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Abstract: The continuous technological evolution of industry has intensified the 
role of machining processes, directly influencing product quality and industrial 
demands. Research in this field has long focused on friction during machining and 
the benefits of coatings in reducing energy consumption, improving workpiece 
quality, and extending tool life. Coated tools have been developed to overcome 
critical challenges, including thermal stability, corrosion resistance at elevated 
temperatures, and wear resistance under high speed machining. To meet these 
requirements, coating technologies have advanced, with methods such as CVD, 
PVD, and hybrid deposition gaining prominence. However, systematic evaluations 
of the performance evolution of TiAlN-based coatings doped with additional 
elements still require some attention from researchers. This review addresses that 
gap by examining the development of TiAlN coatings doped with elements like Mo, 
Si, Y, Ta, and Cr, as well as their combinations. It also discusses deposition 
techniques, thin film technologies, and their influence on coating performance. 
Finally, the paper outlines current trends, future research opportunities, and open 
challenges, providing insights relevant to both academy and industry. 

 Keywords: PVD sputtering; CVD; TiAlN; doping elements; hard coatings; cutting 
tools 

1. Introduction 

Machining plays a crucial role in the metalworking industry, which has experienced steady growth and has 
become an essential part of modern manufacturing. Sousa et al. expect this growth to continue in the coming years [1]. 
The aerospace and aeronautical sectors demonstrate the demand for complex, high precision parts [2,3]. Advanced 
5- and 6-axis machining meets these needs by enabling the efficient production of detailed components while 
reducing downtime and the number of setups required from raw material to final product [4,5]. Despite the 
development of new manufacturing processes, the injection moulding industry remains a significant part of 
production, accounting for over 30% of plastics worldwide [1]. While enabling the large-scale production of high 
quality products, the industry must continually improve and adapt to market demands to remain competitive [2–4]. 
Recent efforts have focused on making the process more sustainable and improving product quality, both of which 
are highly valued in today’s industry. Due to strong competition, research has centred on improving processes and 
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materials to enhance performance and energy efficiency [6]. Scientists are working to optimise machining and 
moulding parameters to reduce production time and costs, increase productivity, and ensure better product quality [7]. 
Wu et al. [8] emphasise the importance of optimising CNC operations for reducing costs, minimising defects and 
improving productivity. Current research focuses on improving process efficiency by reducing machining times 
and increasing tool lifespan through advanced coatings. Siddiqui et al. [9] introduced a self-lubricating textured 
tool that was tested on an Al6061-T6 alloy, and Dittrich et al. [10] used artificial intelligence and machine learning 
to automate parameter optimisation. Neural networks are often used to predict tool wear, supported by modern sensors 
for monitoring and diagnostics [11]. The integration of modern sensors with computational intelligence techniques 
has enabled the real time monitoring of operating conditions, helping to predict and mitigate of wear [12–14]. 
Ravikumar et al. [15] states that the growing interest in extending tool lifespan has driven the development of 
monitoring methods during the machining process. Efforts to extend tool lifespan have also driven advances in 
real time monitoring and autonomous machining. Genetic algorithms, adaptive fuzzy, and neural networks have 
been employed to optimise wear tolerance and cutting performance [16]. Studies such as [17,18] show that 
vibration data and acoustic emission signals, combined with advanced machine learning methods, allow accurate 
prediction of tool wear. In addition to coating materials, attention must also be given to the deposition process 
itself. Alongside tool coatings, deposition processes remain relevant. For example, early methods such as 
electroplating improved wear and corrosion resistance, but posed environmental concerns. Although galvanic 
processes such as electroplating can achieve the desired coating quality, they have significant environmental 
drawbacks [19]. They use baths that produce toxic heavy metals, harmful gases and waste, which can lead to severe 
water pollution from substances such as cyanides and metal ions [20–26]. Consequently, companies are increasingly 
adopting more sustainable alternative coating technologies, such as Physical Vapour Deposition (PVD) and Chemical 
Vapour Deposition (CVD), to reduce their environmental impact and eliminate solvent use [27,28]. PVD offers 
significant advantages: being ecofriendly, requiring low maintenance, and controlling the composition and 
structure of the films. It provides excellent adhesion, homogeneous layers, and the ability to deposit multi graded 
systems. Crucially, it operates at low temperatures (350–600 °C), making it ideal for heat sensitive substrates, and 
has lower overall energy consumption compared to CVD. In contrast, CVD requires much higher temperatures 
(750–1150 °C), resulting in higher energy consumption, especially concentrated in the heating phase, which is 
unfavorable in terms of cost and sustainability compared to PVD [29,30]. 

