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Abstract: Cermet materials exhibit advanced mechanical and tribological properties, and are widely
used for tribology, elevated temperature, and machining applications due to their unique amalga-
mation of hardness, strength, and toughness. This paper presents a comprehensive overview of
various cermet systems and recent advances in high-temperature tribology and cutting performance
of cermet and ceramic tool materials. It outlines microstructural properties, such as lessening grain
sizes, obtaining extended grains, lowering grain boundary phase content, amorphous grain boundary
phases crystallizing, inter-granular phase strengthening, and managing crack propagation path.
Additionally, surface processing or surface modifications, such as surface texturing, appropriate
roughness, or coating technique, can optimize the ceramic and cermet tribological performances.
The purpose of this study is to present some guidelines for the design of ceramics and cermets
with reduced friction and wear and increased cutting performance. The current research progress
concerning tribological properties and surface texturing of cutting tool inserts is critically identified.
Lubrication techniques are required in commercial applications to increase the lifetime of cutting tools
used in harsh conditions. Liquid lubricants are still commonly utilized in relative motion; however,
they have the limitations of not working in extreme settings, such as high-temperature environments.
As a result, global research is presently underway to produce new solid lubricants for use in a variety
of such conditions. This review also provides a quick outline of current research on this topic.

Keywords: cermets; cutting tool; tribology; self-lubrication; cutting performance; surface texturing

1. Introduction

In recent decades, various initiatives have been undertaken to produce structural
ceramics for various industrial applications and scientific research. Cermets are defined
as heterogeneous mixtures of metal(s) or alloy(s) by (one or more) ceramic phases where
the latter constitutes approximately 15 to 85% by volume; there is little solubility between
ceramic and metallic phases at fabrication temperatures [1]. Cermets, in particular, are
exceptional as they combine both features of metals and ceramics. Cermets are being
utilized as components in various critical applications due to their exceptional mechanical
and physical properties, which include high hardness, excellent wear resistance, lightweight
design, oxidation resistance, high melting point, and good resistance to chemical attacks.
The exceptional properties of cermets make them ideal for use as industrial material in
a range of high-temperature applications, including engine parts, turbine pumps, heat
exchangers, cutting tools, fusion reactors, heat engine components, armor plating, etc. [2–4].
Because ceramics and metals possess different constraints for use in many industrial
applications, cermet materials have received special attention. The heat produced through
friction can lead to problems for metals when used at high speeds. Metals may rust or
corrode when utilized in moist environments. Ceramics, on the other hand, have thermal
and chemical resistance; the use of ceramics helps alleviate these issues. However, the
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brittleness of ceramic materials causes catastrophic failures and fracture formation of
ceramic equipment. The first attempts to use ceramic materials as tools took place in the
1950s. Ceramic tools, which offer comparable performance to superhard materials (e.g.,
cubic boron nitride and diamond) but with lower manufacturing costs, are currently the
primary materials used for machining high-temperature alloys. The following are the main
advantages of ceramic tools compared to low-cost HSS tools [5]:

• Higher hardness and wear resistance. Ceramic tools have a substantially higher
hardness than HSS tools, and the cutting speed is approximately ten times that of HSS
tools, which can effectively improve machining efficiency.

• Higher heat resistance. The hardness of ceramic tools can still be maintained at 80 HRA
at 1200 ◦C, enabling dry cutting and meeting the requirements of green manufacturing.

• Lower coefficient of friction. Low affinity with metal and low coefficients of friction can
significantly reduce cutting forces and cutting temperatures, ensuring machining accuracy.

• Higher chemical stability. It is not easy to produce adhesion with the metal, which can
effectively reduce the adhesive wear of the tool and improve the tool’s lifetime.

In addition, high-temperature resistance, high toughness, and self-lubricating proper-
ties can be further achieved through fine regulation of the composition and microstructure
of ceramic tools, enabling the application range of ceramic composite tools to be further
broadened [6–8]. Approaches for lowering friction losses have grown in prominence in
recent years, while high frictional coefficients and specific wear rates at machine element
surface contacts cause failure and energy losses. During the metal cutting operation, ap-
proximately 20 % of the total energy is used to reduce the sliding friction at the rake and
flank faces of the tool [9]. Furthermore, it has a negative effect on the cutting tool’s lifetime
and machining efficiency [10–13]. As a result, minimizing friction would lower manufac-
turing costs and, hence, boost the economic interest of products. Therefore, lubricants or
cutting fluids were used to reduce friction at the tool/workpiece interface and increase
the lifetime of tools by cooling down the generated heat during the machining process, as
shown in Figure 1, removing the formed chips and reducing the built-up edge formation.
Tool coatings and tool surface texturing may be used [14–17].

Figure 1. Heat generation during the cutting process. Reprinted from [18], CC BY 4.0.

Lubricants are divided into three categories—solid, semi-solid, and liquids. Ordinary
liquids and grease-type semisolid lubricants have some drawbacks as they are not suitable
for many specific applications that must now work in harsh conditions (such as extreme
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or cold temperatures, low vacuum, radiation atmosphere, corrosion environment, and
higher contact pressures) [19]. As a result, liquid lubricants are used in normal working
conditions at temperatures below 300 ◦C, despite their negative impact on human health
and the environment [20,21]. Cutting fluids may produce serious health problems, such as
lung infections and dermatological and genetic diseases [22]. Therefore, solid lubricants are
preferred during the machining process because they are less poisonous, better for the envi-
ronment, and have better biodegradability [23]. They have higher operating temperatures
(more than 400 ◦C) and larger vacuum environments (10−3 m Bar) compared to liquids
or semisolid lubricants. Solid lubricants can be created on sliding surfaces under ideal
situations, producing a steady protective film between the contacting surfaces. Graphite,
calcium fluoride, molybdenum disulfide, and boric acid are commonly used as lubricants
in machining [24], with graphite and molybdenum disulfide (MoS2) being the most preva-
lent in various applications [25]. In addition, soft metals, oxides, and rare-earth metal
fluorides may also be used as solid lubricants, exhibiting frictional coefficients as small
as 0.1 in certain conditions. The choice of solid lubricant, operating parameters, counter
elements, force, velocity, etc., significantly influence the tribological properties [26–28].
We will discuss the various ceramic and cermet tool materials in the following section,
including alumina-based ceramics, silicon nitride-based ceramics, and cermet materials.
Each material has distinct features that make it ideal for a variety of cutting applications.
We will gain a greater understanding of the benefits and drawbacks of ceramic and cermet
tool materials in cutting tool applications by investigating the many types of ceramic and
cermet tool materials.

2. Types of Ceramic Tool Materials

Currently, commercial ceramic tools are divided into four types: Si3N4-based ceramics,
Al2O3-based ceramics, c-based ceramics, and cermet cutting tool materials [29,30]. In
addition, new types of ceramic tool materials are being developed to meet the increasing
demands for processing [31–33]. The mechanical characteristics of several kinds of ceramic
tools are summarized in Table 1.

Table 1. The mechanical characteristics of several kinds of ceramic tools.

Composite Material Sintering
Method

Relative
Density (%)

Hardness
(GPa)

Fracture
Strength

(MPa)

Fracture
Toughness
(MPam1/2)

Ref.

Al2O3/SiCp/SiCw Microwave - 18.8 - 4.8 [34]
Al2O3/WC/TiC/graphene HP 99.7 21.4 847 8.83 [35]
Al2O3/(W, Ti)C/graphene HP - 24.2 609 7.78 [36]
Al2O3/Si3N4 HP 99.6 19.6 769 6.8 [37]
Al2O3/SiCw/Si3N4 SPS 99.4 18.9 - 7.7 [38]
α/β-Si3N4 SPS 99.5 20.1 - 3.9 [39]

99.6 17.9 - 4.7
99.8 17.5 - 5.34

α-Si3N4/(W,Ti)C Microwave 95.7 15.9 - 7.01 [40]
α-Si3N4/Ti(C, N) SPS 99.8 17.1 - 7.35 [41]
(Yb, Sm) α/β-SiAlON SPS - 18.5 - 6.13 [42]

2.1. Aluminum Oxide-Based Ceramic Tools

Pure Al2O3 ceramic tools with MgO as a sintering aid are the first types of ceramic tool
materials used for the continuous finishing of cast iron, carbon steel, and alloy steel. They
possess low manufacturing costs, high hardness, and excellent wear resistance. However,
the lack of toughness and thermal shock resistance limits their applications in cutting tools.
With the successive development of Al2O3-based composite ceramic tools with TiC, TiN,
ZrO2, SiC, and other particles or whisker additions, their overall performance has been
significantly improved. However, their strengths are still relatively low compared to Si3N4
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ceramic tools; due to their stronger chemical affinity to aluminum, they are not suitable for
machining aluminum alloy [5].

2.2. Silicon Nitride-Based Ceramic Tools

The strong covalent bonding of Si3N4 gives this material many desirable properties,
such as high strength, thermal stability at 1850 ◦C, unique resistance to oxidation, low
coefficient of thermal expansion, excellent resistance to thermal shock, and high modulus
of elasticity. Composites with long β-Si3N4 grains usually achieve larger fracture toughness
but this is frequently at the amount of reduced strength. It was found that the addition of
nano-TiC and nano-Si3N4 portion particles to a submicron Si3N4 matrix (which facilitates
the maintenance of high strength and toughness), compared with Al2O3-based ceramic
tools, Si3N4-based ceramic tools have higher toughness and resistance to thermal shock,
and their flexural strength may be as high as 700–1100 MPa [43].

2.3. SiAlON Ceramic Tools

In the early 1970s, it was discovered that aluminum and oxygen could replace silicon
and nitrogen in the Si3N4 crystal structure to form a solid solution, known as SiAlON. The
α-SiAlON phase is hard, while the β-SiAlON phase is similar to normal Si3N4 ceramics
and has a high fracture toughness. Compared to Si3N4 ceramic tools, SiAlON ceramic tools
have similar fracture toughness, high hardness and wear resistance, thermal conductivity,
thermal vibration resistance, and creep resistance for high-speed cutting of cast iron or
nickel-based high-temperature alloys. Due to their good resistance to thermal shock, they
can be used in dry cutting or wet-cutting conditions. They are not suitable for machining
aluminum alloys [44].

2.4. WC-Co-Cemented Carbide and Ti(C, N)-Based Cermet Tools

WC-Co-cemented carbides are typical composites consisting of the WC hard matrix
and the Co metallic binder. This sort of material has a combination of hardness and tough-
ness, in addition to an extraordinarily high fracture strength of up to 5000 MPa. Optimizing
the concentration of carbon is a critical challenge in the production of WC-Co-cemented
carbides. Figure 2 shows a phase diagram of the WC-Co-C system with 10 wt% Co. The
lower C content leads to the formation of a brittle eta phase, while the higher C content
leads to the formation of free graphite, both of which are detrimental to mechanical proper-
ties. In addition to the high-temperature hardness, the wear- and oxidation resistances of
WC-Co-cemented carbide do not meet the requirements of high-speed machining on a large
scale; therefore, external additives of TiC, TaC, or NbC are typically necessary to enhance
the high-temperature mechanical characteristics [45]. Ti(C, N)-based cermets have Ti(C, N)
as the ceramic hard phase, Ni, Co, and other metals as the bonding phase, and transition
metal carbide as the additive phase, and their high-temperature (700–1100 ◦C) hardness
and wear- and oxidation resistances are significantly better than WC-Co-cemented carbide,
and their fracture toughness is significantly better than superhard ceramic materials. They
are widely used in the finishing and semi-finishing of cast iron and steel. Meanwhile, Ti
is abundant and inexpensive worldwide, and the manufacturing cost of Ti(C, N)-based
cermet is only 30–40% of that of WC-Co-cemented carbide, which is an obvious resource
and price advantage. Therefore, Ti(C, N)-based cermet is considered to be one of the most
successful alternatives to WC-Co-cemented carbide [46]. Cutting tool insert manufacturing
is important to achieve the required performance and durability. The ultimate properties of
the cutting tool insert are determined by the material, composition, microstructure, and
surface polish. The next section will go through the many manufacturing processes that
may be used to make cutting tool inserts out of ceramic and cermet materials, as well as
how these processes affect the end product’s performance.
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Figure 2. Phase diagram of the WC-10 wt% Co system with varying carbon content. Reprinted
from [45], copyright (2014), with permission from Elsevier.

