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Abstract: Nickel-based superalloys have been widely used in the aerospace, petrochemical, and
marine fields and others because of their good oxidation resistance, corrosion resistance, stability,
and reliability at various temperatures. However, as a nickel-based superalloy is a kind of processed
material, in the cutting process a large amount of cutting heat is generated due to the interaction
between the tool and the workpiece. At the same time, the low thermal conductivity of the workpiece
causes a large amount of cutting heat to accumulate at the contact point, resulting in serious tool
wear, reduced tool life, frequent tool changes, and other problems, which increase the production
cost of the enterprise. This paper introduces the tool wear mechanisms (abrasive wear, adhesive
wear, plastic deformation, chemical wear, etc.) in the machining process of nickel-based superalloys
and summarizes the research status of failure mechanisms, tool wear optimization, etc. Based on a
review of the existing research, it was found that the purpose of adding tool coatings, optimizing tool
materials and cutting parameters, or improving the cutting environment is to control the heat during
the processing of nickel-based superalloys to improve the tool environment and prolong the service
life. The development prospects of tool wear prevention measures in the field of nickel-based alloy
machining are also described.

Keywords: nickel-based superalloys; tool wear; failure mechanism; optimization of cutting environment;
extended tool life

1. Introduction

Superalloys generally refer to iron-based, nickel-based, and cobalt-based superalloys;
nickel-based superalloys refer to a class of alloys that work for a long time at a high temper-
ature above 600 °C under a certain stress. Due to their excellent strength, thermal stability,
thermal ductility, fatigue resistance, and corrosion resistance [1-4], they are currently
widely used in aerospace, ships, vehicles, and other fields. Nickel-based superalloys are
a key hot-end component material for aero engines, rocket engines, ships, and industrial-
grade gas turbines. They are also high-temperature structural materials that are required
for nuclear reactors and chemical equipment. Fifty percent of the weight of jet engines
is Inconel 718, a Ni-Fe-Cr alloy [5]. Nickel-based superalloys are excellent materials for
aviation parts. Compared with ordinary alloys, they are strengthened by the combination
of different metal compounds and fine carbides. There are many metal materials for casting
nickel-based superalloys. As shown in Table 1, more than ten different elements can be
added to nickel alloys. The mechanical properties of nickel-based superalloys containing
different elements are quite different, but they all have strong machinability. However,
it is precisely because of the high strength of these high-temperature alloy parts at room
temperature that their workability is much lower than that of ordinary steel, which brings
great difficulties to parts machining and leads to low processing efficiency.
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Table 1. Composition of commercial nickel-based superalloys (wt.%, bal. Ni) [6].

Alloy Cr Co Mo Fe Al Ti Ru Ta Re Hf C B W Zr
Conventionally cast alloys

Rene 80 14 9.5 4 - 3 5 - - - - 0.17 0.02 4 0.03

Mar-M246 8.3 10 0.7 - 5.5 1 - 3 - 15 0.14 0.02 10 0.05

In-713LC 12 - 45 - 5.9 0.6 - - - - 0.05 0.01 - 0.1

Directionally solidified alloys

Rene 80 DS 129 9.6 4 - 3 4.48 - - - 0.074 0.07 0.015 49 0.02

CM247LCDS  0.07 92 0.5 - 5.6 1 - 3 - 15 0.07 0.015 9.2 0.015
First-generation single-crystal alloys

Rene N4 9.8 7.5 2 - 4.2 3.5 - 4.8 - 0.15 0.05 - 6 -

PWA 1480

CMSX-2 8 5 0.6 - 5.6 1 - 6 - - - - 8 -

Second-generation single-crystal alloys

Rene N5 7 7.5 15 - 6.2 - - 6.5 3 0.15 0.05 - 5 -

PWA 1484 5 10 2 - 5.6 - - 9 3 0.1 - - 6 -

CMSX-4 6.5 9 0.6 - 5.6 1 - 6.5 3 0.1 - - 6 -
Third-generation single-crystal alloys

Rene N6 42 125 14 - 5.8 - - 7.2 5.4 0.15 0.05 - 6 -

CMSX-10 2 3 0.4 - 5.7 0.2 - 8 6 0.2 - - 5 -

Fourth-generation single-crystal alloys

TMS 138 3.2 5.8 2.8 - 5.9 - 2 5.6 5 0.1 - - 5.9 -

TMS 138A 32 5.8 2.8 - 5.7 - 3.6 5.6 5.8 0.1 - - 5.6 -
Fifth-generation single-crystal alloys