A detailed understanding of manufacturing techniques is required for the deposition of high performance 
coatings. This section begins with the fundamentals of PVD and CVD technologies (Section 1.1) and then details 
the most relevant PVD methods, such as evaporation (Section 1.1.1) and, in particular, sputtering (Section 1.1.2). 
Sputtering is the main focus of this study. 

1.1. Coatings Fundamentals (PVD and CVD) 

The first recorded attempts at thin film deposition date back to 1857, when Faraday conducted the first 
experiment involving the evaporation of metallic wires in a vacuum [31]. In 1887, Nahrwold et al. [32] achieved 
a significant milestone in the study of Joule heating phenomena, contributing to the understanding of the associated 
thermal processes. This was followed by Nahrwold’s successful reproduction of the process using Joule heating 
in 1887. The technology was scaled up for industrial use around 1946 after World War II. By 1958, Holland had 
documented its rapid growth in applications [33]. Although the concept of physical vapour deposition (PVD) dates 
back to the early 1900s, and a plasma-assisted form was patented over 80 years ago, it only became widely adopted 
in industry during the 1960s and 1970s [34,35]. PVD technology has continued to evolve, with improvements being 
made to vacuum, plasma and sputtering techniques, as well as to magnetic fields, thermal evaporation and arc 
methods. These advancements have enabled PVD films to be applied to a wider range of materials, thereby 
improving their mechanical properties. Nowadays, PVD remains a field of interest for scientists and industry 
alike [36]. New materials and techniques are continually being developed for applications in diverse sectors, 
including aerospace [37,38], electronics [38,39], automotive [40], and even fashion [41]. In the early 1960s, 
researchers in the USSR, first at the Kharkov Polytechnic Institute and later at the Paton Electric Welding Institute 
in Kiev, investigated PVD coating processes, producing both thin and thick films using aluminum (Al) and zinc 
(Zn) on steel substrates [42]. Reviews by Bunshah et al. [43] and Paton et al. [44] highlighted that thin films 
underwent more extensive development compared to thick films. In 1963, Mattox [45] reported on the ion plating 
technique, which attracted considerable attention due to its promising results. His work demonstrated that thin 
films could achieve excellent adhesion, even when the coating and substrate materials were mutually insoluble. 
According to Mattox [46], the PVD process is based on a deposition mechanism in which coatings grow atom by 
atom on the substrate. This involves the atomization or vaporization of material from a solid source (the target) 
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within a controlled environment, vacuum, plasma, gaseous, or electrolytic. Vacuum deposition chambers are 
particularly advantageous, as they minimize gaseous contamination, enable the formation of uniform films with 
smooth surfaces, and help prevent defects at sharp corners. Crucially, the intrinsic properties of the substrate can 
significantly influence the characteristics of the resulting thin film. 

Following Mattox’s pioneering work [45,46], the scientific community has continued to show strong interest 
in PVD technology, consistently validating and expanding upon his results. Subsequent research has focused on 
enhancing coating properties, improving deposition rates [47–49], and strengthening adhesion, with particular 
emphasis on the crucial role of initial surface cleaning to eliminate contaminants and avoid weak or defective 
coatings [50,51]. Key parameters such as deposition environment, grain size, and deposition rate directly influence 
coating performance, affecting hardness, Young’s modulus, morphology, microstructure, and chemical 
composition [52]. 

In recent years, significant progress has been achieved in PVD thin film coating technologies, particularly for 
nanocomposite transition metal carbide and nitride substrates [53–56]. Among gaseous state PVD techniques, the 
two most widely used are evaporation and sputtering. In both processes, particles are extracted from a target within a 
low pressure vacuum or plasma environment, subsequently directed and condensed onto the substrate [57]. 

