with the ceramic tool the operation time
was 1 min and 35 s. Regarding the wear analysis, the authors have reported high levels of adhered material to the
tools’ edges, resulting in BUE formation. Additionally, adhesive wear was reported as well as alteration in tool
geometry. Flank wear measurements could not be performed due to high amounts of adhered material at this area.
Still regarding wear analysis of ceramic tools used in Inconel 718 machining operations, Ma et al. [57], evaluated
cutting performance and tool wear of SIAION and TiC-whisker-reinforced SizN4 ceramic tools in dry side-milling
operations. The authors tested the tools at 200 m/min, 275 m/min and 350 m/min, at a depth of cut of 5 mm.
Additionally, they tested three feed-per-tooth values, 0.08 mm/tooth, 0.10 mm/tooth and 0.12 mm/tooth. Tools
had a cutting diameter of 10 mm and had six flutes. It was concluded that both tools presented very similar wear
behaviour, presenting high levels of adhered material to the cutting edges. Additionally, there was evidence of
BUE formation for both tools, although for the TiC-whisker-reinforced tools, this BUE was stripped off the tools’
edge more easily for higher cutting speed values. Adhesive wear and crater wear were also reported on the tools.

The high cutting speeds and, consequently, the high cutting temperatures associated with machining
operations carried out using ceramic tools, cause deformation on the machined surface damaging the workpiece’s
surface integrity. There are studies conducted on this regard, as the one presented by Finkeldei et al. [58], where
the authors evaluate the surface integrity of the workpiece after machining Inconel 718 alloy with SizN4 ceramic
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tools. Solid ceramic tools were used, having a tool diameter of 12 mm and six flutes. These tools were employed
at 625 m/min of cutting speed, a feed-per-tooth value of 0.032 mm/tooth and a depth of cut of 1 mm. The authors
assess that the machined surface quality is quite poor, with the workpiece’s surface presenting micro-cracks as
well as grain deformation on a layer with a thickness of 75 um. Low machined surface quality and damaged
workpiece surface integrity seems to be one of the downsides of using ceramic tools for machining Inconel 718.
Similar conclusions were drawn by Zimmerman et al. [59], this time using SiAION end-mills. The higher surface
roughness layer, or even damaged layer at the surface of workpiece material needs to be removed with an extra
finishing operation using a different tool, which hinders process productivity.

To mitigate these surface integrity problems, as well as the wear problems commonly found when machining
with ceramic tools, alternative cooling/lubrication conditions can be applied, with some cases of use of MQL
paired with SiAION tools on hard-to-cut materials, such as titanium alloys, producing satisfactory results [60,61],
in some cases MQL can improve the tool-life by 75% when compared to dry cutting, due to the method’s capacity
in reducing thermal shock phenomena during machining [62]. Marques et al. [63], studied turning operations of
Inconel 718 with whisker-reinforced ceramic tools using vegetable-based cutting fluid MQL mixed with solid
lubricants, MoS,. The authors have tested the influence of cutting speed on the sustained tool wear as well as on
the machined surface integrity. They selected 250 m/min to evaluate tool-life, however, they have selected values
between 100 and 300 m/min, with 50 m/min increments, to evaluate the influence on the machined surface.
Regarding feed rate and depth of cut, these values were 0.1 mm/rev and 0.5 mm, respectively. Regarding tool life,
it was concluded that the addition of solid lubricants in the MQL system caused an improvement in tool-life by
approximately 22%, when compared to just MQL. However, tool life was improved by 46% when compared to
dry turning conditions. Despite retarding the sustained tool wear, the use of these lubrication methods did not
change the main wear types developed during machining, The cutting tools presented mainly evidences of material
adhesion, abrasive wear and diffusion. Regarding machined surface quality, it was significantly improved when
using these methods, although MQL and MQL with solid lubricants proved to be quite close in terms of measured
surface roughness, which was Ra = 0.6 um, lower than the value produced for dry turning conditions, which was
Ra = 0.8 um. As for machined surface integrity, for the start of the machining tests, no clear influence was noted
on the workpiece’s surface. However, as the machining continues and tool wear progresses, the alteration in cutting
edge geometry causes deformations on the workpiece surface.

Analysing the current research studies conducted on the use of ceramic tools in machining operations of
Inconel 718, the most popular topics are:

e  Studying wear behaviour of ceramic cutting tools, as well as of wear mechanisms and wear evolution for
different machining conditions;

e  Testing of alternate lubrication and cooling conditions while machining Inconel 718 with ceramic tools—
This is mainly due to the poor surface quality obtained with ceramic cutting tools;

e  Tests regarding analysis of surface integrity, as these tools induce high levels of deformation on the machined
surface, as well as producing poor surface quality.