TMS-162 29 5.8 3.9 - 5.8 - 6 5.6 4.9 0.1 - - 5.8 -

TMS-173 2.8 5.6 2.8 - 5.6 - 5 5.6 6.9 0.1 - - 5.6 -

Wrought superalloys

Inconel 718 19 - 3 18.5 0.5 0.9 - - - - - 0.2 - -

Rene 41 19 11 10 - 1.5 3.1 - - - - 0.09 0.005 - -

Nimonic 80A 19.5 - - - 1.4 2.4 - - - - 0.06 0.003 - 0.06

Waspaloy 195 135 43 - 1.3 3 - - - - 0.08 0.006 4 0.03

Powder-processed superalloys

Rene 95 13 8 3.5 - 35 2.5 - - - - 0.07 0.013 35 0.05

Rene 88DT 16 13 4 - 2.1 3.7 - - - - 0.03 0.015 4 -

Inconel 100 124 184 32 - 49 43 - - - - 0.07 0.02 - 0.07

N18 112 156 65 - 44 44 - - - 0.5 0.02 0.015 - 0.03

In addition, we still need to face many challenges in the field of nickel-based super-
alloy machining. Due to the low thermal conductivity inside the parts, the cutting heat
generated during the cutting process cannot be transferred at an adequate rate, resulting in
a sharp rise in the temperature of the cutting edge, causing crater wear and severe plastic
deformation of the cutting edge. Excessive crater wear causes catastrophic damage to the
tools and greatly reduces their service life. The high-hardness intermetallic compounds in
the microstructures of these alloys cause severe wear on the tool tips, and the high heat gen-
erated during the machining process causes the microstructures of the alloys to change [7].
Generally, when machining nickel-based superalloys, the thermal conductivity of the tool
and the workpiece is not high, and a large amount of generated heat cannot be dissipated
through the chips or the workpiece, resulting in pits in the tool and plastic deformation
of the blade. Therefore, when machining nickel-based superalloys, tool adhesion wear,
abrasive wear, diffusion wear, oxidative wear, and debonding failure are more serious,
greatly reducing tool life. Although the material level and processing level of nickel-based
superalloys have been significantly improved in recent years, it still takes nearly 5 h to
machine a GH4169 part with a length of nearly one meter after rough grinding and fine
grinding [5], with dozens of tool-changing operations. Severe tool wear is considered to be
one of the key reasons for machining inefficiency.

Although the current hard tools, ceramic tools, etc., play an important role in the
improvement of the machining efficiency of nickel-based superalloys, many problems arise
due to the increase in machining costs. Adding a coating on the surface of the tool can
play a certain role in extending its life, but under high temperature and high pressure the
elements of the coating react with the tool, forming new compounds on the surface of the
tool and causing scratches on the surface of the part, affecting its surface. At the same time,
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the built-up tumors that are produced reduce the heat dissipation performance of the tool
so that the heat generated during machining is hard to dissipate on the tool, causing more
severe tool wear and resulting in a “vicious circle” [8].

Although much research has been conducted on the machinability of nickel-based
superalloys [9], research on the tool wear mechanism of nickel-based superalloy machining
has an important impact. This paper analyzes the failure mechanism of tool wear, describes
the improvement of tool wear in nickel-based superalloy machining, and proposes the
limitations of the existing research and future prospects.

2. Tool Wear Mechanism in Nickel-Based Superalloy Machining

Tool wear commonly results from mechanical (thermodynamic wear, mostly abrasion)
and chemical (thermochemical wear and diffusion) interactions between the tool and the
workpiece. Different tool wear mechanisms during the machining of nickel-based superal-
loys, such as adhesive wear, abrasive wear, diffusion wear, oxidation wear, and debonding
failure, have been reported in the literature in detail [10]. A summarized representation
of the reasons, mechanisms, types, and consequences of the wear is presented in Figure 1.
Among the reported tool wear mechanisms, the adhesion mechanism is prominent in tool
failure. The adhesion of the workpiece to the tool surfaces at high temperatures and stresses
results in the adhesive wear of the tool and leads to the built-up edge (BUE) formation
responsible for tool failure by the attrition phenomenon at medium cutting speeds and
plastic deformation and/or tool failure by the chipping and flaking of the tool material at
high cutting speeds.

Influences
:ll > Hookloats Workpiece/tool
Wear causes Mechanical, thermal, m;:erials
chemical, abrasive : A
Cutting conditions
Wca'r Adhesion Oxidation Abrasion Debonding Diffusion
mechanisms :I|>
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Figure 1. The wear causes, wear mechanisms, wear types, and wear consequences in the cutting of

nickel-based superalloys [5].
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To improve the study of the particularities of tool wear mechanisms in machining, we
first summarize several common tool wear forms. Abrasion and adhesion are the most
common tool wear forms in the machining process of nickel-based superalloys. They occur
not only at high cutting temperatures but also at low cutting temperatures and are usually
caused by excessive cutting forces when the tool contacts the workpiece, the different uses
of lubricants in the cutting process, etc. [11]. We provide an overview of the common wear
mechanisms of nickel-based superalloys.

2.1. Abrasive Wear

Research has found that the friction between the particles falling off the tool matrix
and the hard carbon particles contained in the nickel-based superalloy is the main cause
of abrasive wear when machining nickel-based superalloys with various tool materials.
Moreover, since the workpiece material flows to both sides during machining, the hardened
burrs formed on the workpiece surface also cause damage to the tool after the end of the
previous machining process, resulting in abrasive wear [12-14]. The occurrence of abrasive
wear is usually marked by the depths of the grooves on the rake face and flank face of the
tool and the depth of the notch at the contact point between the tool and the workpiece.