3. Manufacturing of Inserts of Cutting Tool

The powder metallurgy process has become the most important technology for the
preparation of ceramic and cermet tools, with the advantages of high material utilization,
high product precision, and low manufacturing costs. The key processes include powder
preparation, powder molding, and subsequent high-temperature sintering. Sintering, one
of the most critical processes in powder metallurgy, plays a decisive role in the microstruc-
ture and mechanical properties of the final sintered body [5]. As schematically shown
in Figure 3, the thermodynamics of the system tend to reduce the total surface and inter-
facial energy; the material usually exhibits two fundamental phenomena (densification
and grain growth) during sintering. Preparing highly dense tool materials with specific
microstructures by selecting the appropriate sintering method and optimizing the sintering
process is a major concern for researchers and manufacturers. Common sintering processes
include hot pressing (HP) [47], spark plasma sintering (SPS) [41], hot isostatic pressing
(HIP) [48], microwave sintering (MS) [49], and pressureless vacuum sintering [50]. Most of
the variables involved in conventional sintering methods are thermodynamic variables,
such as temperature, time, atmosphere, pressure, and heating and cooling rates [51]. Since
different types of tool materials exhibit different sintering characteristics, their sintering
methods and sintering parameters often require special designation. Due to the extremely
high melting points, strong covalent bonds, and low self-diffusion coefficients of ceramic
materials, sintering often requires extremely high sintering temperatures (even above
2300 ◦C) and external pressure for densification. For cermets with low melting point metals
added, such as WC-Co-cemented carbides [52,53] and Ti(C, N)-based cermets [54,55], only a
relatively low sintering temperature of 1300–1500 ◦C and no additional pressure is required
to prepare a nearly completely dense material, which significantly reduces manufacturing
costs. Considering the differences in sintering characteristics of ceramics and cermets, this
section describes the common sintering methods for ceramic tools and cermet tools and the
influence of sintering parameters on cutting tool performances, respectively.
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Figure 3. Densification and grain growth during sintering. Reprinted from [56], CC BY-NC 3.0.

3.1. Sintering of Ceramic Tools

Advanced hot pressing furnaces usually have precise temperature controls and mon-
itoring systems as well as hydraulic drive systems with precise load and displacement
controls, so HP technology is often used for the manufacturing of ceramic tools in order
to achieve high densification and controlled production [57–59]. Wang et al. [36,60–63]
utilized HP technology to create a variety of graphene-reinforced Al2O3 composite ce-
ramic tool materials to tackle the inherent brittleness of Al2O3 tools. The findings showed
that the addition of graphene contributed to much more refined and dense composite
microstructures. They also observed that graphene with a small thickness and a high
lateral size was much more effective in enhancing the mechanical properties of Al2O3
ceramic composites [35]. Fracture toughness and flexural strength of the composite with
single-layer graphene were enhanced by 54.10%, and 67.59%, respectively, when compared
to the composite without graphene. The enhanced flexural strength and fracture toughness
were caused by the strong–weak staggered surfaces of graphene. In addition, they also
reported the effects of HP parameters on microstructure and mechanical properties of
graphene-reinforced Al2O3 ceramic composites [64]. The stability of the graphene structure
is affected by the sintering temperature and dwell time. The high sintering temperature
and extended dwell time could destruct the graphene structure’s stability. The applied
pressure has no significant effect on the stability of the graphene structure. The sinter-
ing temperature of 1600 ◦C, dwell time of 15 min, and applied pressure of 30 MPa were
the optimum sintering settings for a dense, refined microstructure. Cui et al. [65] stud-
ied the cutting efficiency and failure mechanism of ceramic tools made with graphene
nano-platelet-reinforced Al2O3/Ti(C, N), which were manufactured by the HP sintering
technique via an Inconel 718 continuous dry turning process. The results showed that
graphene nano-platelet-reinforced Al2O3/Ti(C, N) ceramic tool showed a similar cutting
performance to the KY1540 tool in the cutting speed range of 150–300 m/min, but the
hardness, wear resistance, chemical inertness, and fracture toughness were considerably
better than the commercial tool KY1540 in the cutting speed range of 400–500 m/min.

Zhao et al. [66,67] developed a series of Al2O3-SiCw composite ceramic tool materi-
als via the HP technique and examined the evolution of mechanical properties, such as
Vickers hardness, fracture toughness, flexural strength, and elastic modulus of composites.
The inclusion of TiC nanoparticles increases hot hardness and high-temperature fracture
toughness but does not improve high-temperature flexural strength. Bai et al. [37,68]
demonstrated that in Al2O3-based ceramics with Si3N4 additions that shorter sintering
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times resulted in poorly developed β-Si3N4 grains as well as porosity, while longer sintering
times resulted in coarsening of β-Si3N4 grains and partial agglomeration. The experimental
findings demonstrated that the composite material Al2O3/Si3N4, consisting of 1.5 wt%
yttria, sintered at a pressure of 32 MPa for 20 min at 1500 ◦C, had maximum density, and the
best comprehensive mechanical characteristics. It had a relative density of 99.6 ± 0.2%, a
flexural strength of 1093± 32 MPa, fracture toughness of 6.8± 0.2 MPa.m

1
2 , and a hardness

of 19.5 ± 0.3 GPa.
The ceramic tool material with the gradient structure can also be prepared by HP

technology. Using the HP process, SiAlON-Si3N4-graded nano-composite ceramic tool
components with five-layered uniform structures were created, as shown in Figure 4 [69].
SiAlON-Si3N4-graded ceramic tool materials sintering for 1 h at a pressure rate of 35 MPa
and a sintering temperature of 1700–1750 ◦C had the highest mechanical characteristics.
The turning of Inconel 718 alloy was performed to compare the cutting performance and
wear mechanisms of graded tools with common reference tools. The prolonged lifetime of
the graded nano-composite ceramic tool was attributed to synergistically strengthening
and toughening processes produced by the tool’s optimally graded compositional structure
and the inclusion of nano-sized particles. Adhesive wear and abrasive wear were identified
as wear mechanisms in the machining experiments. The processes responsible for the
enhanced tool’s lifetime were identified as the creation of residual compressive stress at the
surface layers of the graded tools, which caused a rise in fracture resistance [70]. Similarly,
Tian et al. [71] used the HP approach to produce multilayer-structured Si3N4/(W, Ti)C/Co
nanocomposite ceramic tool materials, with the composite lacking Co as the surface layer
and the composite with Co as the interior layer. The best overall mechanical characteristics
were achieved at a pressure rate of 30 MPa at 1700 ◦C in a vacuum condition for 45 min,
with a flexural strength of 992 MPa, hardness of 17.83 GPa, and fracture toughness of
10.5 MPa m

1
2 .

Figure 4. A five-layered graded substance model with a symmetry structure. Reprinted from [69],
copyright (2011), with Elsevier’s permission.

Ceramic tools with added solid lubricants are currently receiving significant atten-
tion as a means to enhance the tribological properties of ceramic tool materials. [72,73].
Wu et al. [74] designed and prepared an Al2O3/TiC/CaF2 multi-component gradient self-
lubricating ceramic composite via HP technology, with the CaF2 solid lubricant content
gradually increasing from the core to the surface. The flexural strength, Vickers hardness,
and fracture toughness of the gradient composites increased by 21%, 16%, and 5.9%, respec-
tively, compared to the homogeneous composites. The results of dry sliding friction tests
showed that the gradient composites had comparable wear resistance to homogeneous
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materials. In addition, they synthesized the nickel-coated CaF2 composite powder with the
core–shell structure by the electroless plating technique, as shown in Figure 5 [75], and then
they prepared the self-lubricating ceramic tool material with nickel-coated CaF2 powder
via the HP technique; the mechanical properties were significantly improved compared
with the tool material prepared by adding uncoated CaF2 powder. The dry sliding friction
test indicated that the Al2O3/(W,Ti)C/h-BN@Ni composite had a lower friction coefficient
and higher wear resistance than the Al2O3/(W,Ti)C/h-BN composite.

Figure 5. SEM micrographs of (a) raw CaF2 powders and (b) Ni-coated CaF2 powder. Reprinted
from [75], copyright (2018), with permission from Elsevier.

Although the HP technique has been widely used to prepare various types of ceramic
tool materials, it usually requires working temperatures slightly below the melting point of
the base material and a long holding time, which often leads to significant grain growth and
poor mechanical properties [51,61,76]. The control of grain growth during sintering remains
a major challenge for conventional sintering techniques. Recently, the SPS technique has
shown great potential for the preparation of fine crystal ceramic tool materials thanks to its
low sintering temperature, fast temperature rise, and high production efficiency [77,78]. It
utilizes a DC pulse current to heat the material, and its sintering temperature is controlled
by parameters such as the pulse current and voltage, pulse time, and holding time. A
schematic of the process is shown in Figure 6. Tan et al. [39] prepared three Si3N4 ceramic
tool materials with different α/β-Si3N4 phase fractions by adjusting the holding times of
0, 5, and 10 min at a sintering temperature of 1800 ◦C, a heating rate of 150 ◦C/min, and
an applied pressure of 30 MPa by using the SPS technique. The results showed that the
tool’s lifetime increased significantly from 1200 m to 2400 m when the α-Si3N4 content
increased from 4.9 wt% to 49.7 wt% in the continuous cutting test of cast iron. Similarly,
SPS technology has been successfully applied to many ceramic tool materials, such as α/β-
SiAlON ceramic tool materials with polycation doping (Yb, Sm) [42], ZrB2-SiC-WC ceramic
tool materials [79], Al2O3-SiCw-Si3N4 ceramic tool materials, and Al2O3-TiB2 ceramic tool
materials [80], etc.
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Figure 6. (A) Schematic representation of the SPS process, (B) SPS tooling before an experiment.
Reprinted from [51], copyright (2017), with permission from Wiley Periodicals, Inc.

3.2. Sintering of Cermet Tools

The sintering of cermet tools is typical in liquid-phase sintering. Compared with
solid-phase sintering, the presence of the liquid phase significantly enhances the densities
and densification rates of the materials by accelerating solid-phase particle rearrangement
and migration. Therefore, most cermet tools are produced by pressureless sintering, which
shows great advantages in the production of indexable inserts with complex shapes. Ex-
cellent wettability between the ceramic phase and the liquid phase metal is the primary
condition for liquid-phase sintering. The wetting of the liquid phase on the solid surface at
the solid–liquid–gas equilibrium is shown schematically in Figure 7, and Young’s equation
(Young–Dupré) at the contact point can be expressed as [81]:

γsv = γsl + γlv cos θ (1)

where γsv is the solid phase surface tension (N/m2), γsl is the solid/liquid interfacial
tension (N/m2), γlv is the liquid phase surface tension (N/m2), and θ is the contact angle (◦).

Figure 7. Schematic diagram of the contact angle of the droplet on the solid surface for the solid–
liquid–gas equilibrium, (a) solid phase insoluble, (b) Solid phase partially soluble, (c) solid phase
completely soluble. Reprinted from [81,82], copyright (2022), with permission from Elsevier.