There are not a large amount literature and research studies performed about these types of cutting tools,
despite the material not being novel itself. Only now, researchers and practitioners are focusing more on the
application of ceramics, such as SiAION to produce machining tools. This is due to its high potential, high
productivity and material removal rates, while sustaining less wear (particularly in more aggressive machining
conditions) than the WC-Co and CBN tools. Also worthy of noting the potential of these tools from a sustainability
standpoint, with them being used primarily under dry conditions. Additionally, these tools are not as hard or
unsustainable to produce as their WC-Co and CBN counterparts [15,18].

6. Comparison of Tool Material Performance during Milling Operations of Inconel 718

An analysis of recent machining studies was made, focusing solely on the milling operations of Inconel 718,
using ceramic tools as well as cemented carbide tools. The articles and studies selected for this analysis were based
on experimental studies, published from 2017 onward, on the application of these two tool materials, using
parameters and setups that emulate or can be compared to real-life industry applications. Information on
productivity and production quality will be presented for both tool materials, namely the material removal rate
(MRR), expected surface roughness (Ra), as well as tool-life and registered wear mechanisms. Tables 1 and 2 will
show this information, facilitating the comparison of these two tool materials’ potentials when machining Inconel
718. Additionally, good machining practices identified, when machining this alloy, will be presented, these are
practices that lead to increase in productivity or production quality as well as reduction of sustained tool wear.
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Table 1. Study summary of ceramic cutting tool productivity and production quality.
Title Tool Material and Geometry Cutting Parameters Results
Ve =585 m/min Material removal rate 17.6 cm*/min
ae=0.635 mm Surface quality N/A
. e - SiAION (T1); ap = 9.652 mm
Wear behavior of solid SIAMIONT 1N reinforced SIAION (T2); /= = 0-18 mm/rev 26 min (for both tools):
g g WEh-sp - 12 mm diameter; Strategy: - min (for both tools);

milling of Inconel 718 [55]

Tool-life and wear

- Diffusion wear;

- flutes. - i illing; . . .
6 flutes glqe ming; . - High material adhesion.
- piral strategy;
- Dry.
Ve =503 m/min Material removal rate 8.28 cm*/min
ae =8 mm Surface quality N/A
Tool wear progression of SIAION - SiAION; ap =0.4/0.24 mm
ceramic end mills in five-axis high- - 8 mm diameter; fszt:t().15/0.08 mm/tooth
feed rough machining of an Inconel - 35 mm length (T1); Tategy: s . . )
718 - 51 mm length (T2) - Full diameter milling; Tool-life and wear ) Bp to ;‘(5) cm} O? mac}l:}neg ma:er}a} ior ;;’
BLISK [56,59] - 4 flutes. - Multiple roughing passes varying . p to 30 em” of machined material for 2.
ap and fz;
- Dry.
Ve =200/275/350 m/min Material removal rate [7.6-20.1] cm*/min
ae=0.5 mm
. ; - Ra values measured between 1 and 3 pm;
. - . _ Surface qualit i,
Cutting performance and tool wear ?12101}:1 (kT b inforced Si-N ap =5 mm quanty - Higher cutting speed values produced better Ra;
of SiAION and TiC-whisker- - 1 "W 1sker reintorced Si3N4 - 7 =0.08/0.10/0.12 mm/tooth
reinforced Si3N4 ceramic tools (1](;23;111 diameter- Strategy: - T2 prf)duced better surface quality than T1.
in side milling Inconel 718 [57] ’ - Side milling; Tool-life and wear - Sustained tool wear more severe on T2; o .
6 flutes _ Linear strategy; - Main wear mechanisms are chipping for T1 and chipping as well as material
_ Dry. adhesion for T2.
Ve =625 m/min Material removal rate 38.19 cm*/min
ae=12 mm Surface quality N/A
End milling of Inconel 718 using - Solid SizN,4 (T1); ap =1 mm
solid Si3N4 ceramic cutting tools - 12 mm diameter; /2= 0.032 mm/tooth . .
58] ) 6 flutes Strategy: Tool-life and wear - Tools present severe damage after 3 min of machining;

- Full diameter milling;

- Main wear mechanisms are chipping and material adhesion

- Dry.

Ve =600 m/min Material removal rate 6.88 cm’/min

ae =4 mm Surface quality N/A
Suitability of the full body ceramic - Solid SiAION, CVD coated ap =0.35 mm

illi Is for high- ALOs; = . . - .
end mitling too’s for hig speed 203; . . Jfz=0.024 mm/tooth - Tool life for dry and air-blast machining at 3.1 min;
machining of nickel-based alloy - 6 mm diameter; Strategy: . g o .
Tool-life and wear - For MQL, maximum tool life is 0.8 min;

Inconel 718 [62] - 6 flutes.