Ezugwu et al. [15] found that when machining nickel-based superalloys with ceramic
tools the hardness of the ceramic tools remained stable at high cutting temperatures, but
the wear mechanism during the machining process was mainly abrasive wear. Tool wear is
caused by the increase in strength due to the hardening of the material during machining
and the shedding of fine particles such as carbides between the tool and the chip under high
pressure. They further pointed out that the wear caused by the fine particles shed between
the tool and the chip under high pressure is insignificant on SiAION tools compared to
alumina-based ceramic tools. In low-speed cutting with v. =25 m/min and f = 0.15 mm/r,
a large amount of BUE is produced, while in medium-speed cutting with v, = 55 m/min
and f = 0.3 mm/1, the cutting heat generated by machining softens the BUE and reduces its
height [16]. Due to the high cutting force or cutting adhesion, the cutting edge of the tool
collapses, which may lead to the fracture of the cutting edge.

In the drilling experiment of Inconel 718, Chen et al. [17] observed that the wear
mechanism on a TiAlN-coated carbide tool was mainly abrasive wear. Liu et al. [16]
found that when the cutting speed was low, the tool wear mechanism was mainly abrasive
wear. This was because when machining is performed at low cutting speeds, the cutting
temperatures are lower, and other wear mechanisms are not significant. They also found
that under low-speed cutting the rake and flank faces of the tool failed in a similar manner
due to the hard particles on the machined surface and the intense friction of the tool parts.
In drilling tests on Rene 65, Olufayo et al. [18] found that the tool wear was primarily flank
wear due to the high abrasive forces experienced on the cutting edge of the tool. Figure 2
shows the process of rapid wear of the tool surface, which is due to the corrosion of the
cutting edge of the tool due to the high temperature generated during the cutting process.

Deng et al. [19] conducted cutting experiments on Inconel 718 superalloy using Al,O3
ceramic tools reinforced with TiB, particles and SiCw particles and found that the main
wear mechanism on the tool flank was the presence of abrasive wear marked by grooves in
the sliding direction of the tool and workpiece surface during machining. They believed
that the friction between the tool, the hard particles in the workpiece material, and the hard
debris falling off during processing is the main reason for abrasive wear. The repeated
extrusion of the tool under this high-pressure environment causes crack development and
more serious damage to the tool. Figure 3a shows an SEM micrograph of the tool wear
profile of an ABW20 ceramic tool at a cutting speed of 80 m/min. An SEM micrograph
of the crater wear trajectory at a higher magnification is shown in Figure 3b. Higher
magnifications of the SEM micrographs of the flank wear trajectory are shown in Figure 3¢,d.
It can be seen that both the rake face and the flank face are severely worn. The adhered
workpiece particles often remained attached to the tool surface. The adhesive wear of
cutting tools involves a mechanism in which individual grains or their small aggregates are
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pulled from the tool surface and carried away on the underside of the chip or torn away by
the adherent work piece. Weaker interface bonding between different ceramic phases can
increase the severity of adhesion wear.

Figure 2. The high temperature generated by the edge causes the cutting bit to change color ((a,d,g)
are new tools after single drill holes; (b,e,h) are the tools after approximately 10 holes were drilled on
average; and (c,f,i) are the wear conditions after drilling 30 holes) [18].

Figure 3. SEM micrographs of wear in Inconel 718 nickel-based alloys after machining with an
ABW?20 ceramic tool. ((b,c) are partial enlarged views of (a); (d) is a partial enlarged view of (c)) [19].
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From the above studies, it can be known that the abrasive wear of the tool is the main
wear mechanism on nickel-based superalloy machining in both the drilling and grinding
of various types of tool materials. The hard particles in nickel-based superalloys are the
main culprit of tool flank wear during machining, and the workpiece surface after work
hardening is the key to deepening the depths of the worn grooves, thereby causing further
wear to the tool. However, in most cases, abrasive wear is only one of the factors that cause
tool damage.

2.2. Adhesive Wear

Adhesive wear occurs because under a high-pressure and high-temperature cutting
environment the flow of workpiece material forms a BUE or BUL (built-up layer), which
adheres to the rake face and flank face, but this BUE is unstable and will be damaged.
Residual chips and workpiece material after work hardening are continuously removed.
Due to adhesion to the surface of the tool, the surface of the tool is also peeled off when
the BUE is removed, resulting in tool damage [13]. At low cutting speeds, the resulting
cutting temperature is relatively low, and it is difficult for both the tool material and the
workpiece material to undergo plastic deformation; at very high cutting speeds, the tool
wear mechanism usually manifests as diffusion and chemical wear. Therefore, machining
with moderate cutting speeds creates conditions such as high cutting temperatures that are
conducive to the occurrence of adhesive wear.

Li et al. [20] conducted cutting experiments on Inconel 718 using tools with PVD-
coated and CVD-coated carbide materials, and they found a different wear mechanism than
when using ceramic tools. The phenomena of adhesion, coating peeling, and edge fracture
mainly occurred on the cutting edge, but the wear of the cutting edge was not serious, and
no chipping phenomenon occurred. When they cut Inconel 718 with SiAION tools, they
found that the tools tended to be chipped, as shown in Figure 4. They also observed that
when the cutting speed was increased (from 240 m/min to 300 m/min) the adhesion wear
on the nose and flank increased, but the grooving depth decreased. Moreover, when the
cutting speed and feed rate were further increased, cracks appeared on the rake face and
even breakage occurred.

