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Abstract

With the increasing application of efficient cutting and difficult-to-machine materials, the conflict between hardness
and toughness in traditional cutting tool coatings has become more pronounced. The unique microstructure design of
nano-composite coatings provides an effective way to break through this bottleneck. This paper summarizes the
research progress in the strengthening design of nano-composite cutting tool coatings [1-3]- The article elucidates the
definition and classic structural models of nano-composite coatings, systematically analyzes their strengthening and
toughening mechanisms, reviews the design ideas of different material systems, discusses the impact of preparation
processes on microstructure and performance, and introduces evaluation methods for mechanical properties and
cutting performance. Finally, the article points out the challenges faced in current research and prospects future
development trends.

Keywords: Nano-composite coatings; Cutting tool coatings; Strengthening design; Microstructure; PVD

1. Introduction

In modern manufacturing, the widespread application of high-speed cutting, dry cutting, and difficult-to-machine
materials such as titanium alloys and high-temperature alloys places extremely demanding requirements on the
performance of cutting tools [1l. As a key means to enhance tool life and cutting efficiency, the core objective of coating
technology is to construct a protective layer on the tool surface that combines high hardness with good toughness [21.
However, traditional coating materials often follow an inverse relationship between hardness and toughness, where
high hardness materials generally exhibit poor toughness and are prone to brittle fracture or flaking under impact loads;
conversely, materials with better toughness lack sufficient hardness and wear resistance. This contradiction limits the
application of traditional coatings under complex working conditions [31.

To overcome this challenge, researchers have turned their attention to nano-composite coatings [*l. These coatings
achieve simultaneous improvement of hardness and toughness by embedding nanoscale grains within an amorphous
matrix, creating a unique microstructure 5. The core of this strengthening design lies in the precise control of the
material's microstructure [6l. Therefore, in-depth research on the composition design, structural construction,
preparation processes, and performance evaluation of nano-composite coatings is of great significance in promoting
the development of coating technology. This paper aims to review the current research status in this field and clarify
the intrinsic mechanisms and pathways of strengthening design [1-3].
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2. Definition and Structural Model of Nano-composite Coatings

Nano-composite coatings are not simply multilayer or mixed materials, but rather coatings composed of at least two
different phases, with characteristic dimensions on the nanoscale [*l. The essence of their design lies in utilizing the
enormous interface area and nanoscale constraint effects to achieve excellent mechanical properties [71. Coatings with
a nano-composite structure can significantly improve the surface hardness, wear resistance, and fatigue resistance of
tools, with these enhancements established on the precise control of the microstructure [8l.

In this context, the nc-MeN/a-MX model proposed by ]. Musil et al. has become the most classic theoretical framework
in this field [51. In this model, nc-MeN represents nanoscale crystalline transition metal nitride (such as TiN and AIN)
that is embedded within an amorphous a-MX matrix. This structure resembles a nanoscale "brick-mortar” structure,
where nanoscale crystals act as "bricks" bearing loads, providing high hardness and load-bearing capacity; whereas the
amorphous phase serves as "mortar," surrounding the grains and facilitating grain boundary sliding, crack deflection,
and stress relaxation [°l. The abundant grain boundaries and phase boundaries constitute an "enhanced toughness
network" within the coating, which is the fundamental reason why nano-composite coatings significantly outperform
traditional coarse-grain or single-phase coatings [4-5.

3. Toughening Mechanisms of Nano-composite Coatings

Nanocomposite coatings can achieve a "hard yet tough" characteristic, resulting from the combined effects of various
strengthening and toughening mechanisms [10. In terms of the strengthening mechanism, the Hall-Petch effect brought
about by grain refinement is fundamental [11l. When the grain size is reduced to the nanoscale, the volume fraction of
grain boundaries increases sharply, and the accumulation of dislocations at grain boundaries makes their movement
extremely difficult, significantly enhancing the yield strength and hardness of the material [4l. At the same time, due to
the typical elastic modulus difference between nanoscale grains and the amorphous matrix, under external loads, the
load is carried more by the high-modulus nanoscale grains, producing a load redistribution effect [51. Furthermore, if the
interfacial bonding between the two phases is good, the alternating stress field generated by lattice mismatch can
effectively impede the movement of dislocations, further enhancing the coating's resistance to plastic deformation [71.