The wettability of the ceramic phase and liquid phase is usually expressed by the
wettability angle θ. The smaller θ indicates better wettability. When θ = 0◦, the liquid
phase completely wets the solid phase surface (the liquid phase spreads completely on
the solid phase surface); when θ = 180◦, the liquid phase does not wet the solid phase at
all. It is clear that the wettability between the ceramic phase and the liquid phase metal
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in cermets is jointly influenced by the solid-phase surface tension γsv, the liquid-phase
surface tension γlv, the solid–liquid interfacial tension γsl , and the dissolution behavior
of the ceramic phase in the liquid phase. The liquid phase can penetrate the pores, cracks,
and even grain boundaries of the ceramic phase only by completely or partially wetting
the ceramic phase, and promote particle rearrangement and migration. Figure 8 shows
a schematic diagram of the contact occurring between the liquid phase and two grains,
where the angle between the solid and liquid interfacial tension is defined as the dihedral
angle, which can be expressed when the forces are in equilibrium as:

γss = 2γsl cos
ϕ

2
(2)

Figure 8. Schematic diagram of the dihedral angle of the liquid phase at the grain boundary. Reprinted
from [81,82], copyright (2022), with permission from Elsevier.

It can be seen that the value of the dihedral angle ϕ is influenced by γss/γsl , and
the value of ϕ will directly affect the contact between the solid phase particles and the
equilibrium shape of the liquid phase. When γss/γsl = 2, ϕ = 0◦, at this time, the liquid
phase completely penetrates the grain boundary, i.e., there is no mutual contact between
the solid phase particles; when γss/γsl < 2, 0◦ < ϕ < 180◦, at this time, the liquid phase
does not completely penetrate into the grain boundary, and ϕ increases with the decrease
of γss/γsl , leading to the gradual increase of the grain boundary area in contact between
the solid phase particles, when ϕ > 60◦, the continuous network is completely isolated by
the solid phase, at this time, the rearrangement of the solid phase particles will be very
difficult. In addition to good wettability, a certain solubility of the ceramic phase in the
liquid-phase metal is another important condition for the liquid-phase sintering of cermets.
The dissolution of the ceramic phase in the liquid-phase metal can effectively improve
the wettability, strengthen the interface, increase the volume fraction of the liquid phase,
and accelerate the migration of materials, which impacts the densification process and the
improvement of mechanical properties of the cermet. The important factors influencing
the densification during liquid-phase sintering, such as the volume fraction of the liquid
phase, the viscosity of the liquid phase, the solubility of the solid phase in the liquid
phase, and the wettability of the solid phase with the liquid phase are all directly related
to the sintering temperature [83–86]. In addition, considering the denitrification behavior
of nitrogen-containing cermets during sintering, nitrogen atmosphere-assisted sintering
is essential for the preparation of high-quality products [87]. WC-Co carbides and Ti(C,
N)-based cermets with a graded structure can be prepared by adjusting the nitrogen atmo-
sphere during the sintering process. Wang et al. [88] prepared WC-Co-cemented carbides
with a gradient structure by vacuum sintering at 1450◦ for 2 h using TiN, ZrN, and HfN
as nitrogen sources. The thermodynamic formation energies of the cubic nitrides were
the main factors influencing the evolution of the microstructure. Cubic nitrides with low
negative generation energy provided the thermodynamic driving force for the increase in
the gradient layer thickness. Similarly, Chu et al. [89] prepared Ti(C, N)-based cermets
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with gradient structures under different sintering atmospheres and further revealed the
effects of the sintering atmosphere on the inner and surface microstructures and mag-
netic and mechanical properties. Over the past two decades, the formation mechanism
and monitoring of gradient structures of N-containing metal ceramics or cemented car-
bides have been extensively investigated by the Vienna University of Technology [90–92],
Central South University [88,89,93,94], and the Nanjing University of Aeronautics and
Astronautics [95,96]. Figure 9 depicts the overall dependence of the gradient generation on
nitrogen pressure. Under increased nitrogen pressure, carbonitrides become more abun-
dant near the surface for a fixed starting formulation. Macroscopic nitrogen diffusion is not
visible if the pressure is near the steady-state nitrogen pressure. At low nitrogen pressure,
the constant outward diffusion of nitrogen results in a CN-depleted microstructure with
a WC-Co region at the alloy’s outermost portion. The fabrication of cutting tool inserts
involves accurate control over the material’s composition, microstructure, and surface
finish. This is essential in order to achieve optimum cutting performance and durability.
Incorporating solid lubricants into the material is one technique to enhance the efficiency of
cutting tool inserts. The use of solid lubricants can minimize friction and wear, increasing
the life of the cutting tool and enhancing overall cutting efficiency. The numerous solid
lubricants that may be used in cutting tool inserts and their benefits will be discussed in
the following section.

Figure 9. A schematic of the relationship between the microstructure and nitrogen pressure. Reprinted
from [82].

4. Solid Lubricants for High-Temperature Metal Cutting

High-temperature operations (up to 1000 ◦C) have increased significantly in the last
decade, and interest in the field of high-temperature tribology has grown exponentially.
High-temperature wear is a major problem in a wide range of industrial processes and
operating technology, for example, processing of materials, machining, forging, stamping,



Lubricants 2023, 11, 122 12 of 52

shaping, and so on [97]. Steel and alloys, for example, have been shown to benefit from
the protection provided by the tribo-oxide film that forms over the outer surface during
high-temperature relative motion. Unfortunately, primarily because of the non-adherence,
low Pilling–Bedworth ratio, or misalignment of lattices, the generated tribo-oxide layer
is readily prone to spalling [98]. A continuous film of solid lubricants with good elastic
properties has been formed on the surface to protect the cutting tool from the effects of high
temperatures, prevent corrosion of sliding surfaces during periods of inactivity, and obtain
good surface finishing for the workpiece [99]. On the other hand, most types of solid contact
include significant adhesion between the opposing surfaces in the absence of lubrication
supplied by liquids or gases. Since many metals resist shearing along the contact surface as
well as compressive normal to the contact face, the high adhesion on contacting surfaces
almost invariably results in a high coefficient of friction. Nevertheless, certain materials
exhibit mechanical anisotropy, which means that failure occurs under shear rate loads,
resulting in a low friction coefficient at the contact. Lamellar solids exhibit anisotropy of
mechanical behavior, often known as “planes of weakness”. The lamellar solid can become
self-lubricating if its lamellae can slip over each other at low-shear stress [100].

Natural “organic” solid lubricants and artificial “inorganic” solid lubricants are the
two main categories of solid lubricants. The majority of organic solid lubricants are polymer-
based and can operate at temperatures ranging near cryogenic to about 200 degrees Celsius.
Polymers, such as PTFE and PEEK, have been investigated in vacuum environments up
to 4.2 K (−269 ◦C). Within certain scenarios, inorganic solid lubricants can give proper
lubrication near 800 ◦C. A composite containing 15% wt% hBN displayed improved tribo-
behavior at 600 ◦C with a low COF ranging from 0.25 to 0.3 [101,102]. One of the primary
reasons that inorganic solid lubricants are recommended as high-temp solid lubricants is
because of this. Inorganic lubricants are categorized into four classes according to their
crystal structures and chemical content: “a-layered structures b-soft metals c-oxides d-
fluorides”. Because of the wide range of thermo-physical characteristics of solid materials,
this can be employed with a wide range of cutting temperatures. At temperatures below
500 ◦C, graphite, molybdenum- and tungsten disulfides are the best options, whereas
oxides, such as ZnO and CuO, fluorides such as CaF2, and sulfates, such as CaSO4 are
the best solutions for high-temperature machining [103–105]. Table 2 summarizes the
tribological properties of solid lubricants with various matrix compositions.

4.1. Multi-Layered Structures of Solid Lubricants and the Corresponding Benefits

Layered-structure solids, sometimes known as laminar lattice compounds, have
hexagonal-layered or planer structures, where all the atoms inside the planes or layers are
highly bound “densely packed layers”. The binding among particular layers or planes,
on the other hand, is defined by weaker van der Waals forces (“inadequate bonds”). An
isotropic shear is allowed in the basal plane by the weak interlayer force [29]. Carbon
in the form of “either graphene or graphite”, hexagonal boron nitride (hBN), and TMDs,
especially MoS2 and WS2, are elements of well-known materials in this group because
of their lubricity (as a result of their layered structures) [29,106]. Their crystal layers are
parallel, which breaks down as a result of the relative speed during dry machining. They
have excellent anti-friction characteristics on work surfaces. The existence of substantial
interatomic bonding between atoms, in contrast, such as a composite, has substantial
wear-resistance features. However, their crystal structures are not always enough to offer
tribological properties at high temperatures. As a result, they are treated as traditional solid
lubricants utilized in moderate temperatures to solve friction and wear problems [107–109].

A ceramic matrix coated with a MoS2-layered solid lubricant is easier to deal with than
the ceramics because of the extreme temperature sensitivity of the layer (with a melting
point above 1000 ◦C and a breaking point of 1300 ◦C). Alloys can be coated with MoS2
in addition to using them as solid lubricants for cutting tools. Yang et al. [110] used laser
energy to create a coating of Ti and MoS2 powder on Ti6Al4V alloy. In comparison to the
Ti-6Al-4V alloy substrate, a nanocomposite-coated surface, including MoS2 solid lubricant,
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seems to have a lower friction coefficient and surface roughness. It was also observed that
MoS2 dissolved during the coating fabrication at extreme temperatures. In addition, in
dry sliding operated at high temperatures, it has a serious constraint, i.e., MoS2 supplies
lubrication up to 400 °C before combining with oxygen in the environment to form a
less lubricious compound MoO3 [111]. Furthermore, as with coatings, 10 wt% of MoS2
and CaF2 have been applied to the zirconia matrix. At high temperatures (approximately
1000 ◦C), it exhibits a substantial friction coefficient in a ball-on-disc test with a SiC counter
surface [112]. Figure 10 demonstrates the CoF and comparative wear rates for several
materials solid-lubricated with MoS2 that have been reported in recent papers at various
sliding temperatures [113].

Figure 10. High-temperature sliding studies of MoS2-containing composites and coatings (a) CoF;
(b) relative wear rate. Reprinted from [113], CC BY 4.0.

Similar to MoS2, graphite is used in dry sliding operations to minimize the friction
coefficient. Graphite is a layered component with strongly bonded hexagonal lattices of
carbon atoms and an easily sheared weak layer. In contrast to MoS2 and WS2, moisture
and oxygen in the environment increase the interlamellar shear of graphite particles and
promote lubricity [20]. The main problem with graphite is the oxidation at high tempera-
tures; it oxides to CO at temperatures over 400 ◦C and CO2 above 500 ◦C [114,115]. As a
result, graphite is commonly used at moderate temperatures. Liu and Shi [116] created
self-lubricating 42CrMo steel by laser cladding Ni45 and Ni-coated graphite powder as
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the precursor material. The Ni-coated graphite powder protects it from ablation and di-
rect interaction with the other components. This improves the anti-friction and anti-wear
properties of coatings. At a scanning speed of 300 mm/s, there was outstanding wear
resistance with a drop in the coefficient of friction and wear rate. Scientists are exploring
ways to stabilize and protect graphite at high temperatures due to its stronger lubricating
mechanisms [117].

Graphene is a kind of carbon in an allotrope form with a 2D honeycomb structure that
has significant friction-reducing characteristics. The method for reducing friction when
sliding is the same as that of graphite and MoS2. Graphene, unlike graphite, exhibits
lubrication in a dry atmosphere. It has superior thermal, electrical, and mechanical charac-
teristics. Most studies using graphene as a solid lubricant have reported a transition period
of enhanced friction and wear from 550 to 600 ◦C [118]. Similar to graphite, it provides
unstable friction and increased wear because of its oxidation at higher temperatures over
600 ◦C [119].

Because of its high thermal conductivity, hexagonal boron nitride (hBN) is utilized as a
solid lubricant [120,121]. Its structure, such as that of graphite, is easily layered and sheared,
and is known as “white graphite” due to its resemblance to graphite [122,123]. In addition
to its high thermal stability, and corrosion resistance, it can be used in high-temperature ap-
plications up to 900 ◦C “without oxidation”, unlike MoS2 and graphite [124]. Because of its
poor adhesion, hBN has limited application in the powder-metallurgical coating of metals
and ceramic materials. Consequentially, coating the Ni-based alloys using hBN powder has
been effectively utilized at high temperatures to enhance adhesion [125]. Guo et al. [126]
employed a laser energy-based coating approach by using a mixed precursor powder of
NiCrBSi, TiN, and hBN to make a coating on the surface of the Ti-6Al-4V alloy. Adding an
hBN solid lubricant with 5% wt led to a hardness of 967 HV, which was nearly 2.67 times
that of the substrate of Ti-6Al-4V alloy (370 HV). The coefficient of friction and wear rate
on the coated surface were clearly smaller than on the substrate.
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Table 2. Tribological properties of solid lubricants with various matrix compositions.