- Roughing, spiral strategy (facing)

- Dry/MQL/Air-blast

- Main wear mechanisms are chipping and material adhesion
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Title

Tool Material and Geometry

Cutting Parameters

Results

Influence of process parameters on
the cutting performance of SIAION
ceramic tools during high-speed

dry face milling of hardened
Inconel 718 [64]

SiAION cutting inserts;
63.5 mm of tool diameter;
6 cutting teeth.

Ve =500/700/900/1100/1300 m/min

ae =34.5 mm

ap =1 mm
fz=10.04 mm/tooth
Strategy:

Horizontal face-milling;
Air-blast cooling;
Variation of cutting speed.

Material removal rate

[22.91-59.59] cm*/min

Surface quality

N/A

Tool-life and wear

Tool life determined on volume of removed material:

For 500 m/min, 20 cm?;
For 700 m/min, 78 cm?;
For 900 m/min, 152 cm?®;
For 1100 m/min, 130 cm?;

For 1300 m/min, 21 cm’.

Ve =100/150/200 m/min

Material removal rate

[0.80-1.59] cm*/min

ae i 8 mm - Ra values measured between 0.8 and 2.5 um;
Investigation of machinability in ap: 0.5 mm Surface quality - Increase in Ve parameter decreases quality;
milling of Inconel 718 with solid SiAION: J;thtO'OS mm/rev - Lowest Ra value obtained using OoW + CO, condition.
: - : 5 rategy:
Sialon ceramic tool using 8 mm diameter; . o
supercritical carbon dioxide 4 flutes - Full diameter milling;
(s¢CO,)-based cooling conditions - Dry;. Tool-life and wear - Main registered wear mechanisms were adhesive wear and abrasive wear;
[29] - E/I%ZI: oy - Diffusion wear registered, as well as BUE formation.
- 23
- Oil droplets (OoW) + CO»;
Ve =452/680 m/min Material removal rate [8.13—12.1] cm*/min
ae=1mm Surface quality N/A
Roughing Milling with Ceramic . . ap = 5.6 mm
X ; . . SiAION tools; . .
Tools in Comparison with Sintered . . 7 =0.03 mm/tooth - Maximum wear criteria set at 0.3 mm of flank wear;
. h 12 mm diameter: 12
Carbide on Nickel-Based Alloys ’ Strategy: . - For Ve of 680 limit was reached after machining 16 cm?;
4 flutes Tool-life and wear . . 3
[65] . I - For Ve of 452 limit was reached after machining 26 cm’;
- Side-milling; . .
B Dry. - Choosing higher Ve values retards notch wear appearance.
Ve =800 m/min Material removal rate 40.74 cm*/min
ae=16 mm Surface quality N/A
Life Cycle Assessment for Rough . ) ap =0.4 mm
Machining of Inconel 718 ?;Ar:r)nthizr.ﬁ:’ter' éztr:to.l mm/tooth
- - B ategy:
Comparing Ceramic to Cemented 4 flutes. Tool-life and wear N/A

Carbide End Mills [66]

Roughing of a blade shaped

component (full diameter milling);

Dry.

Tool life and wear mechanisms of
CVD coated and uncoated SiAION

ceramic milling inserts when

machining aged Inconel 718 [67]

Use of coated and uncoated
SiAION inserts;

Uncoated (T1);

TiN + TiCN + AI203 CVD
coated SiAION (T2);

TiN + AI203 bilayer CVD
coated SiAION (T3);

40 mm diameter;

4 inserts.

Ve =700/800/900/1000 m/min

ae =30 mm

ap =1mm

fz=0.1 mm/tooth

Strategy:

- Linear up-milling roughing
strategy;

- Dry.

Material removal rate

[66.84-95.50] cm*/min

Surface quality

N/A

Tool-life and wear

Uncoated inserts (T1) achieved the more consistent cutting performance,
removing 170 cm® of material before failing, at 900 m/min;

Coated inserts tested at different cutting speed values performed better than the
uncoated ones;

Main wear mechanisms were adhesive and abrasive wear, with the former
being more prominent on coated tools;

Heating and cooling cycles induced greater levels of flank wear on the coated
tools, indicating that CVD coatings should be avoided on SiAION tools.
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Table 2. Study summary of WC-Co cutting tool productivity and production quality.

Title

Tool Material and Geometry Cutting Parameters

Results

Investigations on
the Surface

Integrity and Wear - Use of TiAIYN coated
Mechanisms of end-mills;
TiAIYN-Coated - 6 mm diameter;

Tools in Inconel - 4 flutes.