100 1 m

AR
Tool material: (a) KC732; (b) KC935; (c¢) KY210;

k b TR
Figure 4. SEM micrographs of blade wear.
(d) KY3000 [20].
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Hao et al. [21] conducted a turning test on an Inconel 718 superalloy with TiAIN-coated
carbide tools and found that at a low cutting speed of 20 m/min the workpiece material
accumulated and adhered to the surface of the tool in the form of a BUE (Figure 5), and
the BUE formed in this case was not stable and was removed by the flowing chips as the
machining progressed, resulting in the spalling and chipping of the tool material, leaving
small cracks on the surface of the tool. In the machining of the Inconel 718 superalloy
at high cutting speeds, the tool needs to withstand greater load shocks, resulting in a
sharp rise in cutting temperature [22], and due to the poor thermal conductivity of the
tool, the temperature can reach more than 1000 °C in the area of the tool tip; at this high
temperature, the surface of the workpiece material is softened and quickly adheres to the
tool surface, establishing and expanding the range of tool adhesion wear [23]. Under the
action of a cutting force, the workpiece material and debris adhere to and insert into the tool
surface, thus forming a bulge on the tool surface [24]. These adhesive materials undergo
severe friction and shear in the continuous cutting process. Therefore, some adhesive
materials break off, fall from the tool surface, and form microcuts on the rake face [25-28].
Liu et al. [16] found that the rake face was plastically deformed under high temperature and
pressure to form a new surface, and the atoms on the surface of the tool and the workpiece
adsorbed each other to form an adsorption point. In the process of machining, the adhesion
point or surface is broken due to the relative movement of the tool and the workpiece,
and the grain or grain group is sheared or pulled by the other side. Another study [29]
also found that the use of TIAIN- or TiN-coated carbide tools can effectively reduce the
phenomenon of chipping.

Figure 5. SEM micrographs of tool adhesion wear at low cutting speed (v = 20 m/min): (a) built-up-
edge; (b) wear debris [21].

In one study [17], due to adhesion, there was a pit on the rake face, which was
caused by the grain under the action of the bonding tool, which affected the strength of
the cutting edge and led to edge collapse. Kasim et al. [30] milled Inconel 718 in order
to analyze the wear mechanism of carbide ball end mills and predict the location of the
notch. They found that, compared with abrasive wear, adhesive wear is the main wear
mechanism that causes tool failure. It could be seen that the BUE on the tool surface was
continuously removed, resulting in pitting corrosion on the tool surface. Under the action
of high temperature and friction, the tool generated debris, which further damaged the
tool (Figure 6). They further noted that the radial depth of the cut and the cutting speed
were the main parameters affecting notch formation. Zhu et al. [31] reviewed the tool wear
characteristics of nickel-based superalloys and found that adhesion and diffusion were the
main tool failure mechanisms for CBN tools.
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Flank wear

Notch wear

Figure 6. Several wear problems occurred in the milling of Inconel 718 with carbide ball nose cutters:
(a) flank wear; (b) chipping; (c) notch wear; (d) flaking [30].

In the above studies, we have found that the adhesive wear mechanism is the main
reason for tool failure in the machining of nickel-based superalloys with tools made from
this type of material. In other words, most tool wear is established and diffused by the
adhesion mechanism. Because the BUE formed by the workpiece material adheres to the
surface of the rake face and flank face of the tool, the surface material is damaged and the
tool is damaged, making it susceptible to abrasive wear, fatigue cracking, and other wear
mechanisms. At the same time, work hardening adhesion and the build-up of workpiece
material at the depth of the cut can cause severe chipping due to the plucking of adhering
material. Regarding adhesive wear, uncoated damage is more serious for carbide tools.
In most cases, uncoated carbide tools have limited tool lives due to severe flank wear,
adhesive wear, and grooving depths, which are also observed in tools with large particle
sizes. Although the wear mechanisms shown by different coating materials are different
for coated carbide tools, the chipping of the tool, the peeling of the surface material, and
crater wear are the most common and can also be considered adhesive-wear-dominated
wear mechanisms. In some cases, deep grooves have been found on the tool, especially in
milling. Compared with uncoated tools, coating can protect the tool to a certain extent and
prolong its life.

2.3. Other Mechanisms

In addition to abrasive wear and adhesion wear, diffusion wear is also one of the
wear mechanisms of superalloy machining tools. It is mainly at high temperatures that the
elements of the tool material and the workpiece material are activated and diffuse between
the two. Diffusion wear is common in high-speed cutting because in high cutting speed the
cutting temperature of the tangent point between the tool and the workpiece is very high,
which is conducive to the diffusion of elements on the tool, thereby causing wear to the
tool [15].

