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Abstract

The rapid development of advanced engineering materials has pushed cutting operations into
regimes characterized by extreme thermomechanical loads, revealing the limitations of
conventional coated tool systems. To address these operational challenges, self-adaptive coating
technologies have been developed to enable real-time modulation of performance under
dynamic machining conditions. These coatings exhibit autonomous structural and functional
responses to harsh working environments, thereby preserving cutting performance across a wide
range of conditions. This review provides a critical assessment of self-adaptive coated cutting
tools, focusing on two principal categories: self-organizing and self-lubricating systems. The
preparation methods, cutting conditions, and degradation mechanisms of self-adaptive coatings
are summarized and discussed. The respective advantages and limitations of each coating type
are evaluated to inform their practical application and guide further development. Finally, a
summary and outlook are presented to highlight future research directions in the field of
self-adaptive coated cutting tools.

Keywords: self-adaptive coating, cutting tools, extreme cutting conditions, self-organizing,
self-lubricating
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1. Introduction

Advanced structural materials, including high-performance
ceramics, titanium alloys, nickel-chromium superalloys, and
refractory metals (e.g., tantalum), exhibit unique combina-
tions of thermomechanical properties such as elevated tem-
perature strength retention, exceptional chemical inertness,
and superior wear resistance!' ~®!. Efficient machining of these
challenging materials is critical for advancing key indus-
trial sectors, particularly in aerospace propulsion systems,
airframe manufacturing, and high-performance automotive
applications!’~!?. A fundamental challenge in machining
these advanced alloys arises from the simultaneous genera-
tion of intense mechanical stresses (exceeding 2—3 GPa) and
thermal loads (6001 200 °C) at the tool-workpiece interface,
leading to extreme frictional interactions that accelerate tool
degradation mechanisms!'3!4]. Therefore, high-performance
cutting tools are a crucial foundation for processing advanced
engineering materials, as illustrated in Figure 1.

Traditional uncoated cutting tools often encounter issues
such as adhesion, thermal effect, and chemical reactions,
which result in short tool life, unstable processing quality, and
high production costs!!>l. Abrasive wear, adhesive wear, dif-
fusion wear, and oxidation wear are the four principal wear
mechanisms in cutting tools!'®!7]. The advent of tool coat-
ing technology in the 1960s is regarded as the lowest cost
and most effective approach to extend tool life by three to
five times. Applying suitable coatings on the tool surface can
significantly mitigate the four main types of tool wear!'8-2!1,
First, coatings act as chemical and thermal barriers, separat-
ing the tool from the workpiece and effectively inhibiting dif-
fusion wear and oxidation wear. Second, coatings with a low
friction coefficient can greatly reduce adhesive wear. Third,
the high hardness of coatings can effectively decrease abras-
ive wear. Coated tools comprise a composite coating-substrate
system. The machining performance of coated tools depends
on both the coating and the substrate, as well as their combined
response to the machining environment. The surface action
mechanism of the workpiece-coating system under extreme
machining conditions is shown in Figure 2.

Traditional tool coatings primarily deliver singular func-
tions. For example, titanium nitride (TiN) coatings are
applied to reduce surface friction between the tool and
workpiece!??], titanium carbide (TiC) coatings enhance abras-
ive wear resistance!>’!, and aluminum oxide (Al,O3) coat-
ings serve as thermal barriers!>*!. With advancements in coat-
ing technology, elements such as Al, Cr, Si, Ta, Y, Zr, Hf,
and Mo have been incorporated into traditional systems to
enhance mechanical properties, high-temperature oxidation
resistance, and lubrication performance[ZS’m. Meanwhile,
coating structures have evolved from early single layers to
multi-layers, soft-hard combinations, nano-multilayers, gradi-
ents, and nano-composite structures!!>!. However, although
newly improved coatings achieve multiple or enhanced sin-
gular functions, they lack self-adaptive properties. In the
1990s, the tribology team at the United States Air Force

Institute first proposed the concept of self-adaptive coatings
(also referred to as chameleon coatings)!33-3*1. Self-adaptive
coatings exhibit automatic structural and chemical adaptation
to the working environment**-#!1, driving the evolution of
tool coatings from traditional functional systems to adapt-
ive ones. When used as cutting tool coatings, self-adaptive
coatings can automatically adjust their properties or struc-
ture in response to environmental or cutting conditions, allow-
ing coated tools to meet diverse operating environments and
machining requirements!*>~*1. As shown in Figure 3, self-
adaptive coated cutting tools demonstrate the capability to
dynamically generate protective films or novel structures in
response to stimuli such as temperature, load, pressure, and
frictional forces during machining. This adaptive behavior
enables coated cutting tools to maintain superior cutting per-
formance under extreme operating conditions and extends tool
lifespan.

Self-adaptive coated cutting tools have become a major
research focus in recent years. This paper provides a com-
prehensive overview of research progress on adaptive coat-
ing tools. The overall framework of this review is shown
in Figure 4. First, a detailed overview is provided for self-
organizing functional coated cutting tools and self-lubricating
functional coated cutting tools. Self-organization is a primary
phenomenon during the friction process of self-adaptive
coated cutting tools. Its main feature is the formation of tribo-
films or secondary structures on the friction surface, which
deliver protection, lubrication, and thermal insulation/0-481,
Self-lubricating coated cutting tools are a new category in
which a lubricating coating on the tool surface forms a lub-
ricating film during cutting, thereby reducing friction and
wearl*=311 Second, the preparation methods, cutting condi-
tions, and deterioration mechanisms of self-adaptive coated
cutting tools are summarized and discussed. The advant-
ages and limitations of each coating type are thoroughly
examined, providing insights into practical applications and
potential improvements. Finally, the future development of
self-adaptive coated cutting tools is discussed.

2. Self-organizing coatings

2.1. Nanostructured coatings

Nanostructured coatings represent an important strategy for
preparing self-adaptive coatings. Compared with conven-
tional coatings, nanostructured coatings offer optimized per-
formance enhancements!>*~3¢1. These coatings can be cat-
egorized into nano-multilayer coatings and nanocomposite
coatings®’~>!. Nano-multilayer coatings consist of alternat-
ing nano-layers with different characteristics, as shown in
Figure 5(a). The chemical composition, crystal structure, and
hardness of these nano-layers can be adjusted, which improves
the coating properties and enhances wear resistance!®!.
Nanocomposite coatings generally exhibit superior high-
temperature performance and cutting efficiency'®' 3!, For
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Figure 2. Schematic diagram of the surface action mechanism of coated cutting tools matching the machining conditions.
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example, the X—Si—N series coatings (where X = Ti, Cr, TiAl,
CrAl, etc.) are typical nanocomposite coatings. Incorporating
an appropriate amount of silicon into single-phase coatings
such as TiN and TiAIN induces thermodynamic spinodal
decomposition. This results in a skeletal nanocomposite struc-
ture of nanocrystalline transition metal nitrides encapsu-
lated by a Si3N; amorphous atomic layer!®, as illustrated

in Figure 5(b). The nanocrystal strengthening effect, com-
bined with grain boundary confinement from the amorph-
ous phase, markedly increases the hardness of nanocompos-
ite coatings beyond that of traditional hard coatings>7-641,
In addition, nanocomposite coatings demonstrate significant
improvements in structural stability, thermal hardness, and
oxidation resistance at elevated temperatures!6>-671,
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Figure 6. Oxidation diagrams of TiAIN coatings at different temperatures: (a) 500-600 °C; (b) 700-800 °C; (c) >900 °C.

2.2. Thermal barrier protective tribo-oxides coatings

Initially, researchers proposed an alloying strategy to develop
new hard coatings with higher hardness and improved oxid-
ation resistance!®l. The TiAIN coating is a notable out-
come of this alloying approach[?®®!, Compared with TiN
coatings, TiAIN exhibits significant improvements in both
hardness!’%! and oxidation resistance!’!!. TIAIN coatings with
high aluminum content and a nanocrystalline structure can
self-organize to form an amorphous Al,O3 protective film
with a low oxygen diffusion coefficient on the coating sur-
face during high-temperature oxidation!’?]. This layer inhib-
its oxygen penetration into the underlying film or substrate,
thus providing excellent thermal stability, with oxidation res-
istance temperatures exceeding 800 °C!73!. At oxidation tem-
peratures below 500 °C, TiAIN coatings show minimal oxida-
tion, as depicted in Figure 6(a), with the coating mainly exhib-
iting its inherent high wear resistance!’3~7>1. At approxim-
ately 800 °C, the TiAIN coating undergoes oxidation, rapidly
forming a protective Al,O3 layer on its surface, as shown in
Figure 6(b), resulting in exceptional oxidation resistance and
hot-hardness. However, when the temperature exceeds 900 °C,
the TiO, and Al,O; particles produced by oxidation expand in
volume, increasing internal stress in the film and leading to
defects such as pits and cracks. This process ultimately causes
coating failure, as illustrated in Figure 6(c). The oxidation
temperature of a coating is a critical performance indicator,
as oxidation resistance directly affects applicability in cutting

operations. During machining of high-temperature alloys, cut-
ting temperatures can exceed 1 000 °C. As the oxidation res-
istance temperature of TiAIN coatings is only 800 °C, they
may not meet such machining requirements. Increasing the
aluminum content in TiAIN coatings can enhance both hard-
ness and oxidation resistance!’°~781. When 0.5 < x < 0.6,
Ti;_xAltN shows optimal mechanical properties and thermal
stability. However, if the atomic fraction of Al exceeds 70%,
the formation of w-AIN results in a significant reduction in
coating performance! 8.