The toughening mechanism is the essence of nanocomposite design, as it addresses the common brittleness of high
hardness materials [12]. When cracks initiate and attempt to propagate within the coating, they encounter nanoscale
crystal/amorphous interfaces, resulting in deflection, branching, or bridging [11l. The elongation of crack paths and non-
linear propagation requires more energy, thus suppressing rapid unstable crack extension [19. The extremely thin
amorphous layers enveloping the nanoscale grains, typically only 1-2 atomic layers thick, can undergo a certain degree
of viscous flow or shear deformation under high local stress, thereby relaxing the stress concentration at the crack tip
and passivating the crack [13]. In some cases, the extremely fine nanoscale grains may also release plastic work through
grain boundary slip or nanoscale grain rotation, a mechanism that is challenging to achieve in traditional coarse-grained
materials °l. The synergy of these toughening mechanisms endows nanocomposite coatings with the ability to resist
fracture and impact [14].

4. Material System Design of Nanocomposite Coatings

Building on strengthening mechanisms, researchers have developed various nanocomposite coating material systems
[15]. Among them, the most typical is the combination of amorphous SizN4+ encapsulating different nitride nanoscale
grains. The nc-TiN/a-Si3N4 system was one of the first to be thoroughly studied and achieved great success. Its success
lies in the formation of coherent or semi-coherent interfaces between TiN and SizsN4, which ensures high bonding
strength while facilitating the formation of fine nanoscale grains [*6l. Ti-Si-N coatings with a nanocomposite structure
can achieve a hardness of 38 GPa, while the fracture toughness can be increased to 4.5 MPa\/m, far exceeding the 1.9
MPavm of traditional TiN coatings.

With the deepening research, in order to adapt to higher temperature cutting environments, the nc-AlTiN/a-Si3N4
system emerged [17]. The addition of Al elements causes the nanoscale crystalline phase to change from TiN to a (Ti,Al)N
solid solution. The introduction of Al not only further increases the hardness of the coating, but crucially, during high-
temperature cutting processes, Al diffuses to the surface to form a dense amorphous Al203 layer, which possesses
extremely high thermal stability and chemical inertness, significantly enhancing the coating's oxidation resistance and
high-temperature hardness ['8], In addition to SisN4, other amorphous phases such as amorphous carbon or amorphous
BN have also been used to encapsulate different nanoscale grains to meet various processing needs. Furthermore, to
balance interfacial bonding strength and surface performance, compositional gradient design is also a common strategy

1006



World Journal of Advanced Research and Reviews, 2026, 30(02), 1005-1011

(191, For example, a bilayer coating design, such as AITiN/TiAlSiN, uses the tougher AITiN as an intermediate layer while
the surface layer employs the harder TiAlSiN, showing superior tool life over single-layer coatings during dry cutting of
tempered EN-8 steel.

5. The Impact of Fabrication Process on Strengthening Structure

The realization of the ideal structure of nanocomposite coatings largely depends on the precise control of the fabrication
process [201. Physical vapor deposition techniques, particularly high-power pulsed magnetron sputtering and arc ion
plating, are mainstream methods for producing high-quality nanocomposite coatings [21]. Energy control is the core of
process regulation. The negative bias applied to the substrate and the deposition temperature during the deposition
process directly determine the ion energy and surface diffusion ability that reach the substrate's surface [22l. Appropriate
ion bombardment energy can promote atomic migration, aiding in the formation of a dense microstructure and inducing
the precipitation of amorphous phases; however, excessively high energy could cause re-sputtering or result in grain
coarsening [23. As shown in Figure 1 .Hardness and Young's modulus of the AICrNbSiTiMoN coatings at dif ferent
substrate bias.
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Figure 1 Hardness and Young's modulus of the AICrNbSiTiMoN coatings at dif ferent substrate bias.[23]