When we were cutting nickel-based superalloys, the cutting temperature was very
high, and the close contact between the chip and the tool workpiece provided an ideal
environment for the atoms in the tool material to diffuse outward through the chip interface.
For cemented carbide tools, Co is most likely to be lost by diffusion, so the Co content of
cemented carbide tools can determine the occurrence of diffusion wear [5]. In the research of
Li et al. [32], cutting was simulated with a milling cutter tip as the research object. Figure 7a
shows the early stage of cutting. The change in the temperature field from the initial stage
of chip formation with the cutting time shows that the highest cutting temperature was at
the contact point of the tool tip when the tool just contacted the workpiece, and it decreased
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along the shear surface to the free surface of the workpiece. Random cutting was carried
out. Figure 7b shows the middle stage of cutting, when the temperature of the cutting area
of the tool tip reached 439 °C. At this time, the interaction between the rake face of the tool
and the high-temperature chips caused rake face wear, most of which was crescent wear.
With the advancement of cutting, the temperature of the tool tip in Figure 7c,d reached
682 °C, and the wear of the tool tip was more serious.

Figure 7. Changes in the cutting temperature field during the formation of serrated chips (°C) [32].

Diffusion or solution wear has been reported to limit tool performance when using
carbide tools to machine Inconel 718 [10,30]. In contrast, when the ceramic tool is replaced,
the cutting speed is increased, and the cutting temperature at the contact between the
tool and the workpiece is also much higher. In this high-temperature and high-pressure
environment, it is very conducive to the occurrence of diffusion wear. Ezugwu et al. [33]
also support this view. Diffusion wear has also been observed to result on smooth surfaces,
possibly due to the fact that when cutting Inconel 718 with a ceramic tool the elements of
the tool and workpiece were not only transferred on the surface but could also penetrate
into the tool and cause damage to the tool. Costes et al. [34] presented an analysis of the
optimal grade and wear mechanism of a ceramic binder and the low-CBN content of small
grains in a finishing operation of Inconel 718. The results indicate that diffusion wear can
also cause eventual tool failure.

In turning experiments on RR1000 nickel-based superalloys, Hood et al. [35] found
that, when using a new tool for the first turning operation, a cutting speed of 80 m/min can
effectively extend the tool life. When the tool is used for the first time on the test surface,
a moderate cutting speed can prolong the service life of the tool, and the subsequent use
of the tool under high-speed cutting can be prolonged with the service life of the tool.
Therefore, when cutting, we cannot blindly pursue a high cutting speed but should adjust
the corresponding cutting speed according to the different wear conditions of the tool to
prolong it service life. Costes et al. [34] conducted cutting experiments on Inconel 718 to
determine the optimal composition ratio of CBN tool materials and the optimal cutting
parameters. When analyzing tool wear patterns, they found that, although the depths of
cut notches were a factor, the transfer of impurities from the workpiece material into the
tool was the main wear factor.

To study the tool wear mechanism, Xue et al. [36] investigated the formation of
the bond layer when machining Inconel 718 superalloy under wet conditions, and the
impact on PVD (TiAIN)-coated carbide tool life was investigated. They did not detect
elements from the workpiece material in the tool but found elements from the tool in
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the workpiece material, which can also serve as evidence that tool wear occurs on the
basis of an adhesive wear mechanism. Costes et al. [34] conducted cutting experiments
on Inconel 718 to determine the optimal composition ratio of CBN tool materials and the
optimal cutting parameters. They found that, before party adhesion wear occurred, the
elements of the workpiece material diffused to the tool to speed up tool wear. When EDX
(energy-dispersive X-Ray spectroscopy) was used to analyze the attachments on the rake
face, the results showed that the elements of Nb, Cr, Fe, and Ni came from the workpiece
material, while Al and Ti came from the tool material. The material from the tool and the
workpiece could be detected on the attachment because the Cr and Ni elements and the B
element on the CBN tool have better affinity. They also pointed out that when the CBN
content of the tool is between 35% and 60% the service life of the tool can be extended more
effectively; in addition, CBN cutters with smaller grain sizes had better performance for
all wear properties. Through experiments, they found that when using a medium cutting
speed (240-450 m/min) the tool can be used for a longer time.

Chemical wear generally occurs in the contact area between the tool and the workpiece.
Due to the high-temperature and high-pressure environment, the tool material chemically
reacts with the surrounding medium (such as air, cutting fluid, etc.), which oxidizes the
surface of the tool or generates impurities that affect the looseness of the tool bond, causing
irreversible damage to the tool [37]. In a low-temperature environment, the interatomic
structure of the tool material is very stable and is not easily destroyed, which means that
chemical wear occurs almost exclusively at high or ultra-high temperatures [15]. Chemical
wear is generally a sign that the surface of the tool becomes smooth. After the tool material
chemically reacts with the medium, the surface of the tool is softened, the strength and
hardness of the tool decrease, and other wear mechanisms are prone to cause further
damage to the tool. Pawade et al. [38] turned an Inconel 718 (HRC 45) superalloy at a high
speed using two PCBN tools (TiN-coated and uncoated generic). It was observed through
experiments that, in the range of cutting speeds of 250-350 m/min, although dense craters
were the dominant tool failure mode, as shown in Figure 8, the main wear mechanism
of the tool was the chemical wear caused by the chemical reaction on the surface of the
tool due to the phenomenon of abrasive particles. Since the CBN tool has a special affinity
for elements such as Fe, Ni, Nb, and Cr, when the cutting speed increases, the cutting
temperature also increases, the coating of the CBN tool is damaged, and the above elements
in the workpiece material react with the tool, causing damage to the tool.