The thermal stability and oxidation resistance of coat-
ings are determined by elemental composition. Alloying ele-
ments such as Cr, Si, V, Y, Ta, Mo, Hf, and B are com-
monly incorporated into TiAIN coatings to improve their over-
all performance!?®=32. The TiAICIN system exemplifies this
approach! 7801 The addition of chromium refines the TiAIN
microstructure and raises the oxidation resistance threshold
above 1 000 °C. At high temperatures, chromium encour-
ages the simultaneous formation of Al,O3 and Cr,O3 protect-
ive layers, thereby improving oxidation resistance and lub-
rication in Al-depleted regions. Additionally, Zhou et al.l3!]
investigated the effects of B-doping on the structure, mech-
anical properties, and thermal behavior of TiAIN coatings.
They employed density functional theory (DFT) to evaluate
the phase formation energy of cubic and wurtzite structures
in Tij_x_yAlyByN coatings. First-principles calculations indic-
ated that the incorporation of B reduces the solid solubility of
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and 850 °C (1 123 K) for (a) TiAIN, (b) TiAIVN, (c) TIAIHfN, and (d) TiAISiN!®3!. Reprinted from!®*!, Copyright (2020), with permission

from Elsevier.

Al in cubic TiN. This finding was used to predict the Al con-
tent during the initial formation of wurtzite and to optimize the
compositional ratio of alloying elements. Experimental results
revealed that the addition of 4 at.% B increases the hardness
from (30.1 £ 0.4) GPa for Tig 44Aly 56N to (32.7 £ 0.9) GPa for
Tig.42Alps4Bo.04N. Furthermore, B doping inhibited the trans-
formation of anatase-TiO, to rutile-TiO, and promoted the
formation of «-Al,O3, thereby enhancing the oxidation resist-
ance of the TiAIN coating. Similarly, Li et al.'*! studied the
influence of Y doping on the thermal stability and oxidation
resistance of TiAIN coatings. Both first-principles calculations
and experimental results demonstrated that Y doping reduces
the solid solubility of AIN in cubic TiAIN and promotes the
precipitation of the wurtzite phase. The improved thermal sta-
bility of TIAIN with Y incorporation is attributed to the post-
poned formation of w-AIN along the dominant decomposition
sequence TiAIYN — TiYN + AIN — TiN 4 AIN + YN.
The synergistic integration of first-principles calculations and
experimental studies serves as an effective guide for the devel-
opment and optimization of self-adaptive coated cutting tools.

Guo et al.’>#31 provide atomistic insights into the oxida-
tion processes of TiAIN, TiAIVN, TiAlSiN, and TiAIHfN at
different temperatures. The diffusion and oxidation of atoms

are illustrated in Figure 7. Studies indicate that in high-
aluminum TiAIN, the displacement of Al atoms is consistently
greater than that of Ti atoms, resulting in surface oxides with
an Al-rich top layer and a Ti-rich sublayer at various temper-
atures. The addition of vanadium promotes bonding between
oxygen and titanium while suppressing the activity of alu-
minum, thus hindering the formation of an Al-rich oxide layer.
At high temperatures, vanadium accelerates the breaking of
Ti-N bonds, increasing the diffusion of titanium to the surface
and the formation of titanium oxides. This disrupts the pro-
tective oxide structure, permits inward oxygen diffusion, and
reduces oxidation resistance. In contrast, hafnium increases
the stability of surface atoms at high temperatures, allowing
for layered oxide formation that preserves an Al-rich top layer
and a Ti-rich sublayer, effectively suppressing oxygen infilt-
ration. The addition of silicon increases aluminum activity,
facilitating the formation of an Al-rich oxide layer. Even if
the top layer is not Al-rich, a dense Al-rich oxide layer can
still develop in the sublayer, effectively protecting the sub-
strate from oxidation.

On the other hand, microstructure plays a critical role
in determining both the thermal stability and oxidation
behavior of coatings!®*-3¢1. Nano-layered multilayer coatings
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generally demonstrate improved oxidation resistance com-
pared to single-layer coatings. Single-layer coatings are sus-
ceptible to oxide formation and phase transformation dur-
ing heating in air, whereas multilayer nanocoatings exhibit
more complex behaviors. In addition to oxidation, nanostruc-
tured multilayers undergo complex thermal-induced phenom-
ena when exposed to elevated temperatures. In a comparat-
ive study by Zha et al.!%”], bilayer and multilayer TiSiN/TiAIN
coatings were evaluated for their oxidation and thermal fatigue
resistance during Ti-6Al-4V machining. The TiSiN/TiAIN
nano-multilayer coating exhibited a distinct elemental distri-
bution, characterized by a dense Al-rich surface layer with
underlying layers of other elements. The presence of a dense
Al-rich oxide layer substantially impedes the diffusion of
oxygen. Researchers also observed that the high density of
interfaces and grain refinement within the nano-layered struc-
ture promote the formation of a dense, homogeneous, and
non-columnar microstructure, thereby enhancing the coat-
ing’s oxidation resistance. In the turning test of Ti-6Al-4V,
the bilayer TiSiN/TiAIN coated tool exhibited edge chipping
and cracking, whereas the nanomultilayer TiSiN/TiAIN coated
tool showed stable wear with a relatively uniform wear land.
To further improve the protection performance of TiAICrN
coatings, a multifunctional TiAICrSiYN self-adaptive nano-
coating was developed through the addition of silicon and
yttrium(*3-38] " Silicon refines the grain structure, whereas
yttrium prevents the coarsening of densely packed particles
at high temperatures and enhances phase stability in Si-
containing TiAICrN coatings'®!. During high-speed machin-
ing, the TiAICrSiYN self-adaptive nano-coated cutting tool
surface develops tribo-oxides such as Cr-0, Si-O, Al-O, and
Y-O compounds. These oxides exhibit dual functions, com-
bining oxidation resistance with self-lubricating properties.
The tribo-oxide layer effectively reduces both the coefficient
of friction (COF) and cutting forces, while enhancing the
tool’s high-temperature oxidation resistance. Another coat-
ing, TIAICrSiYN/TiAICrN self-adaptive nano-multilayer, has
been developed!®®). Compared to commercial TiAIN coatings
and TiAICrSiYN nanocoatings, the TiAlCrSiYN/TiAICIN
self-adaptive nano-multilayer coated tools demonstrate super-
ior tool life in machining Inconel 718 and other nickel-
based superalloys. This improvement is primarily attributed
to enhanced multifunctionality. The increased cutting life
can be explained by reduced build-up edge formation on
the cutting edge and decreased intensity of crater wear on
the rake surface. Surface analysis of TiAICrSiYN/TiAICrN
nano-multilayer coatings under extreme friction conditions!*’
revealed that high temperature and high load contribute to
the self-adaptability of nanocoated tools in the cutting envir-
onment. The continuous self-organization of the nanocoating
during friction optimizes the wear performance of the tool.

2.3. Lubricating protective tribo-oxides coatings

The lack of lubrication performance at high temperatures is a
significant limitation for most hard coatings. TiN and TiC were
among the earliest coating materials used in cutting tools'>!.
Under high-temperature cutting conditions, TiN and TiC tend

to oxidize, forming soft films that serve as solid lubricants.
However, when the cutting temperature reaches 500 °C, these
coatings undergo significant wear and fail rapidly. Research
has demonstrated that the high-temperature frictional prop-
erties of coatings can be improved by incorporating ele-
ments such as vanadium, molybdenum, and tungsten(®'!.
For example, the COF of TiAIVN coatings at 700 °C is
reduced by 60% compared to TiAIN at room temperature.
This improvement is mainly due to the oxidation of vana-
dium within the coating at high temperatures, which leads to
the formation of V,0s Magnéli phases with solid lubricat-
ing properties'°>*}1, Similarly, TiAIMoN-coated cutting tools
exhibit enhanced tribological performance in dry machining,
owing to the generation of MoOj lubricious phases during cut-
ting. This self-lubricating mechanism enables the coating sys-
tem to maintain low friction, with a COF ranging from 0.4
to 0.5°4). Vanadium-based coatings are widely used because
they rapidly form V,0Os, providing lubrication in the cut-
ting zone!®!. Kumar et al.l®! evaluated the tribological per-
formance of TiSiVN-deposited Al,O3-SiC ceramic tools dur-
ing dry machining of Ti-6Al-4 V alloy. Under all condi-
tions, TiSiVN coatings exhibited low surface roughness and
lower cutting temperatures. The formation of a V,0s5 lub-
ricating phase reduces friction and minimizes crater wear.
Furthermore, TiAlISiVN-coated cutting tools with different
vanadium contents were tested for dry cutting of 316 L aus-
tenitic steel!®!. Compared with uncoated tools, those with
11% and 5% vanadium content achieved maximum flank
wear reductions of 85% and 67%, respectively. Higher vana-
dium content further enhances the self-lubricating properties
of TiAISiVN coatings.