References Base Matrix
Solid
Lubricants
Type

Lubricating
Additives

Process, Counterpart, and Parameter of
Tribological Testing Remarks

C. Muratore, A.A.
Voevodin [111]

YSZ–20% at%
Ag–10at%Mo

Layered
structure 8 at %MoS2 coating

Ball-on-disc; Si3N4; applied force: 1 N; sliding time:
20–25 min; speed of sliding: 0.2 m/s; condition: RT

to 700 ◦C
Low COF 0.1 at 300 ◦C

Hector Torres,
et al. [127] NiCrSiB matrix Soft metals

Coating of 5 wt%
Ag and 10 wt%
MoS2

flat pins on-disc; AISI 52, 100; load: 225 N; test
duration: 900 s; rotational speed: 28 rpm; condition:

RT to 600 ◦C

MoS2 added to Ag in nickel-based
cladding slowed Ag depletion at high

temperatures.

Xu, Zengshi,
et al. [119] TiAl-based Layered

structure 3.5 wt% graphene
Ball-on-disc;Si3N4 load: 10 N; sliding time: 80 min;

speed of sliding: 0.2 m/s; condition: 100 ◦C
to 700 ◦C

Generating a lubricious film within 100
and 550 ◦ C. Nearly 580 ◦C Because of

oxidation, graphene lost its
lubricating property.

Kong, Lingqian,
et al. [128] ZrO2(Y2O3)-Mo Oxides 5 wt% CuO

Ball-on-disc; alumina; load: 10 N; test time: 30 min;
speed of sliding: 0.2 m/s; condition: 700 ◦C

to 1000 ◦C

From 700 ◦C to 800 ◦C, 5 wt% CuO
showed outstanding wear resistance
properties. The creation of CuO and
MoO3 can improve the tribological

properties with lower friction
coefficients 0.18–0.3 from 700 ◦C to

1000 ◦C.

Liu, Eryong,
et al. [129]

Ni-based
composites Oxides Ag2MoO4

Pin-on-disc; Inconel 718 alloy; load: 2 N; sliding
distance: approx. 1000 m; speed of sliding:

0.287 m/s; condition: 20 ◦C to 700 ◦C

Ag2MoO4 is a compound of MoO3 and
Ag2O that created silver ions through
dry sliding. At 700 ◦C, the lowest COF
was 0.25 and the specific wear rate was

9.37 × 10−7mm3N−1m−1.
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Table 2. Cont.

References Base Matrix
Solid
Lubricants
Type

Lubricating
Additives

Process, Counterpart, and Parameter of Tribological
Testing Remarks

Zhen, Jinming,
et al. [130] Ni matrix Fluorides 12.5 wt% Ag -5 wt%

BaF2-CaF2

Ball-on-disc; Si3N4; speed of sliding 0.8 m/s; load: 5 N;
condition: RT to 800 ◦C in vacuum.

At 600 ◦C in a vacuum condition, the least
COF is 0.18 and the specific wear rate is

10−5 mm3/(Nm).
Zhang, Chao,
et al. [131] Ti-MoS2 Fluorides 0.8 at% LaF3 coating Ball–on-disc; SS; rotational speed: 1000 rpm; load: 5 N;

condition: RT
With 0.8 at.% LaF3, the smallest COF is

about 0.05.

Ouyang, J. H.,
et al. [132]

ZrO2(Y2O3)+20
wt% Al2O3

Oxides BaSO4
Ball-on-disc; alumina; load: 2–20 N; sliding time: 20 min;

0.5–4 Hz frequency; condition: RT to 800 ◦C

Moreover, BaCrO4 was added to the
ZrO2(Y2O3) matrix, which lessened the

friction coefficient by up to 400 ◦C owing to
BaCrO4’s small shear strength.

A.A. Voevodin
et al. [133] 440C steel Soft metals Mo2N/Cu Ball-on-disc; alumina; load: 1 N; sliding time: 90 min;

speed of sliding: 50 mm/s; condition: RT and 400 ◦C

Cu, such as Ag, has a superior thermal
conductivity. It may also accelerate

dissipation of the heat through elevated
temperature conditions, enhancing the

specific wear rate property.
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4.2. Solid Lubricants of Soft Metals

Soft metal particles, such as zinc (Zn), copper (Cu), tin (Sn), lead (Pb), silver (Ag), and
indium (In) are commonly used as solid lubricants. Most are frequently used as coatings
in a process involving power or composite metallurgy. The main factors that render anti-
frictional applications effective are low shear strength and greater ductility. Sliding, on
the other hand, might cause microstructural defects [134,135]. In this type of lubrication
technique for soft metals, the Bowden and Tabor dry sliding models are applied, which
consider the adhesive forces that exist at the direct interaction region between the counter
surfaces. This stress causes the material to undergo plastic deformation, resulting in a soft,
thin tribo-film on the usually hard counter surface. A tribo-film with a thickness of around
1 µm and steel as the counter surface are the best requirements because they can retain
tribological properties [136]. Since minimal Ag can tolerate oxidation, it is used in high-
temperature solid lubricants and preferred because of its lower purchase cost compared
to other soft metals, such as Sn, Pb, and Au [137]. Because the high thermal conductivity
of Ag allows for extremely quick thermal dispersion throughout elevated temperature
operations, it also produces solid lubrication material depletion, enhanced wear rate, and
porosity [138]. The vacancies, voids, and pores at the main matrix may have significant
influences on Ag diffusion at the surface and enhance lubrication effectiveness because of
the lubricant storage in the existent defects [139]. The slowdown of Ag depletion may be
eliminated at high temperatures by the addition of MoS2 in nickel-based cladding [127].
Similar to the soft metal elements group, copper (Cu) is widely used in solid lubricants.
The tribo-pair contact region remained at a low temperature because of the high thermal
conductivity of Cu (398 W/mK) [133,140]. Finally, indium (In) is not commonly used as
a solid lubricant. Canan G. Guleryuz, et al. [141] performed a TiN/TiN-In coating on
an insert carbid-cutting tool. They reported that indium coatings give excellent lubricant
properties and withstand elevated temperatures up to 450 ◦C.

4.3. Single and Mixed Oxides Lubricants

At temperatures higher than 500 ◦C, solid lubricants with a lamellar crystal structure
lose their tribological properties. The coefficient of friction and wear rates increase when
more debris become trapped in the relative movement. By comparison, single and mixed
oxide-based solid lubricants have high-temperature stability and, thus, retain their tribo-
logical characteristics even at elevated operating temperatures of 500 ◦C. However, oxide
lubricants have poor adhesion qualities, which would be a significant limitation in the
manufacturing operation [142]. The zirconia matrix is solidly lubricated by copper oxide
(CuO) using the powder metallurgy technique. The coefficient of friction is believed to be
substantially lower at 700 ◦C. When utilizing the dry sliding process at temperatures over
600 ◦C, a tribo-film was created [143]. The anti-wear behavior of Mo-YSZ containing 5%
CuO was demonstrated at temperatures ranging from 700 to 1000 ◦C. Oxides of transition
metals, such as Mo, Ti, V, and W have significant lubricating capabilities because of the
weak bonding of their lamellar crystal structure at elevated temperatures [128,144,145].
Because WO3 is substantially less unstable than MoO3 in severe heat, its use in dry tribolog-
ical applications has been extensively investigated. Ti has a significant affinity for oxygen,
whereas TiO2 produces the Magnéli phase mostly on the counter surface, which could
improve tribological characteristics under dry sliding applications [146,147]. At 700 ◦C, a
Magnéli tribo-layer in vanadium oxide may lower the frictional coefficient to 0.18 [148].
Because the ionic potential of silver molybdates and vanadates diverge, several mixed
oxides, such as Ag3WO4, display lubricating characteristics at extreme temperatures [149].
The same may be said for Ag2MoO4, a combination of MoO3 and Ag2O that generates ions
of silver throughout the dry cutting machine process [129]. Because of BaCrO4’s poor shear
strength, it was employed in the solid lubricant of the ZrO2 (Y2O3) matrix, decreasing the
friction coefficient to 400 ◦C [132].
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4.4. Alkaline-Earth Fluoride Solid Lubricants

Fluorides are derived from two groups of metals that are chemically stable (CaF2, BaF2,
LiF, and NaF), and some rare-earth minerals (CeF3, LaF3, etc.) that are considered to be ap-
propriate lubricant temperatures between 500 and 1000 degrees Celsius. These components
provide a uniform tribo-layer on the sliding surface of the substrate during fabrication,
reducing the wear and friction rate [137,150]. Several of these can be operated on in condi-
tions with chemically reactive materials or at extremely high forces. At lower temperatures,
the majority of these compounds lack lubricity and are fragile; however, when they are
transformed into a plastic state at temperatures over 500 ◦C, they constitute successful
lubricants. This is because at high temperatures, the severe abrasion phenomenon, the
atomic force in the phase, and the melting point decrease [151–153]. Using the spark plasma
sintering process (SPS), a Y2O3/ZrO2/Al2O3 ceramic matrix composite was mixed with dif-
ferent alkaline-earth solid lubricants and performed tribological tests at elevated working
temperatures up to 800 ◦C. Since 31wt% BaF2 and 19wt% CaF2 are employed, the friction
coefficient is decreased to 0.4 at 400 ◦C or slightly larger. If no solid lubricants are applied,
the friction coefficient exceeds one at 800 ◦C. By combining BaF2 and CaF2 at low tempera-
tures, an unfavorable tribological effect is detected, and the calculated friction coefficient
is roughly 10 times higher than the original ceramic matrix [132]. When Ag/CaF2/BaF2
were added to the Ni matrix, the frictional coefficient ranged from 0.23 to 0.31, with a
significant wear rate of 1.1–43.0 × 10−5 mm3/(N m) with a high hardness Si3N4 matrix at
temperatures over 600 ◦C [154]. However, with mixed solid lubricants of 5 wt% BaF2-CaF2
and 12.5 wt% Ag at 600 ◦C in a vacuum atmosphere, Ni-based alloy had the least friction
coefficient of 0.18 and a specific wear rate of 105 mm3/(N m). Due to oxidation, it is not
possible to conduct an air–atmosphere tribo-test at high temperatures [130].

According to the results of numerous elevated temperature solid lubricants, there is no
general solid lubricant that really works during a diverse variety of temperature situations
for various compositions of matrices and reinforcements. The lubricating mechanism,
a sort of solid lubricant, as well as the sintering procedure, govern the production of
specific cutting tool material. There is significant research potential in the field of self-
lubrication at high temperatures and its corresponding applications in insert cutting tools.
In tribological applications, solid lubricants, such as graphite and MoS2, have shown
excellent performance in reducing friction and wear. However, incorporating textured
surfaces can increase their efficiency even more. Surface roughness can boost the load-
bearing capacity of solid lubricants while decreasing their tendency to wear and deteriorate
over time. The texturing techniques that can be employed to improve the performance of
solid lubricants will be discussed in the next section.