Deposit of wear
Grooving / products
e

Wear land 1 mm

Deposit of wear

products

'I"_{_ '{(If-hf-;‘f f};,f- J1."’*' _.". I
- -

.
Fracture / /

Wear land
Figure 8. SEM micrographs of a worn CBN tool ((a) v¢ = 250 m/min, f = 0.1 mm/rev;
(b) v¢ =350 m/min, f = 0.1 mm/rev) [38].

From the studies above, it can be seen that chemical wear also occurs in the machining
of nickel-based superalloys, although mostly in the form of incidental wear. Compared with
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abrasive wear and adhesive wear, whether it is diffusion wear or chemical wear, few people
have conducted in-depth research on it. Some researchers have studied them together
because of their similarities (they occur in high-temperature environments and smooth tool
surfaces). Even if they are not common wear mechanisms, diffusion and chemical wear can
cause serious tool damage if left unchecked. Therefore, it is also necessary for us to conduct
in-depth research on such wear mechanisms. Preventing or delaying the occurrence of
these wears is beneficial to prolong the service life of the tool and reduce the processing
costs of enterprises, etc.

3. Optimization of Tool Wear

In recent years, nickel-based superalloys have been very popular in many fields,
but the problems of processing efficiency and processing cost are associated with these
materials, so people have carried out a lot of research on how to extend tool life in machin-
ing [39-42]. They add coating materials to the tools, select different materials to prepare
tools, optimize cutting parameters, improve the cutting environment, etc., and constantly
enrich and refine the protection measures for tools in machining.

3.1. Tool Coatings

Some researchers make extensive use of coated tools when machining nickel-based
superalloys [43—45]. These coatings include TiN, TiC, TiCN, TiAIN, and Al,O3; matrices
of titanium. The use of a coating reduces the friction between the tool and the workpiece
to lower the processing temperature [36]. Bhatt et al. [46] conducted Inconel 718 cutting
experiments with coated and uncoated tools, and they conducted an in-depth analysis of
the experimental results and found that, although abrasive wear and adhesive wear were
observed on both tools, the coated tools had much less damage than uncoated tools. Costes
et al. [34] studied the experimental results of a CBN tool cutting Inconel 718 and found that
the elements of the workpiece material detected on the surface of the tool should be due to
the uncoated protection of the tool, that the elements of the workpiece material diffused
to the tool, and that these elements were formed with the tool material. When the new
material is removed, it will take away part of the tool material, causing tool wear. Devillez
et al. [23] conducted a dry-cutting experiment on the nickel-based superalloy GH4169 with
an AlTiN-coated tool. According to the experimental results, it can be concluded that the
coating material on the tool can fully protect the tool, especially from tool damage due to
abrasive wear.

Considering that the diffusion layer can cause thermal resistance between the coating
and its substrate, Zhang et al. [8] proposed a new method to predict the cutting temperature
of coated tools. In the diffusion layer of the outer layer, the coating material is continuously
distributed, and the tool material is relatively dispersed. Compared with the inner diffusion
layer, the tool material is continuously distributed, while the coating material is dispersed.
The material dispersed in the diffusion zone of either the outer layer or the inner layer is not
conducive to the conduction of the cutting temperature. Therefore, the thermal conductivity
of the dispersion phase can be set to zero when considering the effect of dispersion relative
to heat transfer. The results showed that the temperature calculated by the new model
was closer to the experimental results. This new methodology provides new theoretical
guidance for the coating design and manufacture of various tools in the future.

Tool coating can be regarded as forming a protective film on the tool surface, but
the selection of coating materials is also very critical and requires good high-temperature
resistance, wear resistance, and chemical stability. However, whether the addition of
coating materials hinders the transmission of cutting temperature is also a subject that
needs further study.

3.2. Tool Material

In the cutting of nickel-based superalloys, the machined parts often require high preci-
sion, especially in the aerospace field, and the dimensional accuracy and surface effects of
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the parts largely depend on the tool material. Due to the poor machinability of nickel-based
alloys, cutting tool materials often experience extreme thermal and mechanical stresses
close to the cutting edge during machining [30], which often lead to tool deformation or
increased tool wear.

Ceramic tools can be cut at a cutting speed several times higher than that of cemented
carbide tools and are generally used in high-speed machining [47]. Ceramic tools have
high strength values and can cut workpiece materials with hardness values up to HRC65,
and they can still maintain good chemical stability in high-temperature environments.
However, the impact resistance of ceramic tools is relatively poor, and the surface of the
workpiece after machining is worse than that of hard tools. At present, ceramic tools can
be roughly divided into two categories: alumina-based and silicon nitride-based.

Based on glass network theory, Shi et al. [48] improved the formulation of vitrified
bonds and prepared a nano-coceramic CBN grinding wheel. Compared with traditional
vitrified binders, nanovitrified binders have better properties, such as their fire resistance,
flexural strength, and microstructure. Through grinding experiments of nickel-based
superalloys, the authors found that adding a small amount of nanomaterials in the vitrified
bond as a modifier can improve the performance of the vitrified bond grinding wheel,
thereby effectively reducing the grinding force and the grinding temperature and reducing
the wear of the grinding wheel. Increasing the life of the grinding wheel greatly improves
the grinding surface quality, reduces the surface roughness, and makes the machined
surface smoother.