Compared to conventional TiAIVN coatings, TiAIN/VN
nano-layer coatings possess a denser and more uniform struc-
ture, which typically results in better hardness and wear resist-
ance. In earlier studies, an AITiN/MexN nano-multilayer coat-
ing with significant lubrication enhancement was reported'**!,
where Mey denotes a Group V—VI transition metal. VN and
MoN are two promising single-component transition metal
nitride films that demonstrate low friction coefficients at elev-
ated temperatures. The principal feature of this nanocoat-
ing is its ability to interact with oxygen at high temperat-
ures to form tribo-oxides with superior thermal protection
and lubrication!**. Lubricating oxides not only reduce the
COF and frictional force but also transform intense friction
into a milder form, greatly improving the wear resistance
of cutting tools. Figure 8 shows the self-organization beha-
vior of the TiAIN/VN coating in a high-temperature cutting
environment*’!. As shown in Figure 8, when the temperature
reaches or exceeds 600 °C, the aluminum and vanadium in the
coating interact with oxygen and water vapor in the air, form-
ing Al,O3 and V,0Os tribo-oxides that provide both thermal
protection and high-temperature lubrication.

Luo!®”! systematically investigated the friction and wear
characteristics of TiAIN/VN nano-multilayer coatings pre-
pared by magnetron sputtering over a wide temperature range
from 25 °C to 700 °C. The experimental results show that
the friction and wear performance of the coating exhibits a
strong dependence on temperature. At low temperatures, both
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the COF and wear rate gradually increase as the temperature
rises. When the cutting temperature reaches 400-500 °C, sig-
nificant oxidation occurs on the coating surface, leading to the
formation of a friction film composed of Al,O3 and V,0s. As
the ambient temperature approaches the melting point of V,0s
(approximately 633 °C), the friction coefficient of the coat-
ing decreases significantly because V,0Os serves as an effect-
ive solid lubricant. When machining Ti-6Al-4 V alloy, cut-
ting tools coated with TiAIN/VN nano-multilayer exhibit a
substantial 50% increase in tool life compared to those with
commercial TiAIN coatings!**. In addition, TiN/MoN and
TiAIN/MoN nano-multilayer coated cutting tools prepared by
unbalanced magnetron sputtering also display excellent lub-
rication characteristics during dry cutting!°®!. This is because
the MoN component in these nanocoatings readily oxidizes
and self-organizes to form a MoOj surface layer with low
shear strength. MoOj3 acts as an effective lubricant, resulting
in a low, stable friction coefficient of 0.32 for both types of
nano-multilayer coatings.

2.4. Superhard nanocomposite coatings

Nanocomposite coatings with ultra-high hardness and super-
ior properties represent a key direction for the development
of advanced tool coatings. Harder coatings are essential as
they provide enhanced mechanical and tribological proper-
ties, increasing resistance to deformation and wear!”!. A
nanostructured coating composed of crystalline Si3N4-coated
nanocrystals can be synthesized by doping an appropriate
amount of silicon into traditional single-phase coatings such
as TiN, TiAIN, and CrAlN, as illustrated in Figure 9(a). This
innovative nanocomposite coating possesses extremely high
hardness and demonstrates excellent adaptability under high-
temperature and high-pressure cutting conditions. During cut-
ting, it can self-organize to form protective oxide films such
as Al,Os, SiO,, and Cr,03. These oxide films significantly
enhance the cutting performance of the coating under extreme
friction. Therefore, these nanocomposite coatings are espe-
cially suitable for high-speed cutting, dry cutting, and the

WC-Co alloy

600-1 000 °C

[42]

machining of difficult-to-process materials, contributing to the
advancement of modern cutting technology! %1011,

For titanium alloy machining, coating materials such as
TiSiN, TiAlSiN, TiCrAlSiN, and TiAIN/TiSiN have been
recommended by several manufacturers. A comparison of
four TiSiN-based nanocomposite coatings—TiSiN, TiCrSiN,
TiAlSiN, and TiCrAlSiN—shows that TiSiN exhibits the
highest hardness (34.9 GPa) and Young’s modulus!?®!. Adding
Al or Al/Cr to TiSiN reduces the hardness of the coatings,
but this does not diminish their overall effectiveness. The
longer tool life of TiAISiN and TiCrAlSiN coatings compared
to TiSiN and TiCrSiN is attributed to the self-organization
of Al,O3; and Cr,O3 lubricating phases on the tool surface
during cutting, which improves wear resistance. TiAlSiN
coatings have demonstrated exceptional performance under
extreme manufacturing conditions due to their high hard-
ness, thermal stability, and enhanced wear resistance. This
improvement in mechanical properties is attributed to the
nanocomposite configuration, in which TiAIN acts as a rein-
forcing agent within the Si3N4 matrix, generating coatings
with higher hardness than standard TiAIN, AITiN, and AICrN
coatings. The amorphous Si3 N, phase plays several roles in the
coating!10%-1031 Tt effectively refines the grain structure, inhib-
its excessive grain growth, increases grain boundary density,
and optimizes the coating microstructure. In addition, SizNy
suppresses the formation of the h-AIN phase, thereby fur-
ther improving thermal stability. The tribological properties
of TiAlSiN coatings at various temperatures have been sys-
tematically investigated>>!. At room temperature, as shown
in Figure 9(b), Si reacts with atmospheric moisture to form
Si0,-nH, 0, which reduces friction during sliding. At 600 °C,
Al and Si atoms migrate to the surface, forming a dense pro-
tective layer of Al,O3 and Si0O,, as shown in Figure 9(c). This
layer not only resists environmental attack but also provides
excellent lubrication, ensuring stable coating operation at elev-
ated temperatures. At 800 °C, as shown in Figure 9(d), the
TiAlSiN coating forms Al,O3 and SiO,, as well as TiO; rutile
with low shear strength, further improving lubrication.

Similarly, introducing Si into CrAIN coatings can improve
mechanical properties through solid solution strengthening
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Figure 9. Schematic diagram of: (a) X—N coatings (X: Ti, Cr, TiAl, CrAl, etc.) with Si transformed into an X—Si—N nanocomposite coating
structure; (b) SiO,-nH, O transfer film formed during sliding at room temperature; (c) mixed oxide film of Al,O3 and SiO, at 600 °C, and (d)
mixed oxide film of Al,O3, SiO5, and TiO, at 800 °C°?!. Reprinted from!?!, Copyright (2016), with permission from Elsevier.

and grain refinement'®”-1%]_ Owing to different Al and Si con-
tents, CrAlSiN coatings show varied microstructures, result-
ing in significant differences in mechanical propertiest'®],
Variations in deposition technique can also produce substan-
tial disparities. For example, CrAISiN coatings deposited by
multi-arc ion plating exhibit superior hardness, reaching up to
52 GPal'%!, In contrast, those deposited by unbalanced mag-
netron sputtering with approximately 4.5% Si content (atomic
fraction) achieve a maximum hardness of only 39 GPal!%’l,
Studies show that as Si content increases, the hardness of
CrAlSiN coatings first increases and then decreases!'%%:1%1,

This trend is mainly determined by the solid solubility of
Si in the coating and its chemical interactions with Cr and
A1MO-T Thig finding offers important guidance for optim-
izing the composition of CrAlSiN coatings and enhancing
their mechanical properties. Modern manufacturing environ-
ments require surface coatings to possess a comprehensive set
of mechanical properties. While high hardness and excellent
wear resistance remain essential, these protective layers must
also maintain sufficient impact resilience to withstand vary-
ing loading conditions characterized by broad frequency and
amplitude ranges!''?.
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2.5. High entropy alloy (HEA) coatings

High-entropy alloys (HEAs) are defined as alloys con-
taining five or more elements, each with an atomic frac-
tion between 5% and 35%!''3114]. These materials exhibit
unique characteristics such as high-entropy, lattice distor-
tion, sluggish diffusion, and the ‘“cocktail” effect, result-
ing in high hardness, excellent wear resistance, outstand-
ing high-temperature oxidation resistance, and corrosion
resistance!!'3-119] . HEA thin films achieve not only high
hardness but also good toughness and plasticity, mak-
ing them particularly suitable for high-speed cutting tool
applications!!!”]. Shen et al.[''®] studied the hardness and sta-
bility of the (Alg34Crg22Nbg.11S10.11Tip.22)50N50 nitride coat-
ing. They found that it retained high hardness after anneal-
ing in both vacuum and air. Although hardness decreased to
26 GPa after annealing at 1 000 °C for 2 hours in vacuum,
this value remained higher than that of conventional TiN coat-
ings used in industry. Additionally, after annealing in air at
1 000 °C for 2 hours, the coating’s microstructure and phases
showed no significant change, indicating excellent thermal sta-
bility. A dense oxide film formed on the surface during anneal-
ing in air, resulting in only a slight change in hardness (from 31
GPa to 33 GPa). Compared with commercial TiN- and TiAIN-
coated tools, tools coated with this high-entropy nitride (HEN)
showed lower flank wear during milling tests on SKD11 and
304 stainless steels.