718 Milling
Operations [23]

Ve =175/100/125 m/min

ae=4.5 mm

ap =0.08 mm
fz=10.0525/0.07/0.105 mm/tooth
Cutting length = 5/15 m
Strategy:

- Spiral facing strategy
(center to periphery);
- Flood-cooling.

Material removal rate

[0.30-1.00] cm*/min

Surface quality

As expected, increasing cutting length leads to higher measured Ra values;

Lower fz values paired with lower Ve leads to a better surface quality, with the best Ra value being 0.372 pm, obtained
at these lowest parameters;

Increasing Ve, even for cutting lengths of 5 m leads to an increase in Ra values.

Tool-life and wear

Main wear mechanisms identified were: material adhesion; abrasive wear and coating delamination;

Increasing Ve leads to an increase in sustained flank wear;

Even at 5 m of cutting length, cutting tools show maximum VB (flank wear) values of 0.6 mm (for Vc = 125 m/min),
while the lower value registered at this Ve being 0.341 mm;

Lower fz value lead to an increase in sustained flank wear (due to workpiece contact period being higher);
Maximum registered wear value was near 0.800 mm, for fz = 0.0525 mm/tooth and V¢ = 125 m/min;

Tools should not machine over 5 m of cutting length, VB values are quite high.

The effect of chip
formation on the
cutting force and
tool wear in high-
speed milling
Inconel 718 [68]

inserts;

63 mm diameter;
5 cutting inserts.

- Use of a cutting tool with 2=

Ve = 60/80//100/120 m/min

- PVD TiAIN coated square9¢ = 10 mm

ap =0.2 mm
0.15 mm/tooth
Strategy:

- Linear facing strategy;
- Flood-cooling.

Material removal rate

[0.45-0.90] cm*/min

Surface quality

N/A

Tool-life and wear

The inserts sustained mainly abrasive wear, registered for all cutting speeds;
Increasing the Ve value resulted in more severe abrasive wear as well as crater wear, chipping and cracking of the
tools’ substrate.

Wear Behavior of

TiAIVN-Coated - Use of TiAIVN coated

Tools in Milling end-mills;
Operations of - 6 mm diameter;
INCONEL 718 - 4 flutes.

[69]

Ve =175/100/125 m/min
ae=4.5mm

ap =0.08 mm
fz=10.0525/0.07/0.105 mm/tooth
Cutting length = 5/15 m
Strategy:

- Spiral facing strategy
(center to periphery);
- Flood-cooling.

Material removal rate

[0.30-1.00] cm*/min

Surface quality

There is an influence of fz parameter on the obtained surface quality, with an increase in this parameter resulting in
higher surface roughness, particularly for tests conducted at 15 m of cutting length;

An increase in cutting length increases the measured Ra value;

Best measured Ra, 0.563 um value is for the Ve = 125 m/min, fz = 0.0525 mm/tooth and at 5 m of cutting length;
Maximum Ra value is 2.142 pm, being registered at ¥c = 100 m/min, fz = 0.105 mm/tooth and at 15 m of cutting length;
The cutting speed seems to not influence much the obtained Ra values, with it being mainly affected by an increase in
fz parameter.

Tool-life and wear

The main identified wear mechanisms were coating delamination, followed by abrasive wear and some material
adhesion;

It is important to note that the tool coating suffered severe delamination on all tested tools;

It seems that, for cutting lengths of 5 m, an increase in cutting speed leads to less sustained VB wear, with the best result
being obtained for V¢ = 125 m/min, fz = 0.07 mm/tooth and a cutting length of 5 m, this being 371 um;

For higher values of cutting length it seems that Vc has a reverse impact, with an increase resulting in lower sustained VB;
Highest measured flank wear was 667 pm, registered at Vc = 100 m/min; fz = 0.105 mm/tooth and a cutting length of
15 m.
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Table 2. Cont.

Results
Material removal rate

Title Tool Material and Geometry Cutting Parameters

[0.40-0.67] cm*/min

Wear Behavior
Analysis of
TiN/TiAIN Coated )

Tools in Milling of
Inconel 718 [70]

Ve =175/100/125 m/min
ae=4.5 mm

ap =0.08 mm
Use of TiN/TiAIN coated £z = 0.07 mm/tooth

end-mills; Cutting length = 5/15 m
6 mm diameter; Strategy:
4 flutes.

- Spiral facing strategy
(center to periphery);
- Flood-cooling.