Precise control of composition is also crucial, especially for amorphous-forming elements like Si and B [24]. Taking the
Ti-Si-N system as an example, there is an optimal Si content. When the Si content is too low, a complete amorphous
encapsulation layer cannot be formed, leading to grain growth; when the Si content is too high, the excessive thickness
of the amorphous phase can block connections between nanoscale grains, resulting in a simultaneous decrease in
hardness and toughness. Only when the content is near the optimal value can an ideal structure of “nanoscale grains
embedded in amorphous” be formed [1¢l. The HiPIMS technique, due to its extremely high ionization rate and peak power
density, can generate high-density metal ion bombardment, providing a powerful tool for fabricating high bonding
strength and high density nanocomposite coatings at lower temperatures, which is very beneficial for achieving fine
microstructural regulation. 251 Advanced multi-target magnetron sputtering techniques can also achieve self-assembled
growth of multilayer nanocomposite structures, such as the AICrNbSiTiN high-entropy nitride coatings produced by
single-target arc ion plating, which exhibit a modulation period of approximately 12.5 nm and an nc-HEN/a-Si3N4
nanocomposite structure, demonstrating extremely low wear rates (3.7x107*° mm3-N~*-m™) B3l As shown in Figure 2.
Microstructure of self-assembled multilayer coating of AICrNbSiTiN high-entropy nitride.
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Figure 2 Microstructure of self-assembled multilayer coating of AICrNbSiTiN high-entropy nitride.[3!

6. Evaluation and Characterization of Mechanical Properties

In order to verify the effectiveness of the strengthening design, multiple characterization methods need to be employed
for a comprehensive assessment of the mechanical properties of the coatings [26]. Hardness and elastic modulus are the
most fundamental mechanical indicators, typically measured using nanoindentation techniques [27. However, for a
strengthening design, simply looking at the hardness value is not sufficient. Researchers are more concerned with the
H/E ratio and H*/E? ratio [28]. These two parameters can more comprehensively reflect the behavior of the coating under
contact loads; higher H/E and H?/E? values typically indicate better wear resistance and toughness [14],

The direct evaluation of toughness is challenging in the field of films [29]. Traditional methods involve indentation testing,
which semi-quantitatively assesses fracture toughness by observing the length of cracks produced at the corners of
Vickers or Knoop indentations under high load [3°. More advanced techniques utilize focused ion beam processing
technology to fabricate micrometer-scale cantilever beams or micropillars, followed by bending or compressive testing
using a nanoindentation instrument or an in-situ mechanical testing platform to directly measure the fracture toughness
of the coatings [°l. A research team from TU Wien directly measured the fracture toughness of nc-TiN/a-Si3N4
nanocomposite coatings for the first time through micro-cantilever bending experiments, confirming that their KIC
value reaches 4.5+0.6 MPaVm, approximately 2.4 times that of traditional TiN coatings, while maintaining a high
hardness of 38+2 GPa [°. This direct measurement method provides reliable evidence for validating toughening
mechanisms. Additionally, the failure modes of the coatings observed during scratch tests can intuitively reflect their
toughness levels [26].

7. Performance of Tool Cutting Applications

The toughening advantages of nano-composite coatings are ultimately reflected in actual cutting processes [2]. Taking
the classic TiAlSiN coating as an example, the tool life when cutting hardened steel or titanium alloys usually far exceeds
that of the traditional TiAIN coating ['3]. Under the extreme cutting conditions of dry turning EN-8 steel, both TiAlISiN
single-layer coatings and AITiN/TiAlSiN double-layer coated tools exhibit excellent cutting performance [2l. During the
cutting process, the flank wear of TiAlSiN coated tools is noticeably smoother, and the depth of crescent-shaped wear is
shallower 31l. More importantly, thanks to their superior toughness, the coating’s ability to resist micro-chipping is
significantly enhanced under intermittent cutting or vibrating conditions [32l. As shown in Table 1. Wear length of Inserts
during HSM of BS L168Al alloy machining.