Currently, HEA coatings remain at the research stage, with
relatively few studies specifically addressing their use in cut-
ting tools. The cutting performance and failure mechanisms
of these coatings require further investigation, and the indus-
trial application of HEA coatings on cutting tools continues to
present significant challenges.

3. Self-lubricating coatings

3.1. Soft coatings

Soft-coated cutting tools are a category of self-lubricating
coated tools with coating hardness below 10 GPa. Their main
design objective is to achieve a low friction coefficient, reduce
cutting force and temperature, and thus extend tool lifel!'%],
Soft coatings are typically composed of solid lubricant materi-
als with low friction coefficients, including MoS,, WS,, CaS,,
TaS,, WC, and C''°~121] During machining, a unique tribolo-
gical phenomenon occurs: the solid lubricant from the tool’s
coating is transferred to the workpiece interface, forming a
protective transfer film®*->!. This transfer film enables fric-
tion to occur mainly between the transfer and lubricating films,
rather than directly between the tool and workpiece. This
mechanism significantly lowers the friction coefficient, effect-
ively prevents adhesion, reduces both cutting temperature and
force, and inhibits the formation of built-up edge!!'®). Owing
to their ability to maintain favorable tribological properties and
chemical stability under challenging conditions, soft-coated
cutting tools are widely used in extreme friction environments.

MoS; is a layered solid lubricant with a hexagonal structure
and is widely used due to its ultra-low friction. However, its

use is limited by temperature. Oxidation occurs in MoS; soft
coatings at temperatures above 400 °C, resulting in the form-
ation of MoO3 and a substantial loss in lubricating ability!'*!.
The tribological performance of MoS, coatings is also sensit-
ive to atmospheric moisture, with the friction coefficient doub-
ling as relative humidity increases from 10% to 90%!'23-1241,
WS,, a novel layered solid lubricant, demonstrates a remark-
ably low friction coefficient and superior oxidation stabil-
ity, making it valuable for aerospace and other advanced
applications!'?1. After 5 min of dry cutting of 45# quenched
and tempered steel, abrasive and adhesive wear on WS, soft-
coated tools are significantly reduced compared to uncoated
YT15 tools, as shown in Figure 10(a)['*>!. The cutting force
and temperature are reduced by 30%-35% and 10%-15%,
respectively. The main mechanism for the observed reduction
in cutting force and temperature in WS;,-coated tools is the
decreased average shear strength at both the tool-chip and tool-
workpiece interfaces during machining.

Although soft coatings possess very low friction coeffi-
cients, their hardness and wear resistance are generally inferior
to hard coatings. Moreover, when used alone on cutting tools,
the durability of soft coatings is limited. To improve the
wear resistance and maintain the low-friction advantages of
soft coatings, micro-texturing techniques have been used to
enhance load-bearing capacity and wear resistancel'?’~121,
For instance, Lian et al.l'?®! developed a WS, soft-coated
nano-textured self-lubricating tool (WTT). Compared to tra-
ditional tools, the WS, soft-coated nano-textured tool dis-
plays a significant reduction in cutting force, cutting tem-
perature, and friction coefficient at the tool-chip interface,
with improved anti-adhesion performance during dry cutting.
The WTT tool features a self-flow lubrication mechanism!'3°1,
During machining, a lubricating layer forms on the tool surface
as WS, stored in the micro-nano textured grooves is squeezed
and dragged out, as shown in Figure 10(b). When the lub-
ricating film is depleted or broken due to high temperature
and pressure, as shown in Figure 10(c), WS in the grooves is
released to the tool surface, regenerating the lubricating film.
The nano-textured design not only delivers excellent lubrica-
tion but also significantly improves the durability and stability
of the cutting tools.

Additionally, doping metal elements into soft coatings can
improve their microstructure as well as their mechanical and
tribological properties. Examples include MoS,/Zr, MoS,/Ti,
MoS,/Y, WS,/Cr, and WS,/Agl!3!], Early research led to the
preparation of MoS,/Zr and WS,/Zr metal-doped soft-coated
cutting tools!'3!-132] Compared to uncoated and convention-
ally soft-coated cutting tools, tools with MoS,/Zr and WS,/Zr
composite coatings showed reduced cutting forces, lower tem-
peratures, reduced friction coefficients, and decreased tool
wear. Recently, Yi et al.l'*3] investigated the structure and
mechanical properties of pure MoS; and MoS,/Y compos-
ite coatings deposited by CVD on TiN-coated cemented
carbide blades. Their results showed that, compared with
MoS; coatings, the hardness of the MoS,/Y composite coating
((7.5 £ 0.4) GPa) was 2.5 times higher, while substrate adhe-
sion ((50 £ 0.9) N) improved by 16 times, primarily due to
a denser microstructure. Additionally, the MoS,/Y composite
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Figure 10. Cutting performance and self-lubricating mechanism of WS;-coated tool. (a) SEM images of the worn rake face for the uncoated

cutting tool and WS, soft-coated cutting tool after 5 min of dry machining!'?*!. Reproduced from

11251 with permission from Springer Nature.

(b) Cutting tool with nano-textured surface and WS, soft coating. (c) Self-lubricating mechanism of WTT tool during cutting!'**). Adapted

[126]

from' ="', with permission from Springer Nature.

coating maintained a friction coefficient of 0.128 after 3 hours
of sliding, with a wear rate nearly two orders of magnitude
lower than pure MoS,.

Although soft coatings deliver excellent lubrication, their
practical use still faces several limitations. Micro-texture
engineering and metal doping are effective strategies to fur-
ther enhance the performance of soft coatings.

3.2. Soft-hard composite coatings

Compared with hard coatings, soft coatings generally exhibit
lower wear resistance. Under high load, high speed, or extreme
processing conditions, soft coatings tend to wear more rap-
idly and cannot sustain self-lubrication over extended peri-
ods. Researchers have shown that combining hard and soft
coatings can effectively utilize the high hardness and wear
resistance of hard coatings together with the superior lub-
rication of soft coatings!33-!13+:1351 These composite coatings
are designed to overcome the limitations of single-layer coat-
ings, delivering enhanced, multi-functional tool performance
to meet the demands of complex machining environments.
The tool life of TiN coatings declines significantly
under extreme conditions, such as dry machining and high
load!!3%137] The application of a MoS; soft coating with
self-lubricating capability on top of TiN has proven effective
in improving tribological properties and wear resistance!'*!.
For example, the TiN-MoS, soft-coated cutting tool intro-
duced by Guehring of Germany achieved a friction coeffi-
cient as low as 0.101'*1, This coating delivers self-lubrication
and non-adhesion properties, making it especially suitable
for dry or semi-dry drilling of light metal materials such as
aluminum and titanium alloys. Furthermore, a CrCN-WS,

soft-hard bilayer coated cutting tool was developed by Lian
et al.l'*1 as shown in Figure 11(a). Comparative testing
revealed that CrCN-WS; soft-hard bilayer coated tools (CWT)
outperformed both CrCN hard-coated (CT) and WS, soft-
coated (WT) tools under identical machining conditions, as
shown in Figures 11(b) and (c). As indicated in Figure 11(c),
a characteristic soft/hard interfacial film forms at the tool-chip
contact zone of the composite coating, simultaneously provid-
ing lubrication and wear resistance. The synergy of the CrCN
hard coating with the WS, soft coating not only improves
heat dissipation but also substantially reduces cutting forces.
This makes the coating particularly effective for high-speed
machining of TC4 titanium alloy.

Although the combination of hard and soft layers can sig-
nificantly reduce friction coefficients, many reported com-
posite coatings show a marked decrease in hardness and
adhesion!'40-1411 Recently, a TIAIN/WS self-lubricating com-
posite coating with a nano-multilayer architecture was
reported®3!. In comparison to general soft-hard composites,
the TiAIN/WS coating exhibits stable hardness (14 GPa), alow
COF (0.261), and enhanced adhesion (135.4 N). This improve-
ment arises, in part, because sulfur atoms in the amorph-
ous WS layer diffuse into grain boundaries and octahedral
interstices of the face-centered cubic (fcc) TiAIN lattice! 1421,
This disrupts the columnar growth of TiAIN, suppresses crack
propagation, and improves the bonding strength and adhe-
sion of the coating, as shown in Figure 12(a). Additionally,
as shown in Figure 12(b), the low COF WS layer is capable
of forming micron-sized self-lubricating debris. During fric-
tion, WS separates from the wear debris, creating amorph-
ous WS that further reduces friction. Wear resistance ana-
lysis demonstrated substantial performance advantages of the
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Copyright © (2020), with permission from Elsevier.

self-lubricating composite coating over conventional TiAIN
coatings under the same machining conditions. Experimental
results showed a 200% increase in tool life for the self-
lubricating composite compared with TiAIN at a flank wear of
0.3 mm. Moreover, the TIAIN/WS self-lubricating composite
coating demonstrated excellent performance in dry machining.
The innovative design offers a promising strategy for machin-
ing difficult-to-cut materials at high speed and in environment-
ally friendly applications.