Surface quality

There is a clear influence of cutting length on the measured surface roughness, as expected, as the sustained flank wear
negatively impacts the machined surface quality;

Increasing the cutting speed causes the machined surface roughness to also increase, this may be related to sustained
flank wear, as higher speeds also contribute to higher flank wear;

The lowest measured Ra value was of 0.370 um, for the condition of 75 m/min and cutting length of 5 m;

Still regarding this cutting length value, the maximum measured Ra value for these tests as of 0.502 um, registered after
machining at 125 m/min;

At 15 m of cutting length, the same trend was registered, the values were considerably higher, however, with the maximum
Ra value being registered at 125 m/min, and being 0.786 pm, followed by the condition at 100 m/min, being 0.737 pum.

Tool-life and wear

Main wear mechanisms identified were: material adhesion; abrasive wear and coating delamination;

There is a significant influence of cutting speed and length on the sustained flank wear;

For cutting speeds of 75 m/min the flank wear increases from 80.24 pum to 256.55 pm (from 5 m to 15 m of cutting length);
For cutting speeds of 100 m/min the flank wear increases from 89.37 um to 536.60 pm;

For cutting speeds of 125 m/min the flank wear increases from 190.05 pm to 545.34 pm;

This indicates that the tools sustain flank wear more rapidly at higher cutting speed values (over 75 m/min).

Wear Behavior
Phenomena of
TiN/TiAIN
HiPIMS PVD-
Coated Tools on
Milling Inconel
718 [71]

Ve =100/125 m/min
ae=4.5mm
ap =0.08 mm

Use of TiN/TiAIN coated £z = 0.0525/0.07/0.105 mm/tooth

end-mills; Cutting length = 5/15 m
6 mm diameter; Strategy:
4 flutes.

- Spiral facing strategy
(center to periphery);
- Flood-cooling.

Material removal rate

[0.40—1.00] cm*/min

Surface quality

There was an increase in machined surface roughness for longer tests, due to sustained flank wear;

Best machined surface quality, Ra = 0.40 pm was obtained for lower fz values, as well as lower V¢, being followed by
the condition with Ve = 125 m/min and the lowest fz;

Increasing both fz and Ve will result in higher machined surface roughness, even at low cutting length values (5 m);
Highest Ra value was of 0.82 pm registered for highest fz and V¢ value, at a cutting length of 15 m.

Tool-life and wear

Main wear mechanisms identified were: material adhesion; abrasive wear and coating delamination;

Increasing Ve leads to an increase in sustained flank wear;

Even at 5 m of cutting length increasing Vc to 125 m/min, will result in an increase in measured flank wear, the tools
tested at ¢ = 100 m/min, had VB near the 100 pm, while the ones tested at Vc = 125 m/min, showed VB values near
200 pum;

For lower cutting lengths there seems to be a decrease in flank with an increase in fz parameter (albeit slight);

There are no clear trends identified for cutting lengths of 15 m, ass the tools already sustained considerable flank wear,
exhibiting over 500 pm of flank wear for all tested conditions, reaching a maximum of 613 pm for tools tested at

Ve =125 m/min;

Tools should not machine over 5 m of cutting length, VB values are quite high.

Influence of

milling direction in
the machinability
of Inconel 718 with
submicron grain
cemented carbide

tools [72] .

Use of two WC-Co grades "¢ = 15/75 m/min
(T1 and T2), uncoated; @€ = 0.5 mm
Tlis 1614 HV and T2 is 4P =~ 6 mm

T1 has 10% Co, whereas Strategy:

T2 has 9% Co; - Up and down-milling
10 mm diameter; strategies;
4 flutes. - Dry machining.

Material removal rate

[0.09-0.89] cm*/min

Surface quality

Best results were obtained with down-milling mode for all tested conditions;

Best surface roughness values were obtained by T1, at V¢ = 75 m/min and fz = 0.016 mm/tooth, this being 0.7 um;
Increasing parameters to their maximum value would result in an increase in Ra to 2 pm;

There is a greater influence of /z on measured Ra than that of Ve.

Tool-life and wear

Maximum VB wear defined as 0.4 mm (end of tool-life);

Down-milling is more beneficial in terms of tool life for all tested parameters and tools;

Maximum tool-life is achieved by T1 in down-milling mode, removing 27 cm? before failing at Vc = 15 m/min and
fz =0.016 mm/tooth;

Under the same conditions, T2 only removed 22 cm?;

Increasing Ve and fz reduces tool-life, with the lowest values being obtained by using the maximum parameters;
The main wear mechanism was cutting edge micro-chipping for lower cutting speeds;

For 75 m/min the registered wear mechanisms were material adhesion and abrasion.
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Table 2. Cont.

Title Tool Material and Geometry

Cutting Parameters

Results

Cemented carbide tool,

Effects of tool wear PVD Nano-TiAIN

on machined

surface inteerit coating;
uriace meenty = all end-mill with 8 mm
during milling of diameter:

Inconel 718 [73] 4 cutting flutes.