5. Influence of Surface Texturing on the Tribological Behavior and Efficiency of
the Cutting Tool

The tribological properties of industrial applications, especially machining processes,
were evaluated by friction and wear, whereas both parameters were significantly affected by
surface finishing. Many comprehensive studies have been performed on the modification
of the contact surface to promote optimal tribological characteristics. The main aims are to
minimize in-contact surfaces, as a result, surface texturing is an approach that is of great
interest for enhancing tribological behavior. Micro/nano textures, applied on the flank faces
and tool rake, have been shown to increase cutting efficiency by reducing contact area and
material adhesion, capturing wear debris, and improving lubrication at the cutting friction
surface interface [134,155]. Surface texturing, a process that forms micro-pits on the contact
surface, such as grooves [156] and dimples [157], can reduce wear and friction based on
the influence of surface morphology on the tool—chip interface under dry and lubricated
machining conditions [158]. The concept of surface texturing in several tribological studies
refers to the creation of artificial surfaces of regularly repeated asperities, which have speci-
fied sizes, shapes [159–163], depths [164–166], and distribution “density” [166–168], as seen
in Figure 11. Texturing methods are widely categorized into four groups: removal, addition,
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material displacement, and self-forming [158], with numerous surface texturing techniques
available, including precious mechanical methods (milling) [169–171], inscription technolo-
gies [172], abrasive jet machining [173], coatings [174], and laser-based processes [175–177].
Negative textures (separated spots or thin channels) and positive textures (asperities) are
often produced using engraving/carving procedures and projection methods, respectively.
The different forms that may be employed to construct and create the surface texture are
shown in Figure 11b. Concave textures are more commonly employed in texture friction
reduction than convex textures made by additive manufacturing since they have better
benefits in terms of processing and costs [178]. In the previous section, we explored the
effects of surface texturing on tribological behaviors and cutting tool efficiency. Texturing
the surface of a tool can enhance the cutting performance by minimizing the friction and
wear between the tool and the workpiece. Solid Lubricants, on the other hand, can have
additional influences on the tribological behaviors of cutting tools with textured surfaces.
The impact of surface roughness and lubricants on the tribological characteristics of cutting
tools will be investigated in the next subsection, as well as how the combination of these
two parameters may be maximized for increased the cutting performance and efficiency.

(a)

(b)

Figure 11. (a) The structure of a surface texture and its main geometric parameters. Reprinted
from [179], copyright (2015), with permission from Elsevier. (b) Typical surface texture shapes.
(1) circular; (2) rectangular; (3) triangular; (4) chevron. Reprinted from [160], copyright (2017), with
Elsevier’s permission.

5.1. The Influences of Surface Textures and Lubricants on Tribological Properties

During the machining process, the tool is in direct tangency with the workpiece;
consequently, progressive tool wear occurs at the tool flank and rake face, as shown in
Figure 12a. The final surface qualities of machined components are primarily determined
by wear, friction, cutting forces during cutting operations, and chip adhesion, whereas
challenges such as extreme tool wear and excessive cutting forces can result in poor surface
finish quality of machined parts. Tool fracture is most commonly caused by chip adherence
to the cutting edge of the tool. Furthermore, throughout machining processes, including
turning (deep depth of cut), milling, drilling (deep hole), and threading; tool breakage
tends to occur, where it becomes tough to provide direct lubricants to the cutting surface.
The cutting lubricant fluid retained in the textures can reduce the risk of tool fracture and
improve lubrication impact.
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(a)

(b)
Figure 12. (a) Schematic diagram of the turning operation. Reprinted from [180]. (b) In situations in-
volving: (1) non-textured cutting tools, (2) textured cutting tools, and heat flux and heat transmission
at the chip–tool connection. Reprinted from [181], copyright (2021), with permission from Elsevier.

Because pits and grooves created by surface texturing can grasp abrasive parti-
cles and debris generated during friction, they can release lubricants to provide lubri-
cation at the cutting surface during the machining process. This secondary and micro-
hydrodynamic lubrication provided by surface texturing can help reduce friction at the
contact surface [182–185]. Micro-wedge gaps are created by the grooves on the textured
surface, where lubricants with specified velocity and viscosity concentration move in the
gaps, providing more fluid lift. This isolates the tool/workpiece interface during relative
motion, changing solid-liquid friction into solid contact friction and improving friction
performance [186]. The influence of texture on friction is primarily determined by the
texture parameters and the material characteristics of the contact surface unless the ma-
chining process is performed in a dry cutting state with no lubricants. The inclusion of
textured grooves that catch abrasive particles and lower coefficients of friction demonstrates
this effect, as shown in Figure 12b [187–190]. Consequently, these surface textures could
be useful in both dry and wet machining processes. They minimize the area of contact
between the cutting edge and the removal chip and capture wear debris in dry cutting.
They trap wear debris and decrease the contact surface at the tool/chip interface during
wet machining. In metal-cutting processes, the tool–chip interface exhibits an extreme
tribological state. Conventional cutting lubricants cannot move through the tool–chip
boundary and access the greatest temperature region due to the extreme mechanical and
thermal environments, particularly in high-speed and demanding machining settings [191].
The majority of research on textured cutting tools focused on this problem, considering
how surface patterns might act as “micro-pools for lubricants” at the tool–chip/workpiece
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interface [192,193]. The influence of the micro-pool has been postulated in the realm of
processes for forming metals [194].

5.1.1. Dry and Wet Machining Using Textured Tools

To optimize tool efficiency during the dry cutting process, some studies integrated
micro-surface textures with a solid lubrication approach. The chip moves freely over
the MoS2-coated micro-textured cutting tools, as illustrated in Figure 13, and the solid
lubricant discharges them, producing a tribo-film with weak shear strength. At the tool–
chip interface, the contact length and coefficient of friction were lowered [195]. Furthermore,
Sharma and Pandey found that during the machining of hardened steel, the use of hybrid
textured cutting inserts solid-lubricated with CaF2 resulted in decreased friction, specifically
4340 hardened steel [196]. Similarly, mixing a WS2/Zr soft coating and nano texture
on the surface of the tool lessened the coefficient of friction and increased the cutting
efficiency [197]. Moreover, Fu et al. [198] concentrated on a hot-pressed improved WS2
solid lubricant. The synergistic effects of the texturing and lubricant provided outstanding
anti-adhesion and anti-friction characteristics, with a WS2 release rate reduced by 102.2%
when a silane coupling compound was used. Subsequently, Li et al. [199] developed
copper-based alloys coated with GuGa2 that utilize the variation in surface tension of liquid
gallium metal. The GuGa2 grains were able to compress well during sliding operations and
generate a scratched tribo-film. As a result, indium, gallium, and oxides helped minimize
wear and friction on the worn surface.

Figure 13. Schematic diagram of the tool–chip interface in the coated micro-textured cutting tool
(a) Un-textured tool, (b) Coated micro-textured tool. Reprinted from [195], copyright (2018), with
permission from Elsevier.

Enomoto and Sugihara [155] created novel patterns of cutting tool surfaces by utilizing
laser-induced period technology to increase lubrication by keeping adequate fluid film
between the chip and tool, and to reduce the friction by minimizing the zone of contact
between the chip and cutting tool surface. To increase the anti-adhesion effect in the ma-
chining of A5052 Al-alloy, nano/micro-texture grooves with sine wave shapes, 100–150 nm
depths and 700 nm spacings were generated on the rake face of the DLC-coated WC
cutting tool using a Ti-sapphire-based laser system. The cutting surface of the WC tool
was prepared by utilizing a diamond slurry prior to laser irradiation to obtain a surface
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roughness of 40 nm (peak to valley), as seen in Figure 14. By using wet cutting, they
examined the anti-adhesion of the chip at the tool/chip interface. Adhesion was effectively
minimized by enhancing the cutting fluid retention on the tool surface. Three kinds of
cutting tools were checked out: (1) a parallel-groove tool; (2) an orthogonal-groove tool;
and (3) a typical DLC-coated polished tool. The cutting performance was evaluated using
SEM and energy dispersive X-ray spectroscopy (EDX) examinations of the cutting tool’s
rake face, and it was discovered that DLC-coating lowered aluminum adhesion (as shown
in Figure 15a). Figure 15b,c confirm that the cutting tool surface with parallel nano or micro
grooves exhibited exceptional anti-adhesive properties, surpassing that of the tool with
orthogonal nano/micro-grooves. The orthogonal-groove tool experienced increased chip
adhesion due to continuous interaction between chips running over the tool’s rake face,
which disrupted the cutting fluid film at the tool–chip interface. With the parallel-groove
tools, the chips had irregular interactions with the tool’s rake face, which prevented chip
adhesion and allowed cutting fluid to be delivered from the bottoms of the grooves to the
tool-chip contact surface. Another study using wet and dry cutting was published [200].
Nevertheless, during the dry cutting operation, the adherence of aluminum chips to the
surface was enhanced “Figure 16a”. This method did not work and led to extraordinarily
high tool wear. To resolve this concern, they created a unique coated cutting tool (TiAlN)
with regularly thin parallel streaks at the surfaces. Experiments on steel surface machining
revealed that the novel textured coated tool had substantially reduced tool wear [155]. On
the other hand, Kawasegi et al. [201] evaluated the cutting efficiencies of textured cutting
tools in different atmospheric environments and discovered that the greatest applied load
minimization was achieved in an oxygenated atmosphere. They hypothesized that oxygen
introduced to the interface of the tool–chip is useful for creating a film of oxide on the chip’s
surface. According to Kim et al. [202], air-filled empty regions formed by micro-textures on
a tool rake surface are present at the tool–chip interface during dry machining and may
influence the tribological properties of the contact. These results imply that micro-textures
generated on tool surfaces may potentially behave as tiny air pools during dry machining
settings, improving the cutting performance.

Figure 14. Newly created cutting tool with nano/micro-textured surfaces. Reprinted from [155],
copyright (2010), with Elsevier’s permission.
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(a)

(b)

(c)

Figure 15. (a) Cutting tool rake face after the cutting process. (1) Polished tool; (2) developed tool
with grooves parallel to the edge; (3) developed tool with grooves orthogonal to the edge, (left:
SEM picture; middle: EDX-Al image), (b) aluminum atom concentration on the cutting tool rake
face, (c) changes in the adhesion area on the rake face of the cutting distance. Reprinted from [155],
copyright (2010), with Elsevier’s permission.

(a)
(b)

Figure 16. (a) Concentration of aluminum atoms on the rake face of the cutting tool, (b) aluminum
atom concentration on the cutting tool rake face after wet cutting. Reprinted from [200] , copyright
(2009), with permission from Elsevier .

5.1.2. Solid Lubricant-Filled Textured Tools

Many scientists have developed cutting tools involving nano- and micro-scale textures
with a variety of solid lubricants, including MoS2 [193,203,204], molybdenum- and tungsten
disulfides, calcium fluoride, WS2 [187,205–207], graphite, and CaF2 [196,208], burnished
or implanted into the textures. Solid lubricants produced by the texturing spread on the
tool surface throughout the cutting process, causing the creation of a tribo-film with poor
shear strength. As the presence of lubrication can be produced by the cutting tool itself
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supplying lubricants at the tool–chip contact, textured cutting tools such as these may prove
to be highly effective for dry machining [203]. This tool is commonly known as the self-
lubricating tool. Jianxin et al. [193] produced a cemented carbide cutting tool with different
geometrical characteristics of textured surfaces by laser machining. The surface of the
cutting tool was carved with elliptical, linear, and parallel grooves oriented with the main
edge to produce the textured surface, as seen in Figure 17. Dry cutting tests with these rake-
face textured cemented carbide-Cobalt cutting tools revealed better cutting performances
over standard tools. Solid lubricant-filled grooved tools performed better in dry machining,
especially at higher cutting speeds, see Figure 18a. Figure 18b displays a cross-sectional
view of the surface texturing of the STT-1 tool, whereas the width (d) of the elliptical groove
at the rake face is about 50 µm, and the depth (h) of the groove is nearly four times the
width (200 µm). Due to the lubricating film having a lower shear strength at the interface of
the tool–chip, which has been freed from the rake textured surfaces and splattered on the
rake face of the cutting tool, it demonstrated the least cutting temperature, cutting force,
and friction coefficient at the tool–chip interface in the evaluated tools. Furthermore, the
shortened contact length at the tool–chip interface of a rake surface textured tool serves to
decrease the physical area of contact of the chips with rake surfaces, as well as the force
and temperature. The effect of surface texturing on tribological behavior and cutting tool
efficiency is intimately tied to lubricant consumption in machining operations. The use of
surface texturing on the tool surface can improve the lubricant performance in terms of
minimizing friction and wear. Additionally, the overall impact of surface texturing and
lubrication can result in a considerable decrease in the process forces and an increase in the
surface quality. As a result, a thorough understanding of lubricant effects on the machining
process is critical for the effective adoption of surface texturing techniques on cutting tools.
To emphasize the importance of lubrication in machining, the next section will present a
complete examination of the influence of lubricants on several machining parameters, such
as friction, wear, process forces, and chip formation.