3.3. Diamond-like carbon (DLC) coatings

Carbon materials, especially graphene and diamond-like car-
bon (DLC), are widely used as lubricating materials, with DLC
being a highly prominent carbon-based solid lubricant>'l,
DLC is a form of highly sp® hybridized carbon that can be
deposited at low temperatures. It offers superior wear resist-
ance, high hardness, and self-lubricating properties!!43-1441,
Therefore, DLC is suitable as a coating for cutting tools. The
adhesion strength between DLC coatings and tool substrates is
relatively low. A transition layer is usually introduced between
the DLC coating and the substrate to balance the thermal
expansion and lattice mismatch, thereby enhancing the bond-
ing strength and toughness of the DLC coating.

In low-speed machining under moderate temperatures,
DLC coatings reduce friction and suppress heat build-
up, making them highly promising for dry and near-dry
machining!'*3!. For example, Pérez-Salinas et al.l'*] investig-
ated the tribological properties of DLC coatings sliding against
Inconel 718 alloy. The results demonstrated that the DLC
coating delivers strong self-lubrication under dry conditions
and maintains a low friction coefficient of 0.16 even without
external lubricants at room temperature. Ziberov et al.['#0]

[135]

examined the wear of DLC- and TiAIN-coated micro-tools in
micro-milling of Ti-6Al-4V alloy. The service life of DLC-
coated micro-tools was significantly extended under dry cut-
ting, with wear reductions of 640% and 267% relative to
TiAIN-coated and uncoated tools, respectively. Comparative
analysis by Sahoo et al.l'*”! on Ti6Al4V micro-milling further
demonstrated the superior performance of DLC coatings com-
pared to TiAIN and TiN coatings. DLC coating reduced cut-
ting forces, burr height, and surface roughness by 22.2%, 35%,
and 17.5%, respectively, versus uncoated WC surfaces. DLC-
coated tools also achieved the best dynamic stability, increas-
ing the critical stability limit by 17.04%. To further analyze
the influence of DLC coating thickness on high-speed micro-
milling, Sahoo et al.l'*3! deposited DLC coatings with thick-
nesses of 440, 640, and 1 160 nm on micro end mills using
a cathodic arc system. The findings revealed that DLC coat-
ings enhance the hardness and wear resistance of WC tools,
reduce the friction coefficient and cutting force, and minim-
ize edge chipping, as shown in Figures 13(a)—(d). Among the
tested coatings, the 640 nm DLC layer provided the best cut-
ting performance. When the DLC coating is too thin, rapid
delamination exposes the substrate to wear. When the coating
is too thick, the increased edge radius causes excessive friction
and plowing, which accelerates tool wear.

Considering the potential application of DLC-coated tools
in Al-Si alloy machining, Du et al.l'*! investigated the cutting
performance of Ct/W-DLC/DLC-coated tools through finite
element simulations combined with experimental validation.
The results indicated that the Cr/W-DLC/DLC-coated tool
exhibited the lowest cutting forces and cutting temperature, as
well as lower film-substrate interface temperature and stress,
compared to TiC-, Al,O3-, and TiAIN-coated tools. As the cut-
ting speed increased, the peak temperature location on the rake
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Figure 12. Self-adaptability of TIAIN/WS composite coatings®*!. (a) Schematic of S atom diffusion mechanisms within the composite
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face of the Cr/W-DLC/DLC-coated tool shifted closer to the
tool tip, indicating that a greater amount of heat was carried
away by the chips. Furthermore, the increase in cutting speed
also significantly reduced the depth of plastic deformation on
the machined surface. As the cutting speed increased from
400 m-min~"' to 2 000 m-min~', the maximum depth of plastic
deformation on the machined surface decreased from 0.16 mm
to 0.05 mm. The finite element method (FEM) provided access
to data that are difficult to obtain through experimental cutting
tests, thereby offering a basis for the development and prac-
tical application of Ct/W-DLC/DLC-coated tools.

3.4. Carbon-containing composite coatings

The incorporation of carbon enhances both the mechanical
and tribological properties of coatings!'3°~1521, While the addi-
tion of aluminum favors thermal stability, carbon effectively
reduces friction coefficients. When both Al and C are added
to TiN coatings, the resulting material exhibits high hard-
ness (40 GPa), excellent thermal stability, and outstanding

tribological performance!'3*!. This improvement is primar-
ily attributed to the formation of a transfer film during fric-
tion, which combines the lubricating effect of amorphous car-
bon with the synergistic action of metal oxides. During cut-
ting, aluminum in the TiAICN coating self-organizes to form
Al O3, which effectively inhibits oxygen diffusion into the
coating and improves high-temperature oxidation resistance.
Carbon in the TiAICN coating exists as crystalline compounds
or amorphous carbon, both of which contribute to enhanced
friction and wear resistance! '3,

A key factor in coated tool failure during high-speed cut-
ting of titanium alloys is the high friction coefficient, which
leads to extremely high temperatures at the contact zone!>*!. To
address the requirements for high-speed machining of titanium
alloys, Li et al.['3 prepared TIAICN coatings with a low fric-
tion coefficient (0.231) and high adhesion (156 N) using mag-
netron sputtering. At a cutting speed of 100 m-min—', TIAICN
coatings showed significantly reduced adhesion wear and a
cutting distance 200% longer than uncoated tools and 50%
longer than TiAlN-coated tools, as illustrated in Figure 14(a).
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While TiAICN coatings provide much longer service life in
high-speed titanium alloy cutting compared with TiAIN, their
high-temperature performance remains limited. To address
this, Li et al.l">®! prepared a TiAlITaCN coating with high-
temperature lubricating properties by introducing tantalum.
The thermal stability of this coating was improved from
600 °C to 1 000 °C. Under high-speed cutting conditions, the
cutting distance of TiAlTaCN-coated tools increased by 250%
compared with TiAICN. This performance enhancement is
mainly due to the oxidation behavior of the TaN and TaC
phases. TaN oxidizes easily to form protective Ta;Os, com-
pensating for the insufficient oxidation resistance of Al,Os,
while the oxidation-resistant TaC phase, in combination with
the amorphous carbon phase, achieves self-lubrication. The
high-temperature oxidation behavior of TiAITaCN coatings is
depicted in Figure 14(b).

Nanocomposite coatings such as TiSiN and TiAlSiN have
attracted significant interest due to their superior oxidation
resistance, thermal stability, and ultra-hardness!>?!. However,
these transition metal nitride-based coatings inherently lack

solid lubrication and tend to have higher coefficients of fric-
tion. Introducing carbon into these nanocomposite coatings is
an effective approach for enhancing their tribological proper-
ties and achieving a self-lubricating effect. For instance, Li
et al.l"3® developed TiSiCN coatings with ultra-high hard-
ness (43.6 GPa) and a low friction coefficient (0.3) by arc ion
plating. Wang et al.l'>°] demonstrated that moderate carbon
content in TiSiCN coatings led to excellent lubrication and
improved wear resistance. Li et al.l!>"! fabricated TiAISiCN
coatings with outstanding high-temperature wear resistance
using magnetron sputtering. Adding suitable amounts of Si
and C significantly enhanced performance: the amorphous
SiNx phase improved hardness and wear resistance, while
the self-lubricating amorphous carbon phase reduced the wear
rate. Figure 14(c) illustrates the wear behaviour schematic
diagram of the TiAISiCN after friction at different temper-
atures. In high-speed titanium alloy cutting, the cutting life
of Tigg 5Alp065142Cr62Nogs coated tools was extended by
120% over TiAICN-coated tools and by 225% over commer-
cial TiAIN-coated tools.
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In summary, the introduction of carbon into transition metal
nitride coatings is an effective strategy for improving lubrica-
tion performance. However, the self-lubricating effect depends
strongly on the form and content of carbon, as well as the oper-
ating temperature.

3.5. Soft metal composite coatings

Soft metals exhibit viscous flow and surface diffusivity at
moderate temperatures, enabling the formation of lubricious
surface films that reduce friction and wear!*>**!. A prom-
ising strategy for solid lubrication is based on self-adaptive
mechanisms!>%), where materials transform during use, gener-
ating low-friction tribo-oxides at the contact interface. Hybrid
functional coatings that integrate oxidation-resistant matrices
with noble metal lubricants provide optimized tribological
performancel>%-1%01_ Incorporating soft metal lubricants such

as Ag, Pb, and Cu into hard coatings has proven effective in
enhancing lubricity!'®'1,

Silver (Ag) is the most commonly used soft metal solid
lubricant, known for its excellent self-lubricating properties
and its ability to lower the oxidation temperature of metals.
TiAIN-Ag composite coatings demonstrate superior tribolo-
gical properties compared to TiAIN coatings in both dry
and lubricated environments!'®?!. Introducing an appropri-
ate amount of Ag refines the grain structure and reduces
internal stress, substantially improving the plasticity, hard-
ness, and toughness of the coating. Furthermore, the solid
lubrication provided by Ag significantly enhances the lub-
rication efficiency and wear characteristics of the compos-
ite coating!'*l. MoVN is recognized as a promising mater-
ial for high-temperature lubrication. Although Ag doping
may decrease the mechanical strength of MoVN coatings,
it enhances their tribological performance. Wang et al.['6%]
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Figure 15. Properties and oxidation mechanism of AITiN/Cu coating. (a) Thermal conductivity of AITiN and AITiN/Cu coatings as a function
of temperature. (b) COF versus temperature data in contact with Inconel 718!'®!1. Reprinted from!'®!), Copyright (2010), with permission
from Elsevier. (c) and (d) Oxidation-diffusion mechanism diagram of AITiN/Cu coatings at 800 °C: (c¢) AITiN/Cu (low Cu), (d) AITiN/Cu
(high Cu). (e) Friction curves of AITiN/Cu coatings at 800 °CL'®”). Reprinted from'!®”), Copyright © (2024), with permission from Elsevier.

developed a MoVN-Ag composite coating designed for lub-
rication across a broad temperature range. They found that a
MoVN-Ag coating with 45.6 at.% Ag exhibits excellent self-
lubricating properties, making it suitable for various temper-
atures. At 500 °C, Ag diffuses to the friction surface and
forms a lubricating film. At 700 °C, Ag oxidizes to produce
AgrMoOQy, a shear-prone phase, further forming a lubricating
film''%51, At both 500 °C and 700 °C, MoVN-Ag composite
coatings exhibited low friction coefficients of 0.19 and 0.28,
respectively.