Ve =40 m/min
ae=0.25 mm

ap =0.4 mm
fz=0.02 mm/tooth
Strategy:

Down-milling linear

Material removal rate

0.20 cm*/min

Surface quality

The machined surface roughness increases as wear progresses, starting at around 0.6 pm at the start of testing, and
increasing significantly at VB = 0.2 mm, to a Ra value of 1.25 um;
At the end of testing, when tools reached maximum VB of 0.3 mm, the measured Ra values were 2.5 pm.

strategy of an angled surfaceT ool-life and wear

(60°);
- Flood-cooling.

End of tool-life defined for a VB value of 300 um;

With tested parameters tools were able to machine for 350 min;

Wear stages are defined as initial wear, followed by steady wear (that increases not as sharply as the initial);

The final wear stage is characterized as sharp wear, rising very rapidly from the 340-min mark up until the end of the test;
Flank wear progresses steadily up until the VB = 0.1 mm, then wear grooves start appearing on the tools’ flanks,
deepening as the test progresses (notching, and abrasive wear).

Characterization of

Tool Wear

Me?chamsms and Use of coated PVD multi-

Failure Modes of layer TiAIN/NDBN inserts;

TiAIN-NbN Ao ’
. 32 mm diameter;

Coated Carbide 4 cutting inserts

Inserts in Face £ '

Milling of Inconel

718 [74]

Ve =40/70 m/min
ae=12.5 mm

ap=1mm
fz=0.07/0.1/0.13 mm/tooth
Strategy:

- Linear facing strategy;
- Flood-cooling

Material removal rate

[1.39-5.17] cm®/min

Surface quality

N/A

Tool-life and wear

End of tool-life defined for a VB value of 500 um;

Higher values of V¢ negatevily impact tool-life, with the best wear results being obtained for tools tested at 40 m/min;
Increasing fz parameter will also cause a more rapid increase in flank wear, with the best results being obtained for the
fz = 0.07 mm/tooth;

It was registered that at lower Ve and fz values, the tools are subject to higher cutting temperatures, with wear
mechanisms being associated with adhesive wear;

For higher speeds and feeds, the tools sustained considerably more abrasive wear and diffusion wear, failing more rapidly;
The main registered wear mechanisms were chipping, adhesive wear, abrasion and BUE.

A machine learning
model for flank  ~
wear prediction in
face milling of
Inconel 718 [75]

Use of coated PVD multi-
layer TiAIN/NDN inserts;
- 32 mm diameter;
4 cutting inserts.

Ve =40/60/80 m/min
ae=12.5 mm

ap =0.5/0.75/1 mm
fz=0.07/0.1/0.13 mm/tooth
Strategy:

- Linear facing strategy;
- Flood-cooling (85% oil +
15% additives).

Material removal rate

[0.69-5.17] cm*/min

Surface quality

N/A

Tool-life and wear

End of tool-life defined for a VB value of 500 um;

Best tool-life obtained for a fz = 0.07 mm/tooth and an ap = 0.75 and Ve = 40 m/min, reaching 5000 mm of cutting length;
Second best tool-life result obtained for the same fz value but with an ap = 1 mm and V¢ = 40 m/min.

There is a clear influence of fz parameter on tool-life, as the latter decreases with an increase in fz;

Increasing ap also negatively impacts the tool-life, although, for tests conducted at 0.5 mm, the tools suffered high levels
of localized chipping;

Regarding Ve, the tools sustained less wear for 40 m/min, followed by 60 m/min and achieving lowest values of tool-life
for 80 m/min.

- Use of uncoated WC-Co
end-mills;

Two grades are tested,
WC-Co (C1) and WC-
(Ti,W)C-Co composite

Wear behavior of
ultrafine WC-Co -
cemented carbide
end mills during

milling of Inconel (C2);
718 [76] - 5 mm diameter;
- 2 flutes.

Ve =20/30/40 m/min;
ae=2mm

ap=0.1 mm

fz = 0.02 mm/tooth
Strategy:

- Linear down-milling
strategy;
- Oil based lubrication

Material removal rate

[0.010-0.051] cm/min

Surface quality

There is an influence of V¢ and cutting length on the measured Ra values, this increasing with increase of both Ve and
cutting length;

For C1 tools the measured Ra values were between 0.1 um and 0.2 um, rising throughout the test (for all tested Ve
values), reaching a maximum of 0.25 pm at the end of testing;

For C2, there is a greater influence of Ve, with the tools tested at 40 m/min reaching higher values of Ra, between 0.15 pm
and 0.25; For the rest of tested Vc values the measured Ra was between 0.10 and 0.15 pm, however, these tools did not
machine a length as great as the C1 tools.