Compared with cemented carbide tools, CBN tools have better overall performance.
CBN tools are faced with two problems in machining: high brittleness and the load impact
caused by no chip breaking. Therefore, many enterprises are reluctant to choose CBN tools
because of the high machining cost. At present, it seems that SiAION tools can maintain
good toughness and high strength at high cutting temperatures, and they are considered to
be some of the best tools for machining materials that are difficult to machine.

3.3. Optimization of Cutting Parameters

When the material and shape of the tool are determined, selecting appropriate cutting
parameters can not only improve the machining efficiency but can also play a certain
role in protecting the tool, and more importantly, it can optimize the machining effect of
the solid body. The influence of cutting parameters on these indicators is not consistent,
and the lowest cost is usually used as the selection criterion, gaining greater efficiency to
maximize profits.

The experiments by Liu et al. [16] were conducted in two stages involving specific
tool materials, fixed tool shapes, and cutting parameters. In end-milling experiments
with Inconel 625, it was found that changing the tool material or tool shape alone did not
optimize the overall machining results, but they noticed that a combination of specific tool
materials and tool shapes worked well. Figure 9 shows the tool wear caused by different
cutting parameters.

Sharman et al. [49] discussed the milling of Inconel 718 using a cutting speed of
150 m/min and observed in a tool life study that a TiAIN-coated product at a cutting speed
of 90 m/min resulted in the maximum tool life. Similarly, Aruna et al. [50] performed a fine
turning study of Inconel 718 with ceramic tools. The cutting speed was the most important
factor affecting the overall performance. The optimal cutting conditions to obtain a good
surface finish were 100 m/min and 0.1 mm/rev. Tool failure occurred at 200 m/min, and the
feed rate was 0.15 mm/rev. In the first turning test of Hood [29], it was found that a cutting
speed of 80 m/min can more effectively prolong the life of the cutting tool than speeds of
100 m/min and 120 m/min. In the subsequent turning test, they found that since the tool
was worn the use of a high cutting speed could better alleviate the tool wear. Therefore,
during cutting, the cutting speed should be continuously adjusted according to the wear of
the tool to extend its service life. When using cemented carbide tools to process nickel-based
superalloys, it is not recommended to use excessive cutting speeds [51-53]. The main reason is
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that the local temperature of the contact area between the tool and the workpiece becomes very
high, and the tool tip is prone to plastic deformation, which reduces the tool life. Astakhov
et al. [54] also mentioned that the influence of the cutting temperature on tool life is a major
factor restricting the improvement of the cutting speed. Therefore, we cannot choose cutting
parameters without the control of the cutting temperature.
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Figure 9. Tool wear morphology with different cutting parameters.
((a,€): v¢ =25 m/min, f = 0.1 mm/rev; (b): v. = 145 m/min, f = 0.05 mm/rev; (d): v =55 m/min,
f=0.3mm/rev; (e): vc = 145 m/min, f = 0.1 mm/rev; (f): vc = 145 m/min, f = 0.02 mm/rev) [16].

Nalbant et al. [17] obtained the following conclusions from the research experiments
on the influence of cutting parameters, tool material, and shape on the tool performance
when cutting nickel-based superalloys: when the cutting speed is increased, the cutting
force decreases, and when the feed is increased, the cutting force decreases and the cutting
temperature rises. The comprehensive experimental results showed that the cutting speed
was 250 m/min, and the cutting force at that time was the minimum. In the high-speed
turning of Inconel 718 with a K20 carbide tool, Thakur et al. [55] found that, in the cutting
speed range of 45-55 m/min with a constant feed rate of 0.08 mm/rev, the main cutting
force and feed force decreased linearly with the cutting speed.

The optimization of cutting parameters takes into account not only the influence of
the three cutting elements on tool wear but also the great heat energy generated under
high-speed cutting, which brings a fatal blow to tool life. Selecting more appropriate cutting
parameters according to the cutting temperature and protecting the tool while ensuring the
processing efficiency is also one of the ways to save processing costs.

3.4. Improving the Cutting Environment

The purpose of adding high-pressure coolant to the machining area during the cutting
process is to reduce the cutting temperature generated by the contact area between the tool
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and the workpiece, thereby prolonging the service life of the tool. Adding cutting fluid is
one of the more effective methods to improve tool wear in cutting engineering.

Astakhov’s book [56] on metalworking fluids mentions the use of a liquid nitrogen
cryogenic coolant (LN2) in different processing methods and how to efficiently provide
LN2 to ensure the smoothness of the processing line and the timely protection of the tool.
Sharman et al. [57], in cutting experiments of some aerospace materials, confirmed that
adding high-pressure coolant during the machining process can effectively reduce the
cutting temperature and prolong the service life of the tool. Patel et al. [58] compared
the machining performance of Nimonic 90 using wet machining and LCO2 as a low-
temperature coolant and found that using LCO2 as a coolant for cutting results in a
better surface finish. In the case of machining at low temperatures, the reduction in the
temperature in the cutting zone has become a key factor in improving the flank wear. As
shown in Figure 10, the LCO2 coolant can more effectively control the cutting temperature
and reduce the tool wear rate. Anburaj et al. [59] used LN2 and low-temperature CO; as
lubricants when milling the face of an Inconel 625 alloy. Both low-temperature lubricants
effectively delayed the wear of cutting tools at low cutting speeds. In addition, low-
temperature CO; also provided better surface morphology. Low-temperature auxiliary
machining also uses the low-temperature principle to keep the process of machining nickel-
based superalloys at a relatively low temperature to improve the chemical stability of the
workpiece and tool and thus extend the service life of the tool [60-63].
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Figure 10. Image of tool wear for (a) LCO2 as a cryogenic cutting fluid and (b) wet machining [58].