A main drawback of Al-rich TiAIN coatings is their lack
of high-temperature lubricity, resulting in increased tool tem-
peratures and friction, especially during high-speed dry cut-
ting. Incorporating Cu into AITiN to form AITiN/Cu nano-
composite coatings markedly enhances their friction and
wear performance. Previously, a multifunctional AITiN/Cu
nanomultilayer coated tool was reported, combining improved
lubrication with decreased thermal conductivity, as shown
in Figures 15(a) and (b)!'%!1. This design enables multiple
energy dissipation pathways during frictional contact and
substantially increases tool life under wear instability, as
seen in machining Inconel 718 alloys. The tool life of the
AITiN/Cu coating is 2.3 times longer than that of the single-
layer AITiN coating. Chen et al.l'®! prepared AITiN-Cu,
AITiN/AITiN-Cu, and AITiN coatings on WC-6%Co sub-
strates via cathodic arc evaporation and conducted milling

tests on TC4 alloy under identical conditions. The addition
of Cu lowered the hardness of AITiN coatings but improved
toughness. Therefore, the service lives of AITiN-Cu and
AITiN/AITiN-Cu coated tools increased by 11% and 24%,
respectively, compared to AlTiN-coated tools.

In a recent study, Mei et al. examined the oxidation beha-
vior and tribological properties of nano-multilayer AITiN/Cu
coatings!'%”]. The AITiN/Cu coating containing 2.9 at.% Cu
showed optimal wear resistance at room temperature, owing
to the lubricating action of Cu and its oxide phase, CuO.
However, at 800 °C, oxidation resistance declined and promin-
ent oxidation stratification occurred. AITiN/Cu coatings with
low Cu content (<4.5 at.%) oxidized to form a composite
oxide layer composed of CuO, TiO,, and Al,Os3, as depic-
ted in Figure 15(c). Higher Cu content led to the forma-
tion of a double oxide layer due to outward diffusion and
oxidation of Cu, with the top CuO layer contributing to a
low friction coefficient of 0.53, as shown in Figures 15(d)
and (e).

Nanocomposite coated cutting tools containing solid lub-
ricants are increasingly recognized as promising for advanced
machining. These coatings significantly enhance the cutting
performance of challenging materials, such as titanium-based
alloys used in aerospace applications. Notably, their perform-
ance is strongly influenced by structural design and the con-
centration of solid lubricants! 1681,
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4. Discussion

4.1 Deposition methods of tool coatings

Compared with CVD, PVD technology has become the main-
stream approach for cutting tool surface modification, due to
its precise control of coating composition and structure, low-
temperature processing, and environmental benefits''*°!. The
increasing use of hard-to-machine materials, stricter manufac-
turing cost controls, and higher environmental standards have
driven the development and widespread adoption of PVD-
coated cutting tools in recent years!!’%). The main preparation
methods for self-adaptive coated cutting tools discussed in this
paper are summarized in Table 1.

Magnetron sputtering (MS) and arc ion plating (AIP) are
the primary techniques for producing self-adaptive coated
cutting tools. Magnetron sputtering can be further divided
into direct current magnetron sputtering (DCMS), radio fre-
quency magnetron sputtering (RFMS), and pulsed magnetron
sputtering, depending on the power supply type!'%°). Among
these, high-power pulsed magnetron sputtering (HiPIMS)
demonstrates significant advantages in improving the tar-
get ionization rate and enabling the preparation of high-
performance coatings!'7?]. Filtered arc deposition (FAD) and
ion-assisted deposition (IAD) technologies!!’>!741, which
are both advancements derived from arc ion plating, are
highly effective in eliminating droplet defects inherent to arc
deposition. As PVD technology continues to evolve, hybrid
PVD techniques have become important for depositing high-
performance tool coatings!'®!. Composite deposition har-
nesses the strengths of multiple processes, allowing a wider
selection of compositions, easier regulation, and more effect-
ive control of internal stress!!”>~!"7!. Through the design of
nano-multilayer and nanocomposite structures, and careful
process optimization, coatings with superior properties can be
fabricated, leading to significant improvements in tool cutting
performance.

The deposition processes for soft coatings, hard coat-
ings, and multi-architecture coatings display distinct char-
acteristics. In the CrCN-WS, hard/soft coating system, the
CrCN hard layer and WS, soft layer are deposited using
different techniques!'?>). The intermediate Cr layer and the
CrCN hard coating are deposited by magnetron sputtering,
while the WS, soft layer is applied onto the CrCN sur-
face via electrohydrodynamic atomization (EHDA). In addi-
tion, nano-multilayer AITiN/Cu coatings are fabricated with
a hybrid system that combines AIP and pulsed DC magnet-
ron sputtering (PDCMS), with the hard AITiN layer and soft
metallic Cu layer alternately deposited by AIP and PDCMS,
respectively! 1671,

4.2. Self-adaptive coatings for cutting tools to match
machining conditions

Modern manufacturing increasingly favors high-speed,
efficient, precision, and eco-friendly cutting operations,
leading to the adoption of advanced techniques such as
high-speed cutting and dry/near-dry cutting in place of

conventional methods!!’®17°1. These changes demand tool
coatings with higher hardness, improved wear resistance,
better oxidation resistance, and enhanced thermal stabil-
ity. Table 2 summarizes the cutting conditions, perform-
ance requirements, and suitable coatings for high-speed,
dry/near-dry, heavy-load. The frictional conditions associ-
ated with high temperature and high load are critical determ-
inants of coated tool adaptability!®®-!801 As discussed in
Section 2.2, TiAICrSiYN/TiAICrN nano-multilayer coated
cutting tools display excellent versatility and performance in
the high-speed machining of Inconel 718 and other nickel-
based superalloys. Yuan et al.['8! investigated the effect
of initial high-speed cutting velocity on the machining of
Ni-based high-temperature alloys with these adaptive nano-
multilayer coated tools. The study found that higher cut-
ting speeds during the initial stage accelerate the formation
of multifunctional tribo-oxides on the tool surface. These
tribo-oxides, composed primarily of Al,O3, AlgSi,O13, TiO;,
TiOy, and multivalent Cr oxides, work synergistically with
chromium- and yttrium-based oxides to establish effect-
ive energy dissipation mechanisms at the interface, thereby
significantly enhancing tribological performance during
cutting! 1821831

Under typical cutting conditions, traditional coated cutting
tools remain widely used. However, when machining difficult-
to-cut materials—such as nickel or titanium alloys—cutting
temperatures can exceed 1 000 °C, making standard coat-
ings insufficient!'*]. For hardened tool steels, coatings must
combine improved oxidation resistance and high hot hard-
ness to effectively manage wear. In aerospace alloys, elev-
ated temperatures, high loads, and strong adhesive interac-
tions lead to severe surface damage and unstable attrition wear,
requiring coatings with a tailored set of properties!'*-'*. The
wear rates of coating materials at extremely high temperatures
(>1000 °C) are primarily determined by their chemical and
mechanical properties!'3*]. Self-adaptive coated cutting tools
offer superior chemical and mechanical performance under
such extreme frictional conditions, representing a promising
choice for advanced material machining.

Severe tool wear, chip adhesion, chipping, plastic deform-
ation, and coating spalling are common during the machin-
ing of difficult materials with coated cutting toolst'®],
Cutting tool wear can be classified as abrasive, adhesive,
diffusive, or oxidative wear, depending on the underlying
mechanisms!!'%-17-185] Table 3 summarizes the deterioration
mechanisms at different tool locations and the corresponding
wear resistance mechanisms of coatings during the machining
of various materials.

4.3. Advantages and limitations of self-adaptive coated cut-
ting tools

Different coating materials and deposition methods result in
varied cutting performance and tool life. Selecting coated cut-
ting tools that match specific machining conditions can signi-
ficantly enhance processing efficiency and extend tool durab-
ility. TiAIN is a widely used commercial tool coating recog-
nized for its outstanding wear resistance and thermal stability.
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Table 1. The preparation methods of self-adaptive coated cutting tools.