Tool-life and wear

For end of tool life criteria, a maximum VB value of 0.3 mm was chosen;

There is a clear influence of machining parameters on the tool-wear for both C1 and C2 tools, however, C1 tools had a
greater tool-life;

For CI1 tools, tested at 20 m/min, the tool life was 89.5 min; while at 40 m/min this value was 28.2 min; the main wear
mechanism was adhesion, for all tested Ve values;

For C2 tools tested at 20 m/min the tool life was only 9.4 min, with material adhesion, and slight notch wear being registered;

for Ve values of 40 m/min, the tool life was 3.8 min, with adhesion, crater, notch wear and chipping being registered.
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7. Analysis of Presented Research

Analyzing both the information presented in Tables 1 and 2 as well as the presented in chapter 1, there is a
clear difference of the machining parameters used for SIAION and coated WC-Co tools, with the former needing
to operate at high cutting speeds to be used effectively. This is also corroborated by a study conducted by
Molaiekiya et al. [64], where the authors state that the optimal parameter range for these tools would be near the
900 m/min of cutting speed value. Of course, there are exceptions to this “rule”, however, these tools require high
cutting speed values, especially when compared to coated WC-Co tools used to machine Inconel 718. If fact,
analyzing the parameters presented in Table 2, the cutting speed values that are used to machine this alloy with
coated WC-Co tools is around 10 times lower than those used with SiAION tools. This, however, may cause some
problems when using these tools, particularly solid SiAION end-mills of a diameter less than 8 mm, as the
rotational speed that is required to reach the optimal parameter range (in terms of cutting speed) can be very high,
requiring more potent machining centers and CNC machines, which is not always possible by some manufacturers.
However, productivity gains when using SiAION tools compared against standard WC-Co, especially when
looking at material removal rates, is undeniable. When using these tools for Inconel 718 milling operations, it is
possible to achieve removal rates of up to 10 times higher than when using the more common coated WC-Co tools.
Despite this, there are still problems regarding tool wear, but more importantly, the machined surface quality and
integrity. As mentioned in the introductory section of this article, and as can be seen from the measured surface
roughness values of the studies presented in Tables 1 and 2, the operations carried out using SiAION tools produce
a lower quality machined surface when compared to the coated WC-Co tools, this is not only due to the fact that
these SiAION tools can only be used under dry cutting conditions, but due to the fact that the high cutting speeds
generate high cutting temperatures, which plasticize the workpiece material and cause adhesion to the workpiece’s
surface itself. Additionally, these high temperatures cause grain deformation and refinement, as well as damage to
the workpiece’s surface itself, causing micro-cracks as well as poor surface finish quality [77,78]. Looking once
again, to the results presented in the above tables, it can be observed that in some cases the measured surface
roughness is more than 3 times higher than that of what is achieved with coated WC-Co tools. Since the Inconel
718 components are required to be high quality and have high dimensional accuracy are somewhat preferable to
the SiAION tools and guarantee their use in milling operations of Inconel 718.

In the following Tables 3 and 4, a SWOT analysis is made for each of the analyzed tool materials, SIAION
and WC-Co, respectively.

Table 3. SWOT analysis on the use of SiAION as a tool material to machine Inconel 718.

Positive Factors Negative Factors

Weakness

Strengths

Highly productive, as it can be
employed at very high cutting speeds.
Optimally, it should operate at around
900 m/min.

As they are used at very high cutting speeds, manufacturers
are somewhat limited on the parameter range, requiring
more potent machining centres overall, which can be quite
expensive.

Internal

factors Is used in dry machining operations, High cutting speeds and temperatures cause damages to the
making it a more sustainable workpiece’s surface, hindering quality and surface integrity.
alternative, especially when compared SiAION and ceramic tool materials shatter easily, as such,
to more common flood cooling there is a need to minimize impacts as well as the tool
machining operations. deflection itself, thus limiting cutting depth with end-mills

made of these materials.

Opportunities Threats
Given their high productivity these With the improvement of machining strategies, tool
tools have a very high potential for coatings and tool geometry, there are some competitive
roughing operations, as well as some  alternatives, in terms of productivity, to the SiAION tools.

External S¢mi-roughing operations. Such as the use of coated carbide tools paired with

factors  Pairing this tool material with other trochoidal milling strategies. These have improved

more conventional (and already in use)
materials can improve the machining
process itself, not only in terms of
sustainability but also productivity.

productivity while not sacrificing the quality of the
machined surface.

PCBN tools might offer a potential alternative to this tool
material, in terms of productivity, surface quality and
sustained tool wear.
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Table 4. SWOT analysis on the use of WC-Co as a tool material to machine Inconel 718.