Figure 17. Rake-face textured tools with three groove shapes, i.e., (a) elliptical, (b) parallel, (c) linear,
and MoS2 solid lubricants rake-face textured tools “with (d) elliptical, (e) parallel, and (f) linear
grooves”. Reprinted from [193], copyright (2011), with Elsevier’s permission.
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(a)

(b)

Figure 18. (a) Friction coefficient between the tool–chip interface of STT-0 and STT-1 tools at different
cutting speeds (ap = 0.5 mm, f = 0.1 mm/r). (b) Surface texturing “elliptical grooves” of the cutting
tool in a (1) schematic, (2) Micrograph cross-section images. Reprinted from [193], copyright (2011),
with Elsevier’s permission.

6. Effects of Lubricants on the Machining Process

Reduced friction, wear, and process forces are critical in machining operations, and
lubricants can help with this. This section provides a comprehensive discussion of how the
use of lubricants affects certain machining parameters. Temperature, pressure compatibility
among cutting tools and work materials, and structural inhomogeneity of the tool materials
all affect the tool’s life, with the temperature generated during cutting being the most sig-
nificant tool life variable [209]. The same is present for cutting refractory hard metals, such
as Inconel 718 using silicon carbide whisker-reinforced alumina cutting tools [210]. These
tools may be used at significantly greater cutting speeds because of their enhanced strength
and fracture toughness, which leads to greater temperatures in the tool/chip region and
softening of the workpiece material. Tool failure is frequently caused by abrasion, which
can result in cratering and/or flank wear, chemical interaction with the workpiece material,
and/or chipping and cracking [211,212]. The machining of hard materials, such as titanium
and its alloys, plays a significant role in the development of modern machining processes,
such as cutting tools and coatings, with the objective of improving the machinability of
these materials. The cutting tool has quicker wear as a result of the titanium’s weak thermal
properties, which reduces tool life. High cutting temperatures are some of the main causes
of quick tool wear and, as a result, poor machinability of titanium alloys, requiring an
effective cooling technique to lower the temperature in the tool–workpiece contact areas.
Researchers are investigating the use of various lubrication techniques in machining opera-
tions, such as solid lubricants [213–216], cutting fluid [217,218], or both [219]. The outcomes
are encouraging, with a substantial decrease in tool wear, cutting force, dimensional inac-
curacy, and surface roughness achieved by applying minimum quantity lubrication “MQL
refers to the use of little amounts of cutting fluid”, particularly in lowering the temperature
of the cutting zone and creating a softer chip–tool–piece interface interaction. Ricardo
R. Moura et al. [219] investigated the use of a solid lubricant during the machining of
Ti-6Al-4V in a turning operation. The authors conducted dry testing, lubricant tests, and
tests using 20% by weight of solid lubricants, with tool life, surface roughness, cutting
force, and interfacial temperature as output parameters. They found that the use of solid
lubricants greatly reduced tool flank wear, a critical issue in titanium alloy machining. The
experimental results showed that molybdenum disulfide outperformed graphite in turning
operations by reducing tool wear, prolonging tool life, and improving surface roughness.
The solid lubricant proved to be a viable option for both dry and wet turning, resulting in
increased production.
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6.1. The Influence of Lubricants on the Surface Properties of Cutting Materials and Tools

In metal machining, the impact of lubricants on the surfaces of cutting materials
and cutting tools is a crucial factor to consider. The use of appropriate lubricants can
significantly reduce wear and tear, improve the quality of machined parts, and enhance
the performance of cutting tools. Many studies have been conducted to investigate the
effects of lubricants on the surface properties of cutting materials and tools, with varying
degrees of success. Kumar et al. [220] investigated the surface roughness of AISI 304
steel throughout turning using alumina nanofluid and hybrid nanoparticle lubricants. By
combining alumina-based cutting fluid with multi-walled carbon nanotube (MWCNT)
nanoparticles at various volumetric concentrations, a hybrid nano-cutting fluid was created.
The authors discovered that using hybrid lubricant produced the lowest surface roughness
and enhanced surface quality. The lowest coefficient of friction was achieved by utilizing
1.25 vol% Al-MWCNT hybrid nanofluid, alumina nanofluid, and a much lower base fluid.
In order to machine harden carbon steels, Wang et al. [73] used nano-sized CaF2 as a solid
lubricant for tungsten–titanium carbide (WTC) composite cutting tools. This resulted in a
significant decrease in cutting force, temperature, and surface roughness of the workpiece
while increasing the fracture toughness of the WTC composite tools by 13%. As seen in
Figure 19, ecological cooling technologies reduce crater depth by approximately 35% when
compared to dry machining. The creation of a continuous chip in the cutting area increases
the intensity of abrasive wear on the rake face of the cutting tool during dry machining. The
chemical reaction between the rake face of a tool insert and the heated chip is the primary
reason. Stuck material during machining was also discovered in a study of a cutting tool
under dry cutting settings. As a result of greater temperatures in the tooltip, this might
lead to a higher intensity of adhesion wear.

Figure 19. The effects of cooling conditions on the surface of the cutting tool. Reprinted from [221],
copyright (2016), with Elsevier’s permission.



Lubricants 2023, 11, 122 27 of 52

6.2. The Effect of Cooling/Lubrication on Friction Behavior

Friction is a significant issue in machining operations because it increases cutting
forces, tool wear, and temperature, resulting in poor surface quality, longer cycle times, and
shorter tool life. Lubricants can minimize machining friction by producing a thin coating
between the tool and the workpiece, minimizing actual metal-to-metal interaction [195,197].
Various lubricants, including oil-based, water-based, and solid lubricants, have proven to
be helpful in decreasing friction in machining. The lubricant type and concentration, as
well as the machining parameters, all have a substantial influence on friction reduction in
machining [14,22].

Numerous innovative lubrication and cooling techniques for sustainable machining
technologies have been developed to reduce the negative impacts associated with the
coolant. The minimal quantity lubrication (MQL) technique is commonly utilized. As
seen in Figure 20, the MQL approach lowered the coefficient of friction when contrasted
with dry cutting since the tool–chip contact interval was reduced [222]. Comparative
investigations for various cooling settings (dry, MQL, and high-pressure air) revealed that
MQL was much more useful for reducing friction at slower cutting speeds [223,224]. Until
now, the behavior of friction was greatly dependent on the lubricant types. The use of
MQL + EP/AW caused the creation of a thin friction layer on the surface of the cutting
tool, decreasing the coefficient of friction of the rake face by 6.2%–15.4% when compared
to MQL alone [221]. Many studies have evaluated the impacts of different nano-additives
on lubrication. The hybrid cutting nanofluids HN-GCF-0.3M were created by combining
molybdenum disulfide (MoS2) and calcium fluoride (CaF2) solid lubricants, which lowered
the coefficient of friction by 11% [225]. Many studies additionally discovered that the
friction layer created by Al2O3 nanofluids lowered the coefficient of friction during sliding
when compared to Ag nanofluids and that combining multi-walled carbon nanotubes
with Al2O3 nanoparticles boosted the influence of friction reduction [226]. According
to Figure 20c, the Al-MWCNT lubricant has the lowest friction coefficient, followed by
alumina nanofluid. Its decreased coefficient of friction value lowered the friction force
and, therefore, the cutting loads [220]. Moreover, using graphene nanosheets (GPL) as an
additive lowered the coefficient of friction when using the electrostatic MQL approach.
This was linked to increased GPL droplet penetration and deposition in the interfacial
friction region [227].

6.3. The Relative Influence of Lubricants on the Wear Property

Wear is an essential factor in machining operations because it may reduce the tool life
and increase cutting forces. Lubricants used in machining may minimize wear by producing
a protective layer on the surface of the tool, which could reduce abrasive and adhesive
wear [110]. The kind and amount of lubricant, in addition to the cutting parameters, all
have a substantial influence on the wear behavior in metalworking. Some lubricants may
significantly boost wear under specific cutting circumstances; therefore, it is critical to select
the correct lubricant for every machining operation [21,22]. De Portu et al. [228] studied
the behavior of Al2O3-Mo and Al2O3-Nb particulate composites with varying quantities
of secondary phases and particle sizes. The composites were evaluated on a disc-on-pin
apparatus with loads ranging from 10 to 150 N at a sliding speed of 0.5 ms−1 with WC as
the counterface material. For all composites, the friction coefficient lowered with higher
applied stresses. The rate of decline was higher (up to 50 N) and slower as the applied load
increased. There was no noticeable difference among the materials. The observed property
of the debris film was related to the decrease in friction. Greater contact forces created
greater temperatures, and the metal particles contained in the debris rapidly oxidized,
improving the lubricating characteristics of the films.
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(a) (b)

(c)
Figure 20. (a) Coefficient of friction on the rake face with Dry, MQCL, and MQL + EP/AW cooling
conditions. Reprinted from [221], copyright (2016), with Elsevier’s permission. (b) The effect of
feed on friction coefficient during dry, flood coolant, and minimum quantity cutting fluid “MQCF”.
Reprinted from [222], copyright (2019), with Elsevier’s permission, (c) coefficient of friction for
different lubricating mediums. Reprinted from [220], copyright (2020), with Elsevier’s permission.

Maximum flank wear vs. cutting time is shown in Figure 21a [219] for various cool-
ing/lubrication parameters. Once that tool entered the high wear rate region at 130 m/min
(Figure 21a1), the flank wear rose substantially with the cutting time under dry conditions
for cutting after 4 min. This increased wear rate region will not occur for at least 6 min
under MQL circumstances. While utilizing MoS2, this takes approximately 8 min for the
tool to actually enter this region. However, at 150 m/min (Figure 21a2), MoS2 became the
most effective lubricant in improving the tool life. MoS2’s higher cooling and lubricating
efficiency can really be attributed to the extended tool life. When just the cutting fluid was
used, tool wear was greater than when solid lubricants were used.

Furthermore, lubricant utilization has a favorable influence on the modification of
workpiece surface roughness. As shown in Figure 21b, raising the cutting speed led to a de-
cline in surface roughness. The reduced surface roughness values obtained by molybdenum
disulfide could be attributable to its superior adherence to graphite [229]. Across several
areas, namely surface roughness, the efficiency of solid lubricant-supported machining sur-
passes that of both dry and wet machining [214,215,219]. Trent and Wright [230] suggested
that cemented carbide tool failure was caused by the dispersion of metal and carbon atoms
through the workpiece, leading to a crater in the cutting tool and a shorter life. Prolonged
cutting times have been associated with this wear via diffusion, and temperatures between
700 ◦C and 900 ◦C are strong enough for diffusion to occur significantly. Diffusion rates
grow significantly with the temperature, often doubling for every 20 ◦C increase. The
diffusion rate of wear is influenced by the metallurgical interaction between the tool and
the work material, and it is more important for WC tools than for high-speed steel (HSS)
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tools. Moving on, as indicated in Figure 22, a build-up edge may form on the surface of
the cutting tool due to wear between both the workpiece and the cutting tool, whereas
lubricants may reduce the formation. The small hardness of the composite materials is
considered to cause the adhesion of the soft matrix to the tool, owing to an inadequate
lubricating action. Because of the absence of tribological performance enhancements in
other conditions, the dry environment is already hungry for material adhesion [231].