Deposition technologies

Coated cutting tools

References

Magnetron TiAIN, TiAICrN, TiAISiVN, [53,75,85,97,155-157,162,164]
sputtering (MS) TiAIN/VN, TiAIN/WS,

TiAICN, TiAlTaCN,

TiAISiCN, TiAIN-Ag,

MoVN-Ag
Arc ion plating (AIP) TiAICrSiYN, nano-multilayer [88,89,100]

TiAICrSiYN/TiAICIN,

CrAlSiN
High power im-pulse magnetron sputtering (HiPIMS) CrAlSiN [171]
High power im-pulse magnetron sputtering and direct TiAICIN [80]
current magnetron sputtering hybrid PVD technology
Hollow cathode discharge and magnetron sputtering TiAISiN [20]
hybrid PVD technology
Arc ion plating and mid-frequency magnetron TiAISIN [52]
sputtering hybrid PVD technology
Mid-frequency magnetron sputtering and ion WS, [125,126]
beam-assisted hybrid PVD technology
Unfiltered cathodic arc system; RF magnetron DLC [147,148]
sputtering
Magnetron sputtering + electro-hydrodynamic CrCN-WS: hard-soft coating [135]
atomization technology (EHDA)
Cathode arc evaporation AITiN-Cu [166]
Arc ion plating and pulsed DC magnetron sputtering Nano-multilayer AITiN/Cu [167]
(PDCMS) hybrid PVD technology

Table 2. Different cutting conditions and applicable tool coatings.
Tool performance
Cutting characterist-  requirements (in Applicable coated Tribological proper-

Cutting conditions ics priority order) tools ties of coatings Machining materials

High-speed Enhanced friction 1. Oxidation
and oxidation, resistance
significant local 2. Hot-hardening
temperature rise stability
3. Low COF
4. Self-lubrication
5. Anti-adhesion
Dry/near-dry Friction and 1. Self-lubrication
temperature rise, 2. Wear resistance
limited lubrication, 3. Oxidation
chip removal resistance
difficulties 4. Anti-adhesion
5. Thermal stability
Heavy-load Large cutting force, 1. Hardness
high cutting 2. Toughness
temperature, high 3. Abrasion
mechanical load resistance
4. Adhesion

5. Anti-fatigue

AITiN, TiAIN,
TiAICtN, TiAlSiN,
CrAlSiN, TiAICN,
TiAICrSiYN,

TiAICrSiYN/TiAICIN,

TiAIN/WS,
TiAISiCN,
TiAlTaCN

AITiN, TiAIN,
TiSiVN TiAlSiVN,
TiAIN/VN,
CrCN-WS,,
TiAIN/WS
TiAICrSiN, DLC,
WS, AITiN/Cu

AITiN, TiAIN,
TiAICrN, TiAlSiN,
CrAlSiN, TiAICN

Dense low-friction
oxide film or

self-lubricating phase
formed in situ at high

Titanium alloy,
nickel-based alloy,
stainless steel,
superalloy, ceramic

temperature matrix composites
stabilizes the

interface

Low and stable COF  Titanium alloy,

maintained by
self-generated oxide
films or solid
lubricating phase

Maintain wear
resistance and
lubrication at
medium/high
temperatures,
enhance toughness

stainless steel,
aviation and
automotive parts

Die steel,
high-hardness alloy,
cast iron, other
high-strength
materials
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Table 3. Main deterioration mechanisms of different parts of the cutting tool during machining of various materials and the wear resistance

mechanisms of coatings.

Main deterioration mechan-
isms during machining different
materials!'86~190]

Parts of the
cutting tool

Wear resistance mechanisms of coatings

Nose radius (1) Thermal fatigue, plastic deformation
(2) Chipping, diffusion wear
(3) Chipping, plastic deformation

(4) Abrasive wear, chipping

Rake face (1) Adhesive wear, oxidation wear, diffusion wear
(2) Diffusion wear, adhesive wear
(3) Adhesive wear, abrasive wear
(4) Abrasive wear, diffusion wear

Flank face (1) Adhesive wear, oxidation wear, diffusion wear

(2) Adhesive wear, abrasive wear
(3) Adhesive wear, abrasive wear
(4) Abrasive wear

1) Al increases hot hardness, mitigates
thermal softening

2) Cr and Ta improve toughness, reduce
chipping

3) Si enhances hardness, suppresses crack
propagation

4) V, Mo, C, WS,, DLC, Cu, and Ag
provide self-lubrication, alleviate plastic
deformation

1) Al, Cr, Si, and Ta improve oxidation
resistance, thermal barrier protection

2) Si increases hardness, suppresses crack
growth

3) V, Mo, C, WS,, DLC, Cu, and Ag
provide self-lubrication, reduce forces, and
minimize adhesion

4) Cr, Si, and Y refine grains, inhibit crack
initiation

1) Al Cr, and Si ensure high hardness, delay
wear land growth, and enhance resistance
2) V, Mo, C, WS,, DLC, Cu, and Ag
provide self-lubrication, reduce forces,
minimize adhesion

Note: different materials: (1) high-temperature alloys; (2) stainless steel;(3) aluminum and copper alloys; (4) carbon steel and cast iron.

However, it is limited by a relatively high COF and inadequate
high-temperature lubricity. Incorporating alloying elements
such as Cr, Si, Y, B, and Ta can further improve the hardness,
oxidation resistance, and thermal stability of TiAIN coatings.
In addition, incorporating elements such as V, Mo, W, or soft
metals like Ag and Cu can enhance lubricating performance
at medium to high temperatures. However, doping with these
elements can also introduce trade-offs in performance. For
example, TiAlSiN coatings display higher hardness and wear
resistance than TiAIN coatings but tend to exhibit increased
friction coefficients and lower adhesion strength!!®!-1921,
TiAICrN and TiAlTaN coatings show improved oxidation res-
istance but reduced toughness and plasticity!'®3]. The oxid-
ation resistance of TiAIVN and TiAIMoN coatings can be
compromised!'**. Furthermore, the hardness of compos-
ite coatings containing carbon or soft metals declines as
the content of these components increases. The properties
and machinability of tool coatings can be further optimized
through nano-structural design. Nano-multilayer and nano-
composite structures are now widely employed in the devel-
opment of advanced tool coatings. Compared with conven-
tional TiAIN coatings, most TiAIN-based nanocomposite and
nano-multilayer coatings exhibit marked improvements in
hardness, high-temperature lubricity, and oxidation resistance.
Therefore, the tool life when processing difficult-to-cut mater-
ials can often be extended by one to two times. Table 4

presents a comparison of tool life for different coated tools rel-
ative to commercial TiAIN-coated tools under identical cutting
conditions.

Although soft-coated cutting tools with self-lubricating fea-
tures can provide good lubrication, there are still several limit-
ations in practical applications. First, the COF of soft coatings
may increase during prolonged use. Second, compared to hard
coatings, soft coatings generally have lower wear resistance
and are more likely to wear out under high load or demand-
ing machining conditions, which reduces tool life. Third, some
soft coatings may be unstable in specific chemical environ-
ments and are susceptible to corrosion. Fourth, at high tem-
peratures, some soft coatings may lose their lubricating func-
tion. Therefore, soft-coated cutting tools are best suited for
specialized applications, such as low speeds, light loads, or
tasks requiring high surface quality. In practice, soft coatings
are often combined with hard coatings. Soft-hard composite
coatings improve abrasion resistance, although they may have
reduced hardness and adhesion. In contrast, TIAIN/WS self-
lubricating nanocoatings with multilayered architecture suc-
cessfully combine the low COF of WS, with the wear resist-
ance of TiAIN, achieving high adhesion and stable hardness.
This nano-multilayer design provides a new direction for the
development of soft coatings.

To facilitate a comprehensive comparison of different
coating materials, the results are summarized in Table 5.
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Table 4. Comparison of cutting force, temperature, and tool life between different coated cutting tools and TiAIN-coated tools under the
same cutting conditions.