Positive Factors Negative Factors

Strengths Weakness

Most used tool material, heavily researched ~ Suffers considerable amounts of wear when
and optimized. As such, their parameter range machining Inconel 718, even only after machining
is well known and usually easier to optimize  few cm?.

Internal than other, more novel, tool materials. Low productivity, as it is required to operate at very
factors High machined surface quality and conservative machining parameters (cutting speed
dimensional tolerance is guaranteed when and feed-per-tooth values).
machining with coated cemented carbide The process is not sustainable, from an
tools. It is one of the main reasons as to why  environmental point of view, as it requires flood
these are employed in the machining of cooling during machining of Inconel 718.
Inconel 718.
Opportunities Threats
With the development of improved Tool materials such as the ceramics (SiAION) can

machining strategies and tool coatings some  prove to be a more viable alternative to coated WC-
problems associated with machining Inconel  Co, especially for roughing operations, as they can
718 can be mitigated, ensuring that WC-Co  operate in a higher parameter range, thus being much

External ; . e .
factors tools can keep being used in the machining of more productive.
these alloys. PCBN tools can also be a threat to the use of coated
Alternative cooling methods are also being WC-Co, as their parameter range is also higher
developed which can improve the (more productive) and can also be used with flood
sustainability of the machining process when cooling strategies, ensuring higher quality of
using these tools. machined surface.

Analyzing Tables 3 and 4, each of the tool materials have clear advantages and drawbacks. SiAION is more
suited for roughing operations; however, the production quality of SIAION tools is not a match for WC-Co tools.
Despite this, WC-Co tools are significantly less productive than their counterpart, requiring more conservative
machining parameters, focusing on preserving and extending tool-life, while retaining a good production quality.

Focusing on industrial application of both tool materials is quite beneficial, as sometime researchers conduct
studies under circumstances that are not replicable in an industrial setting, which is the most common setting in
which these tools are used.

8. Conclusions

In the present review study, the recent trends regarding SiAION tools and WC-Co tools applied in milling
operations were analyzed, identifying them as well as presenting an analysis of studies that emulate industrial
milling conditions while using these tools.

Inconel 718 machining remains quite relevant with authors still exploring ways to mitigate problems
associated with the processing of this alloy, particularly aiming to mitigate problems such as tool wear and process
sustainability. Regarding the coated WC-Co tools, authors focus on the study of new coatings, geometries and
strategies. However, these studies reveal that these tools sustain high amounts of wear, even only after a few
minutes of machining time. Rapid tool-wear remains a problem when machining with these tools that authors still
seek to improve. However, the production quality obtained with these coated WC-Co tools is still unmatched,
especially when compared to SiAlION tools. These ceramic tools have been heavily researched recently,
particularly when applied to Inconel 718. They offer a more sustainable alternative than that of WC-Co, as they
can only be employed for dry-milling operations. Furthermore, they boast a much higher productivity when
compared to coated WC-Co tools. Despite this, there is still much room for improvement, especially when
discussing machined surface integrity. Due to their operating range these SiAION tools damage the machined
surface, not being able to satisfy the requirements when producing Inconel 718 parts. As such, researchers continue
to find ways to improve milling operations using these tools.

There is a clear gap in studies that evaluate and compare these tool materials directly, focusing not only on
productivity and production quality but also on the environmental impact that these materials have. Additionally,
by analyzing each of these tool materials individually it would not be beneficial, for example, SIAION tools and
WC-Co tools complement each other, as the former is more suited for roughing operations that involve high
material removal rates. As such, this review study is quite beneficial, as it presents a clear comparison between
these two material types while also considering industrial applications. Analyzing the obtained results, it can
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clearly be seen that SiAION tools are more suited for roughing operations, when compared to WC-Co tools,
boasting high wear resistance and significantly more productivity. Furthermore, the operations carried out with
SiAION tools are more sustainable than ones carried out with WC-Co tools, as they do not require as much
machining time and do not use cutting fluids or lubricants. Despite this, coated WC-Co tools remain in use as a
standard in the part production industry. It is a well-known and researched material that can achieve the tight
tolerances required when producing Inconel 718 parts. As such, the combination of these two tool materials for
part production could be highly beneficial for the industrial scene, combining high productivity of SiAION tools
with high production quality of WC-Co tools.

Regarding future research directions, this work could be expanded to turning and other machining operations
involving the processing of Inconel 718, focusing on other potential tool materials, for example PCBN.
Furthermore, a detailed cost analysis per tool material could also be made, however this is quite difficult, and many
researchers do not include cost information on their work. Additionally, CO, footprint and sustainability analysis
of the use of SiAION and coated WC-Co tools could also be made, some researchers are beginning to conduct
such analyses, however, a detailed “production” cost and sustainability analysis should be made as such as a “in
use” cost and sustainability analysis.
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