Obikawa et al. [64] also proposed processing Inconel 718 with microliter lubrication,
which shortens the coolant delivery time to the workpiece, protects the tool, and improves
machining efficiency. A study by Thamizhmanii and Hasan [65] showed that when the
coolant supply during processing was 37.5 mL/h the surface finish of the processed
workpiece was relatively good. The results showed that the surface finish of the workpiece
after machining was affected by the amount of coolant supply. Vernaza-Pena et al. [66]
observed that less than 20% of the cutting heat entered the workpiece during cutting, and
when the removal rate is very low, it can be assumed that about 50% of the heat is transferred
to the workpiece. With a higher pressure, the cutting fluid permeates between the tool and
the workpiece surface, forming a protective film between them, thereby reducing friction,
the cutting temperature, and tool wear. Chen et al. [67] proposed a method combining
minimum quantity lubrication (MQL) cooling and internal cooling to spray cutting fluid
accurately to the cutting area of a turning nickel-based superalloy. This method can
effectively reduce the use of coolant, reduce processing costs, and achieve environmental
protection. In order to study the machinability of alloy 625, Yildirim et al. [68] used
minimum quantity lubrication (MQL), liquid nitrogen low-temperature cooling (LN2), and
hybrid CryoMQL in an experiment with turning alloy 625. As a result, hybrid CryoMQL
was more effective than traditional low-temperature cooling in reducing tool wear. Mohd
Khalil et al. [69] were also mentioned in relevant articles. Sirin et al. [70] found that MQL
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was better than LN2 cooling in terms of tool wear, surface roughness, and cutting force, and
LN2 was better than MQL in terms of temperature reduction when milling Inconel X750.

It was reported that the use of thermal-assisted machining technology in the process
of cutting nickel-based superalloys can effectively reduce the cutting force or cutting heat
received by the tool, thereby reducing the occurrence of plastic deformation at the tool
edge [71-73]. Chen and Liao [17] focused on the wear mechanism of the tool in the drilling
experiment of Inconel 718. They found that the nanocutting fluid prepared with the mixed
material could effectively reduce the friction between the tool and the workpiece, and at the
same time, the tool life was three times longer. Obikawa et al. [74] proposed a new AJA (air-
jet-assisted) processing method for nickel-based superalloys. When machining iron-based
amorphous alloys [75], the use of traditional lubricating fluids has little effect on improving
tool wear [76]. The use of liquid nitrogen [77] for auxiliary machining is obviously better
than CO; [78-80] and dry machining. Liquid nitrogen can reduce the temperature during
machining for low-temperature machining. After machining, there is no obvious wear
or BUE formation [81]. A tool life standard based on the surface roughness of the tool
has also been proposed to obtain a longer tool life and improve the sustainability of the
machining process [82]. In the future, it will also be possible to add liquid nitrogen and
other lubricants to assist in the processing of nickel-based superalloys to reduce the high
temperature generated during cutting and extend the service life of tools. It can be seen
from the cutting experiment results that the conventional air jet wet-assisted machining
method has a certain protective effect on the tool, which reduces the need for tool changes
during machining and saves time.

From the use of traditional coolant (LN2) to the application of various auxiliary
machining technologies, its main purpose is to dissipate a large amount of heat in the
cutting area of the tool; reduce the plastic deformation of the tool blade; effectively reduce
the friction between the tool, workpiece, and; and reduce the impact of the chip on the tool.
How to make efficient use of cooling technology and prepare efficient and environment-
friendly new coolant is the key content of future research.

4. Summary and Outlook

For common wear mechanisms such as abrasive wear and adhesive wear, through
observation and research over the years we have obtained a better understanding of the
wear mechanism, which allows preventative methods to be devised. We can reduce tool
wear through tool coatings, tool materials, the optimization of cutting parameters, and the
improvement of the cutting environment. At present, the research on tool coatings and
tool materials is relatively mature. By selecting appropriate cutting parameters to control
the cutting temperature, a variety of new machining processes, such as the combination
of traditional and new coolant developments, auxiliary machining, and low-temperature
strengthening machining, are increasingly favored. At present, a major problem in machin-
ing materials that are difficult to machine such as nickel-based superalloys is that a large
amount of heat generated during cutting cannot be discharged at an adequate rate, causing
fatal damage to tools. In order to solve the problem of cutting heat transfer, the research on
tool wear can focus on developing new tool coatings and hybrid machining technologies to
ensure the stability and mechanical properties of tools in efficient production.
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