(a) (b)

Figure 21. (a) Tool life performance: evolution of tool wear at (1) 130 m/min and (2) 150 m/min.
(b) Average roughness evolution (Ra): (1) at 130 m/min and (2) 150 m/min. Reprinted from [219],
copyright (2015), with Elsevier’s permission.
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(a)

(b)

Figure 22. The effects of cooling and lubrication on the microstructures of (a) flank faces of tool wear,
(b) rake faces of tool wear [232].
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6.4. The Effects of Cooling and Lubrication on the Cutting Forces and Chip Formation

Lastly, the use of lubricants during machining might affect chip formation. Lubri-
cants can lower cutting forces and temperatures, resulting in smaller and more uniform
chips, where friction behaviors at the tool–chip interface cause a gradient distribution
of thermomechanical stresses, which have major impacts on the chip formation process.
S. Zhang et al. [233] investigated tool wear and cutting forces during end-milling of Inconel
718 using coated cutting tools with both dry cutting and MQCL using biodegradable veg-
etable oil. The values of the major cutting force components are substantially lower under
MQCL cutting conditions than under the dry cutting process, as shown in Figure 23a. The
decrease in cutting forces suggests that the MQCL approach was successful in lowering cut-
ting forces and, thereby, conserving energy. Similarly, other researchers studied the effects
of different coolants on the cutting force generated during the cutting process [234,235].
When these coolants are added in different concentrations, the cutting force decreases
gradually, as shown in Figure 23b,c. According to research, the thermomechanical forces
caused by cutting friction in the shear zone are the primary driving forces in the growth of
the plastic behaviors of the chip bottom [236]. This can lead to better surface quality and
shorter cycle times. Furthermore, at higher cutting speeds, the chip bottom contact pattern
modifies from constant sliding to sticking–sliding. Sticking–sliding on the chip bottom has
been linked to thermodynamic instability and dynamic interaction generated by nonlinear
friction and shear dissipation [237,238]. In machining, the kind and concentration of the
lubricant, as well as the cutting conditions, all have substantial influences on chip formation.
Chip morphology, in some ways, indicates the excellence of machining processes, because
distinguishing properties, such as color, geometry, and serration are essential outputs [239].
The main reason would be that a targeted chip shape is connected with acceptable surface
morphology as well as tool wear texture. A further essential factor of chip morphology
is its capacity to efficiently discharge the ambient heat near the cutting area [240]. As a
result, quick and successful chip removal ensures that thermally generated distortions on
the subsurface and the surfaces of cutting tools and workpieces are significantly reduced.
Furthermore, when evaluating the machined component in its entirety, periodic chip for-
mation is of great relevance for obtaining totally precise surface integrity [241]. As seen in
Figure 24a [232], cryogenic coolant-assisted and dry media appear to be identical because
they include identical dimensional chips. It is clear that a sub-zero flow helps to cool the
main matrix and reinforcement of Cu-based hybrid composites at various rates. During
composite cutting and removal of the material, a distinct separation process occurs, causing
rupturing and (in some cases) cutting. Cryogenics and MQL oil’s cooling and lubricating
processes provide superior tribological environments for chip breakability, which may
be described as self-breakage [242]. Radoslaw W. Maruda et al. [221] investigated chip
morphology based on several types of lubricants at various times and cutting speeds and
discovered that the most favorable chip in the full-time range can be achieved while cooling
under the MQCL + EP/AW scenarios, as shown in Figure 24b. Using this cooling approach,
an arch-shaped loose chip was formed practically throughout the whole range of the cutting
tool wear; a helical open short chip was obtained just after 8 min of the cutting tool running.
These chips are readily removed from the cutting area and do no harm the workpiece
surface. As illustrated in Figure 25, when the tool wear increased, the contact surface of
the chip became rougher with narrow grooves, whereas the sizes of the gaps and fractures
developed owing to the plowing and rubbing action. The micro-mill wore down gradually
because more material was cut and the cutting temperature increased. As a result, friction
and extrusion between the rake face and the chip caused significant plastic deformation
of the chip at high temperatures. Furthermore, because of the intense plastic deformation,
the surface of the chip boundaries was produced in a free condition, potentially creating
micro-cracks along the propagation [243].
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(a)

(b)

(c)

Figure 23. (a) Variations in the cutting force with respect to the cutting time and cutting conditions.
Reprinted from [233], copyright (2012), with Elsevier’s permission. (b) Cutting force in wet machining,
MQSL, and MQL versus the variable lubricant concentration. Reprinted from [235], copyright (2021),
with Elsevier’s permission. (c) Cutting force values of the inserts of (1) TiN, (2) AlCrNO3, and
(3) TiAlNO3 versus lubrication conditions at 600–1050 rpm. Reprinted from [234], copyright (2022),
with permission from Elsevier.

In conclusion, the effects of lubricants on friction, wear behavior, process forces,
and chip formation in machining are complex and highly dependent on the type and
concentration of the lubricant, as well as the cutting conditions. It is important to choose
the appropriate lubricant for each machining process to achieve the desired results. Finite
element analysis is a useful technique for investigating the intricate interactions between
the tool and the workpiece throughout the machining process, particularly when cutting the
tool indentation. The cutting tool’s deformation behavior is a significant characteristic that
impacts the quality of the machined surface and tool life. As a result, in the next section, we
will review the finite element formulations and the finite element cutting tool indentation.
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(a) (b)

Figure 24. (a) Chip properties under various cooling and lubricating settings [232], (b) the evo-
lution of the chip morphology, increasing the tool wear during the AISI 1045 steel process at
Vc = 250 m/min depends on the cooling technique. Reprinted from [221], copyright (2016), with
permission from Elsevier.

Figure 25. Chip morphology of the contact surface of the tool–chip during micro-milling the (a) first
micro-slot, (b) second micro-slot, (c) third micro-slot, and (d) fourth micro-slot. Reprinted from [243],
copyright (2020), with Elsevier’s permission.
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7. Finite Element Analysis of the Machining Process of the Cutting Tool

The machining process is a complicated phenomenon that is primarily determined by
the friction between the workpiece and the cutting tool, as well as the adiabatic shearing,
cutting temperature, stresses, strains, and strain rate. Previous research advises using
simulations and the finite element modeling technique “FEM” to comprehend the intricate
phenomena of the machining method in an easy and economical way. These models may
be expressively categorized into experimental, analytical, computational, empirical, and
mixed kinds [244,245]. The advancement of machining processes, from traditional to ultra-
precision micro/nano dimensions, is heavily reliant on these forecasting analytics. The
cutting process has been qualitatively and quantitatively analyzed using the finite element
analysis (FEA) to understand chip morphologies, stresses, strains, cutting forces, tempera-
tures, and other exogenous variables. A number of analyses are used in the FEA machining
investigations, including machining parameters and conditions [223,246–252], tool geome-
try [253–257], workpiece orientation [258,259], tool wear measurements [255,260,261], chip
separation criteria [262–265], and meshing and remeshing techniques [266–269]. Finite
element approaches have been utilized in several studies to model the formation of radial
cracks in cutting tool inserts due to Vickers [270–272], Berkovich [273], or Brinell [274]
indentations in cutting tool inserts.

7.1. Finite Element Formulations

The Lagrangian, Eulerian, and arbitrarily Lagrangian–Eulerian (ALE) techniques
have been employed for machining simulations, using issue domains dependent on the
dynamics, the kind of continuum, and the deformation scaling. Regardless of the data
element, the number of components inside the unit area relates to the density of the
mesh. While mesh density is critical for obtaining optimum chip creation and superior
outcomes, adopting similar mesh densities throughout the domain may result in greater
computational costs. As a consequence, an improved mesh should be utilized in and
around the chip generation region, where a coarser mesh may be employed in the rest of
the model [275].

7.1.1. Lagrangian Approach

The Lagrangian technique has been frequently used in cutting simulations due to
its numerical precision [276–278]. The Lagrangian technique keeps the mesh’s elements
and nodes connected to the material, making the application of boundary constraints and
monitoring free surfaces simple. The Lagrangian mesh models the underlying material’s
deformation while keeping the location of the mesh nodes compared to the material points
constant. Klamecki was the first to use it in 1973 [279]. One disadvantage of the Lagrangian
technique is the significant mesh distortion caused by the large deformations in cutting
models. Extreme element distortion at the tool–chip contact causes convergence problems
causing the simulation to terminate. To model chip creation, nodes must be separated using
chip separation methods or adaptive meshing. When using cutting tools with a negative
rake angle, the node separation techniques suffer from performance failure and round-
edged tools. The Lagrangian technique is further divided into mesh-free and mesh-based
approaches depending on the interrelationship of nodes.

7.1.2. Eulerian Formulation

Metal machining simulations have used the Eulerian technique. The mesh remains
stationary in space in the Eulerian formulation, and the mesh allows materials to pass along
while cutting the distortion. Free boundary and interface conditions are challenging to
describe because mesh nodes and intrinsic material boundaries might not even coincide. The
chip shape must be predetermined while employing the Eulerian technique during cutting
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simulations. Usui et al. [280–282] pioneered the Eulerian technique in cutting simulation.
Following that, several researchers modified the model to improve its accuracy, assess
the final chip shape and tool–chip contact length, and optimize many other machining
factors [262,283–285]. To model the cutting process, the Eulerian technique utilizes a set
reference frame and a preset chip shape to generate an answer to mesh distortion. The
shape of a chip influences additional machining variables, such as temperature, friction,
and cutting forces; hence, improperly designed chip geometry can lead to misleading
results. Regarding fluid simulators or operations with clearly defined material boundaries,
the Eulerian method is recommended. The method has been used effectively in forging
and extrusion procedures [286]. Because the Eulerian technique does not really suffer from
mesh distortion difficulties and, hence, does not require remeshing, it takes priority over the
Lagrangian approach. Additionally, it offers instant steady-state results without requiring
a change from the incipient to the steady-state condition, resulting in more precise and
substantially lower expensive approaches.

7.1.3. Arbitrary Lagrangian–Eulerian Formulation

The arbitrary Lagrangian–Eulerian (ALE) method takes advantage of the features of
both conventional Lagrangian and Eulerian formulations. ALE decreases mesh distortion
by enabling boundary nodes to correspond with material boundaries when modifying
inner nodes. ALE retains the Lagrangian capacity of limited mesh motions at free bound-
aries while retaining the Eulerian performance in cutting simulations throughout chip
generation in the extreme deformation zone. Using both techniques in the ALE formula-
tion overcomes the problem of mesh distortion and utilizes spontaneous chip generation
without pre-defining chip geometry. The ALE technique is implemented by using a user-
defined mesh regularization or mesh adaption technique [287]. By continually developing
the node coordinates with displacement or velocity parameters, mesh regularization al-
gorithms ensure that the mesh remains uniform under severe deformation. The ALE
methodology may be used to estimate a problem solution range either by concurrently
calculating all non-symmetric equations or by utilizing the ALE operator split technique
to dissociate Lagrangian equations [288]. The ALE with mesh adaptation includes the
targeted mesh refining and remeshing inside the extreme deformation zone. The model
results show that when using the ALE formulation with Eulerian bounds, this friction
criterion at the tool–chip contact has no substantial impact on the outcome measure [289].
A predetermined chip shape arbitrary Lagrangian–Eulerian formulation has also been
investigated. Movahhedy et al. [265,290] and Olovsson et al. [291] approximated ALE in
two-dimensional cutting method simulation models and characterized this approach does
not require the use of almost any chips separating parameters and that the outcomes could
be expected to be more robust than with the Eulerian technique alone. The ALE formulation
is often used in numerical simulation investigations of tool wear [292–295].

Table 3 lists a summary of the main benefits and drawbacks of the Eulerian approach,
Lagrangian approach, and arbitrary Lagrangian–Eulerian (ALE) approach.

Table 3. Comparison of finite element formulations.

Formulation Advantages Limitations

Lagrangian
approach

• Numerical accuracy

• Simple boundary conditions and
trackless surfaces

• Severe mesh distortion

• Errors in convergence and
simulation termination

• Make failure with a negative rake angle [296]
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Table 3. Cont.

Formulation Advantages Limitations

Eulerian
formulation

• Solve mesh distortion-exploiting.
• There are no mesh distortion concerns
• There is no need for remeshing.
• Computationally less expensive.