Machining Tool life
Coated tools Deposition methods  materials Process parameters Cutting force  Temperature  changes References
TiAIN — — — + 4+ +++ 100% —
TiAICrN Arc ion plating (AIP) Hardened Dry milling; + + + ++++ 127%; [13]
tool steel V, =200 m-min~', 200% [195]
HI3 f. = 840 mm-min~",
a, =5 mm
TiAISiN; Magnetron TC4 titanium  Wet turning; + 4+ + +++++ 200% [191]
Gradient TiAISiN  sputtering alloys V. = 100 m~min71, + 4+ 4+ +++++ 350% [191]
(MS) f,=02mmrev!,
ap = 0.5 mm
TiAISiN Cathodic arc Ti-6Al1-4 V Dry milling; V. = +++ +++4++ 125% [196]
CrAlISiN evaporation alloys 350 m-min~!, f, = +4+++ +4++4++ 420% [196]
(CAE) 0.02 mm-tooth ™!,
ap = 0.3 mm
TiAICrSiYN Arc ion plating (AIP) Inconel 718  Turning; + 4+ 4+ + +++4++ 195% [89]
TiAICrSiYN/ alloys V. = 40 m-minfl, + 4+ 4+ + +4++++ 258% [89]
TiAICIN £, =0.125 mm-rev ™!,
ap, = 0.25 mm
DLC RF magnetron Ti-6Al-4 V Dry micro-milling; +4++4+4+ ++ 640% [146]
sputtering alloys V,=9.6m-min"',
f. = 0.1 um-tooth ™!,
ap =10 um
TiAIN/VN CAE and unbalanced Ti-6Al-4 V Turning; ++ 4+ + + + + 150% [44]
MS alloys V. = 150 m-min_ ',
f.=0.125 mm~rev’1,
ap = 0.25 mm
TiAIN/WS Magnetron sputtering TC4 titanium  Turning; +4+++ + 4+ + 200% [53]
alloy V. =100 m-min~!,
f. =950 mm-min~",
ap = 0.3 mm
TiAICN Me-dium frequency = TC4 titanium Turning; + 4+ + ++++ 150% [155]
MS alloy V. = 100 m-min~',
f.=02 mm-rev’l,
ap = 0.5 mm
TiAlTaCN Reactive MS TC4 titanium  Turning; +4+++ +++++ 300% [156]
alloy V. = 100 m-min~!,
f.=02 mm-rev_l,
ap, = 0.5 mm
TiAISiCN Reactive MS TC4 titanium  Turning; ++++ ++4+4++ 225% [157]
alloy V. = 100 m-min~",
f.=02 mm-rev_',
a, = 0.5 mm
AITiN-Cu Cathode arc TC4 titanium  Wet milling; +4+ 44+ ++ 4+ 111% [166]
evaporation alloy V. = 60 m-min—’,
£ =0.15 mm-rev_!,
ap =1.5mm
Nanomultilayered Unbalanced MS Inconel 718 Turning; ++4+ 4+ ++4+ 4+ 230% [161]

AITiN/Cu V. = 40 m-min~",
f.=0.125 mm-rev™,
ap = 0.25 mm

“47: the positive change of cutting force and cutting temperature

20
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Table 5. Comparison of performance parameters of different self-adaptive coated cutting tools.
Oxidation Tribo-films or
Tool coatings Hardness/GPa Adhesion/N temperature/°C COF lubricating films References
Self-organizing TiAIN 28—40 50—80 <850 0.6—0.8 A1203 [73-75,197]
coatings TiAICIN 20—40 75—100 >1 000 0.4—0.6 A1203, Cr203 [13.80.85,198]
TiAISIN 30—42 21-29 >1 000 0.36—0.64 A1203, Si02 [52,192]
TiAIVN 40—50 — >600 0.35—0.45 AI203, V205 1931
TiAISiVN  28—34 60 +2 >900 0.5-0.6 AI203, V205, Si02 %9
TiAICISiYN  29.9 — >900 0.15 (at 1 200 °C) Al-O, Si-0,Cr-0, Y-O 881
TiAICrSiYN/ 28—34 — >900 0.15—0.2 (at 1 000 °C) AI203, Al2Si203, [89]
TiAICIN Si-0, Cr-0, Y-O
TIAIN/VN 314 +26  468+21 <800 0.2—0.3 (at 700 °C)  Al203, V205 71
AITIN/MoN ~ 26.13 — <850 0.2 (at 1 000 °C) A1203, MoO3 [44]
CrAlSiN 33-55 50 >900 0.3-0.5 AI203, Cr203, Sio2 ~ [106.171]
Self-lubricating WS2 515.4 (Hv)  43.25 <400 0.05-0.2 WS2 121
coatings WS2/Zr 6.5 42 — 0.4—0.5 WS2 (131
MoS2/Y 7.5+ 04 50 — 0.128 MoS2 [133]
DLC 16—25 12-25 <600 0.14—0.16 DLC [148]
CrCN-WS2 — 52 — 0.6 Cr203, WS2 [133]
TIAIN/WS  14.25 135.4 — 0.261 WS, Al1203 (531
TIiAICN 20.36 156 — 0.231 AI203, amorphous C 1153
TiAlTaCN  23.77 162 >1 000 0.28 A1203, Ta205, TaN,  [136]
amorphous C
TIAISICN 2524 153 — 0.24 SiNx, amorphous C ~ [137]
TiAIN-Ag 1228 68.61 <800 0.3—0.4 Ag, AI203 L1621
MoVN-Ag  2.1-4.4 — <700 0.19—0.23 (at 500 °C) Ag, MoO3, Ag2Mo04 64
AITiN/Cu 14—-29 — <850 0.53 Cu, CuO, AI203, Ti02 167!

Hardness, wear resistance, oxidation resistance, and lubri-
city are critical parameters for evaluating tool coating per-
formance. Each coating material presents its own combin-
ation of strengths and limitations. Therefore, the selection
of tool coatings should be based on a comprehensive eval-
uation of both the cutting conditions and the workpiece
properties. By considering these factors, the optimal coating
material can be identified to maximize tool performance and
efficiency.

5. Summary and outlook

Self-adaptive coated cutting tools have received increas-
ing attention in recent years, and many new approaches
and concepts have been proposed to advance their devel-
opment. This review summarizes recent progress in self-
adaptive coated cutting tools, with a focus on both self-
organizing and self-lubricating systems. Hard-coated cut-
ting tools with self-organizing functions remain the most
widely studied and have already achieved some commer-
cial applications. TiAIN and DLC coating technologies are
well-established and widely used as commercial coatings
for cutting tools. In practical industrial applications, TiAIN-
coated tools are mainly used in high-speed machining and
dry cutting of hardened steels and superalloys, while DLC-
coated tools are commonly applied to the machining of non-
ferrous alloys, polymers, and composite materials. TiAISIN

21

and AICrSiN coatings have achieved limited commercializa-
tion and are primarily used in many specific machining scen-
arios, such as for aerospace components and turbine blades.
Soft-coated tools offer excellent lubricating performance, but
their applicable temperature range is limited. Composite coat-
ings with self-lubricating properties often show improved
adaptability and are suitable for high-temperature machin-
ing, but they remain largely confined to laboratory-scale
research.

Although self-adaptive coatings show great potential in
performance, their transition from laboratory research to
large-scale industrialization faces challenges. First, fabrication
relies on advanced deposition techniques and complex pro-
cesses, increasing production costs and cycle times. Second,
achieving self-adaptive properties requires precise control
over chemistry and microstructure, making the process highly
sensitive to fluctuations and hindering consistency and batch
uniformity in mass production. For example, although Me-
Si-N-based nanocomposite coatings exhibit excellent hard-
ness and thermal stability, their process repeatability and con-
sistency in large-scale fabrication remain challenging. Third,
the current market demand for self-adaptive coated cutting
tools is relatively low. In most conventional machining scen-
arios (such as general steels and cast iron), mature coatings
like TiN, TiAIN, and AICIN can already meet the require-
ments. Self-adaptive coatings are mainly used for difficult-
to-machine materials or under extreme cutting conditions in
specific sectors such as aerospace and energy equipment. This
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narrow application scope constrains market scale and reduces
economic incentives for manufacturers to invest in large-scale
production and process optimization. Therefore, considerable
technical challenges must be addressed to transition these
coatings from laboratory demonstrations to widespread com-
mercial application.

Based on current research, the following potential future

directions are highlighted:

(1) While self-adaptive coated cutting tools have shown pro-

gress in improving high-temperature lubrication and wear

resistance, achieving a perfect balance between these
properties remains challenging. Further research should
focus on developing multifunctional coatings that provide
not only excellent cutting performance at elevated temper-
atures and pressures, but also additional functions such as
corrosion resistance and vibration reduction.

(2) Self-adaptive coatings often require precise multilayered,
composite nanostructures, or gradient compositions, pla-
cing stringent demands on deposition techniques such
as PVD and hybrid PVD. Future work should focus
on developing new deposition technologies and optim-
izing processes, while also incorporating sustainability
considerations—such as reducing energy consumption,
improving resource efficiency, and minimizing hazardous
by-products—to advance green manufacturing.

(3) Future efforts should combine material simulation and
experimental validation to explore new coating structures
and properties, providing momentum for further advance-
ment. In particular, with the rapid development of artifi-
cial intelligence in materials science, data-driven model-
ing and intelligent prediction are becoming powerful tools
for accelerating the discovery and optimization of self-
adaptive coatings. Integrating Al with high-throughput
simulations and experimental databases may signific-
antly shorten the development cycle, guide the design of
advanced coating architectures, and enhance the synergy
between academic research and industrial application.

(4) Exploring the synergistic mechanisms between
self-adaptive coatings and emerging manufacturing
technologies—for example, utilizing additive manufac-
turing to achieve integrated structural-functional design
and precise forming of coatings, and combining hybrid
machining to optimize interfacial bonding and service
performance—can provide new technological pathways
for the development of next-generation high-performance
coated cutting tools.

(5) Future advances should emphasize integration with artifi-
cial intelligence and IoT technologies. By incorporating
sensors and intelligent controllers, real-time monitoring
and control of coated tools can be achieved, improving sta-
bility and processing efficiency.

(6) It is crucial to establish and revise relevant standards,
such as those for performance evaluation, preparation
processes, and environmental adaptability. Improving the
standards for self-adaptive coatings can ensure their qual-
ity, performance, environmental compatibility, and safety.

22

This will boost the development and application of self-
adaptive coating technologies and support the sustainable
growth of the coatings industry.
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