The dual-layer coating design (AITiN/TiAISiN) shows superior tool life compared to single-layer coatings [2. This
performance enhancement is attributed to the synergistic effect of the columnar structure of the AITiN intermediate
layer and the dense nanocrystalline structure of the TiAlSiN top layer [33]. Coating failure typically manifests as gradual
wear rather than sudden large-scale flaking, which is a reliable failure mode crucial for automated processing and
ensuring surface quality of the workpiece [13]. This strongly demonstrates that nano-composite coatings designed for
toughness can effectively meet the high wear resistance and reliability requirements for modern efficient cutting [34].

1008



World Journal of Advanced Research and Reviews, 2026, 30(02), 1005-1011

Table 1 Wear length of Inserts during HSM of BS L168Al alloy machining.[13!]

Insert Type Wear Length in pm Dry HSM | % of Improvement by TiAlSiN

1 | Uncoated 4787.53 92.75
2 | DLC Coated 1388.38 74.99
3 | AITiN Coated 799.09 56.56
4 | TiAlSiN Coated | 347.11 -

8. Current Challenges and Future Design Directions

Although nano-composite coatings have achieved significant success, they still face some challenges in research and
application [11. How to accurately and reproducibly control the nanoscale structure in large-scale industrial production
to ensure batch stability is an urgent problem to solve [20]. The coatings often exhibit high residual compressive stress,
which helps improve hardness, but excessive stress can reduce the adhesion strength between the film and the
substrate, leading to coating delamination; thus, stress management is crucial [!7]. Additionally, the stability of the
nanostructure during high-temperature cutting (i.e.,, the ability to resist grain growth and amorphous phase
decomposition) also directly affects the service life of the coating [8],

Looking forward, the design of nano-composite coatings is evolving toward greater diversification and intelligence (6.
High-entropy nitride nano-composite coatings represent an emerging hotspot, leveraging the design principles of high-
entropy alloys by introducing multiple principal metallic elements, potentially forming new nitride nanocrystalline
phases with more complex structures and unique properties [31. AICrNbSiTiN high-entropy nitride coatings with self-
assembled multilayer structures demonstrate excellent wear resistance and a distinctive crack propagation mechanism
8. By combining nano-composites with nano-multilayer structures to create composite coatings with periodic
interfaces, it is possible to further optimize mechanical performance through interface engineering [20. Another
significant direction is the development of nano-composite coatings with adaptive or self-lubricating functions [171.
Research indicates that high-entropy nitride coatings with an amorphous-nanocrystalline structure undergo friction
oxidation during high-speed dry cutting, dynamically forming tribo-oxides with thermal barrier and friction-reducing
properties, enabling tribological adaptability of the coatings [¢]. This adaptive behavior provides new design insights for
developing the next generation of intelligent tool coatings [18].

9. Conclusion

Nano-composite tool coatings have successfully broken the traditional contradiction between hardness and toughness
through meticulous design of their microstructures [13]. Their toughening mechanisms are based on the synergistic
effects of nanocrystalline strengthening, interface effects, and multiple toughening mechanisms [78l. By carefully
selecting material systems and accurately controlling preparation processes, coatings with excellent comprehensive
mechanical properties can be obtained, showing remarkable application potential in the machining of difficult-to-cut
materials [20-21], In the future, with the continuous development of high-entropy materials, self-assembling multilayer
structures, and adaptive coating design concepts, nano-composite coatings are expected to play a more critical role in
high-performance cutting, providing strong support for the green development and technological upgrading of the
manufacturing industry 141,
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