• Predefined chip geometry is required.
• It is hard to locate free surfaces.

ALE
formulation

•
Mix Lagrangian and
Eulerian characteristics

• Keep mesh distortion to a minimum

• Brittle materials are challenging to apply
• Computationally expensive
• Error in state variable history
• Inefficient in tiny deformation regions

7.2. Finite Element Indentation of Cutting Tool

The FEM is utilized to investigate the material deformation mechanism in more depth,
and it is an efficient method for investigating the indentation operation [297,298] and
determining the relation between both the basic mechanical performance test and hardness.
FEM creates the relation between strain and hardness [299] and the relation between
effective stress and hardness [300]. The uniaxial compression test and hardness test are
also utilized to assess plastic deformation resistance. This is critical for connecting them
using FEM [301], which has already been effectively implemented in ambient temperature
environments [299,302].

7.2.1. Spherical Indentation

Spherical indentation is a method for determining the hardness of cutting tool inserts.
Zhangwei Chen et al. [274] developed a mixed experimental and numerical technique for
assessing elastic and plastic deformation of porous bulk ceramic material under spherical
indentation. After sintering at high temperatures between 900 and 1200 ◦C, tests of inden-
tation were carried out on porous bulk ceramic specimens. In FEM simulations, the Gurson
model was employed to simulate the densification of the porous material in the plastic zone
underneath the indenter. The yield condition is stated by the equation below [303,304]:

Φ =
( q

σd
y

)2
+ f cosh

(
− 3P

2σd
y

)
− 1− f 2 = 0 (3)

where f is the function of the porosity, the dense matrix material’s yield stress is σd
y . At

f = 0 (i.e., completely dense), the von Mises yield condition simplifies the Gurson yield
condition, which is q = σd

y . They discovered that choosing a friction coefficient of 0 or 1
had no discernible influence on the load vs. depth curves, as stated in a previous FEM
literature survey, because of the insignificant influence of the accurate coefficient of friction
on the findings [305–307]. They also discovered that, using actual tests and FE simulation
“Figure 26”, sintered specimens at 1000 ◦C exhibited the highest indentation resistance. The
indented specimens showed no cracking, as shown in Figure 26a. Furthermore, there was
no evidence of a pileup near the indentation mark’s perimeter. The densification zones,
according to their calculations, have a hemispherical structure with a diameter equal to
the contact diameter. The distorted zones show evidence of early pore compression; as
indicated by the arrows in the illustration, interparticle and intra-particle collapses occur.
Figure 26b,c demonstrate that the elastic modulus and indentation hardness measured by
both simulations and tests for sintered materials at elevated temperatures reach 1000 ◦C.
They also show that their method allows the uniaxial yield stress of porous material to be
calculated using indentation hardness; the hardness is roughly 1.7 times the yield stress for
the type of ceramic. However, the spherical indenter is not suitable for nano-indentation
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because of the relatively large fully plastic zone under the indenter surface [308–311].
Spherical indentation of porous ceramics with the sphere radius is as follows [312]:

Hn =
Pmax

π(2RihC − h2
C)

, hc = hmax − 0.75
Pmax

S
. (4)

where Hn is the indentation hardness “GPa”, Pmax is the maximum applied load “N”, Ri is
the indenter radius “µm ”, hc is the contact depth “µm ”, hmax is the maximum indentation
depth “µm ”, S is the contact stiffness calculated as the slope of the initial unloading curve
at the maximum load “N m−1”.

(a)

(b)

(c)

Figure 26. (a) Cross-sectional images of the indented zone following unloading of the sintered
specimen at 1000 ◦C (1) Focused ion beam-scanning electron microscope (FIB–SEM), (2) the contour
map from the same FE simulation, and (3) magnified image of two highlighted deformed zone A
and (4) undeformed zone B. (b) Elastic modulus estimated by tests and simulations, (c) indentation
hardness derived from both experiments and simulations. Reprinted from [274], CC BY 4.0.

7.2.2. Vickers Indentation

The hardness property of the cutting tool can be measured by pushing a hard indenter
into the surface, where a Vickers indenter, usually made of diamond, can be used to
determine the scratch resistance of cermets. A typical hardness test is that of Vickers, the
geometry of which is shown below. The (diamond) indenter is a right pyramid with a
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square base and an angle of 136◦ between its opposing sides. In the ideal case of “no
cracks”, this is the Vickers hardness formula [313]:

Hv = 0.1891
F
d2 (5)

where F is the normal force (N), and d is the diagonal length of the indentation whenever
the materials are about to collapse (mm). Cracks occurred at the indentation point of both
brittle and hard materials since the force used in the hardness measurement was gradually
raised. Because the crack opening angle α was often tiny, the approximate computation
shown below might be conducted:

H
′
v = 0.1891

F(
d + 4l tan α

2

)2 (6)

where F is the applied normal force (N), l is the crack length (mm), d is the indentation diag-
onal length before cracking (mm), the Vickers hardness after breaking is denoted by Hv′, α
is the angle of the crack opening (◦), and its size is dependent on the material characteristics.
Varying materials obtain various α values, which can be checked by providing a significant
force. As α increases, the material’s brittleness and fracture opening angle also increase.
Kadina et al. [270] provided two approaches for simulating radial crack formation: one
based on fracture mechanics and the other on the tensile stress criteria. Plastic deformation
causes fracture growth in Vickers indentation, which can occur in limited quantities even
in brittle materials, such as Si3N4 ceramics. Because of a lack of understanding of the plas-
ticity of Si3N4, the DP model was selected since it is more versatile than standard plasticity
and is widely used for non-metallic materials. The fracture mechanics-based simulation
outcomes in terms of surface crack development were compared to the experimentally
measured length, which was easily recognized. When the DP effect decreases and the
plastic behavior of Si3N4 converges to classical plasticity, the fracture size is overestimated,
most likely owing to the small-scale plasticity in the indentation and the high quality of
the Si3N4 ceramics, which are used for hybrid bearings. The high densification levels and
fine structures of these ceramics may prevent the presence of heterogeneity. The following
equation was used to calculate the toughness of indentation fractures [314,315]:

KIC = 0.016
P

C3/2
R

( E
H

)1/2
(7)

where CR is the surface crack length, P is the indentation load “kg f ”, H is the hardness,
E is the elastic modulus GPa, and KIC is the toughness “MPam1/2”. Figure 27 shows the
findings of a stress criterion-based model that simulates the propagation of a radial fracture
during each loading–unloading process.

To simulate the formation and propagation of cracks in the indentation region during
microhardness tests, Luo et al. [316] proposed a model for the size of the indentation effect–
crack propagation for both brittle and hard materials. The findings demonstrated that
the crack opening angle and crack length were critical characteristics influencing the size
parameters. The larger the extent of the fracture, the greater the crack opening angle and
the more visible the size impact. Throughout microhardness testing, Abaqus finite element
software was used to predict the formation and spreading of fractures in the deformation
zone of ultrafine-grained Si2N2O-Si3N4 ceramics. In the indentation zone with cracks, the
distributions of the stress field, strain field, and displacement field were investigated.
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Figure 27. Crack propagation when loading and unloading changing from (a–e) during loading and
from (e–h) while unloading. Reprinted from [270], CC BY-NC-ND 4.0.

In conclusion, this review article offered a comprehensive review of the topic at hand.
The study and material offered have shed light on numerous aspects of the topic, and the
results have the potential to considerably contribute to the current body of knowledge.
This review article is intended to be a valuable source of information for academics and
scholars in this field, and promote more research.

8. Conclusions

A cermet is a type of material that combines the strengths of metallic binders and
ceramic phases while minimizing the drawbacks of both. The historical evolution of
ceramic was clarified. Cermets were categorized and investigated according to the ceramic
components. The effects of additions, binders, and contents on different tribological and
mechanical characteristics were discussed, as well as the applicability and significance of
every ceramic system. Different types of production methods for the manufacturing of
cermets were described, and the impacts of processing routes and processing factors were
explored by researchers. The ultimate characteristics of the ceramic system are influenced
by a number of aspects. A good selection of material compositions and processes guarantees
that the tribological and cutting performances are met. Cermet synthesis offers several
challenges, and several academics are working to improve the current processing methods
and create novel approaches. Complex techniques with great final characteristics help
to tackle the ingrained problems of producing particles containing ceramic and metal
phases. The cutting tool and its quality are two of the most critical challenges in machining.
Transition elements in sulfide forms can reduce the coefficients of friction and wear rates
of coated tools due to their self-lubricating properties. In addition, soft metal lubricants
(Ag, Cu, Ni, etc.) as solid lubricants enhance the tribological and toughness properties
of coated tools. Moreover, lubricant coatings utilizing solid lubricant additives on the
contact surfaces cause an increase in the anti-wear and anti-friction properties of coated
film at high temperatures. Whereas, oxidation and decomposition of solid lubricants are the
main drawbacks of the utilization of coating layers, whereas in situ fabrication techniques
can be used to overcome this problem. When producing tools, it is often necessary to
have high hardness and superior mechanical properties, along with adequate tool life and
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performance, while considering economic factors and tool fabrication procedures. Dry
machining capabilities are also desirable. Taking these factors into consideration, ceramic
and cermet tools for cutting have already been extensively researched; tribological and
mechanical characteristics have been evaluated and further investigated to achieve the best
ceramic tool properties and improve cutting tool efficiency; various techniques of ceramics
fabrication have also been reviewed. Finally, finite element analyses on cutting processes
and indentation tests have been addressed.

To summarize:

• One of the most common cutting tool failures occurs when there is a rapid temperature
rise in the contact zone between the cutting tool and workpiece throughout higher
cutting speed operations (from 50 up to 300 m/min), where liquid lubrication is
incapable of sustaining excessive deformation in the machining zone, resulting in tool
failure. By using a solid lubricant, recent technologies have attempted to reduce the
frictional heating region and energy consumption during high-speed marching.

• Both pressureless sintering (vacuum or nitrogen atmosphere) and hot-pressing are the pre-
ferred methods of producing cutting tools. Contactless techniques, such as microwaves
as well as certain SPS sintering, are, nevertheless, being aggressively pursued.

• Under dry cutting conditions, solid lubricants and surface texturing have been ob-
served to significantly reduce friction and wear. These two methods have been merged
in recent decades to maximize the benefits of each for higher tribological performance.

• For surface-textured cutting tools, the majority of research studies have employed
a form of a joint structure named a “groove”. However, the best orientation for a
grove is still being researched. These textures may be helpful for dry and wet-cutting
machining, whereas the application of discontinuous textures on cutting tools requires
more exploration. Pattern- and groove- optimizations are dependent on cutting
parameters and workpiece or tool materials. Finally, surface texturing can be utilized
effectively in combination with solid lubricants and coatings.

• Overall, the finite element analysis matches the experimental approach very well.

In conclusion, the operations discussed in this study should result in higher quality
machined components, improved machining efficiency, and reduced consumption of raw
materials for cutting tools. However, due to the importance of using raw materials, it is
crucial for various strategies to be merged in a cohesive manner, along with a new approach
to designing materials, cutting tools, and manufacturing processes, to promote the adoption
of best practices and habits in the circular economy.
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Abbreviations
The following abbreviations are used in this manuscript:

COF coefficient of friction
DLC diamond-like carbon
FEA finite element analysis
ALE arbitrary Lagrangian–Eulerian
FIB focused ion beam
YSZ yttria-stabilized zirconia
Dp deformation plasticity
DLC diamond-like carbon
SEM scanning electron microscope
EDX energy-dispersive X-ray
HSS high-speed steel
HRA Rockwell hardness A-class
HP hot pressing
SPS spark plasma sintering
HIP hot isostatic pressing
MS microwave sintering
PTFE polytetrafluoroethylene
PEEK polyether ether ketone
hBN hexagonal boron nitride
MQL minimum quantity lubrication
MQCL minimum quantity cooling lubrication
MWCNT multi-walled carbon nanotubes
HSS high-speed steel
EP/AW extreme pressure and anti-wear additives
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