Evaporation generally occurs in vacuum conditions with relatively low atomic energy, reducing gas 
adsorption during deposition. However, this process typically transfers larger grains and results in lower film 
adhesion compared with sputtering [29]. While evaporation achieves higher deposition rates, it is more suitable 
for producing thicker coatings with less stringent surface morphology requirements. Conversely, sputtering is favored 
in applications demanding high morphological precision, including accurate control over surface roughness, 
stoichiometry, and grain size. Nevertheless, sputtering can induce tensile stress during cooling [58–60]. Despite these 
limitations, sputtering remains one of the most widely adopted PVD techniques due to its reliability and ability to 
meet industrial performance requirements [61]. 

Over the past few decades, PVD deposition technology has been widely adopted for CNC milling and turning 
tools [62], which demand critical properties such as high temperature hardness, toughness, rigidity, abrasion 
resistance, and chemical stability [63–68]. PVD coatings provide several advantages, including (a) excellent 
adhesion; (b) controlled morphology; (c) uniform layer formation; and (d) a broad spectrum of tunable material 
properties [69–73]. The performance of thin films is strongly influenced by the mechanical characteristics of the 
substrate and by the property gradient that exists between the coating and the underlying material [74–78]. This 
technology has also been extensively applied to metallic substrates that require properties such as wear resistance, 
high hardness [79], corrosion resistance, and low friction [73]. One of the key advantages of PVD is its ability to 
combine these attributes within a single coating, allowing the performance to be tailored to meet the specific 
demands of different industrial applications [28,80,81]. 

As previously described, PVD is a coating technique that allows the deposition of either single layer or 
multilayer films of target materials onto a substrate, as further detailed in this study. The coating thickness alters the 
mechanical, tribological, thermal, optical, and electrochemical performance. The effects depend on the type of 
coating, deposition method, and the substrate [82–84]. Thicker coatings increase wear resistance and extend the 
lifespan, however, excessive thickness can cause failures due to increased internal stresses [85–87]. Effective 
hardness results from the combination of substrate and coating, therefore the thickness must be optimized to avoid 
brittleness or premature fracture. High residual stresses, which increase with thickness, can hinder film adhesion and 
cause delamination. Furthermore, coatings must be thick enough to provide effective thermal insulation and oxidation 
resistance, contributing to greater thermal stability and the ability to operate at higher cutting speeds. The balance of 
thickness influences film efficiency. For example, Arturo et al. [88] studied the main metrics for a thickness on a 
scale of 1–10 µm and concluded that there was an influence on wear and durability under load. Ponte et al. [89] 
studied the main metrics affected for a thickness between 2–10 µm and also concluded that there was an influence on 
the surface hardness obtained, as well as an improvement in edge protection, and greater resistance to tool wear. The 
resulting coating thickness can range from just a few nanometers to several micrometers, depending on multiple 
physical parameters of the deposition process. These include chamber pressure, reactive gas composition, target 
power, temperature, target material, as well as cleaning and deposition times. Each deposition method operates under 
specific conditions, carefully optimized for both the substrate and the intended performance of the final coating [90]. 
Although sputtering typically achieves lower deposition rates than evaporation, its quality and deposition efficiency 
have improved considerably over the years. This progress, combined with its ability to satisfy both industrial and 
research requirements, has led to its widespread adoption. Moreover, sputtering can be used as an interlayer to 
improve adhesion between the substrate and the deposited material, or as part of a hybrid approach when combined 
with other techniques such as chemical vapor deposition (CVD) [91]. 
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CVD, another widely applied vacuum deposition method, relies on chemical reactions to form solid films on 
a substrate. Similar to sputtering, it can serve as an interlayer to enhance durability, reduce friction, and improve 
thermal stability. By integrating PVD and CVD layers, it is possible to combine the strengths of both methods, 
producing coatings with superior mechanical, thermal, and wear resistant properties [91–93]. Advancements in 
coating analysis techniques, evaluating properties such as adhesion, corrosion resistance, wear resistance, and 
friction coefficients, have also received considerable attention, with researchers striving to make these assessments 
more efficient and cost effective [65]. 

In parallel, the use of numerical simulations and mathematical modeling has grown steadily, serving as 
valuable tools to optimize deposition parameters and enhance coating performance. Such approaches not only 
demonstrate the potential to reduce process costs significantly but also contribute to improving the mechanical 
properties of thin films [94–98]. 

PVD coatings can be categorized into several types: (a) monolayer; (b) bilayer; (c) multilayer; (d) nanolayer; 
(e) gradient; and (f) nanocomposite coatings. They may also incorporate specialized alloys with tailored 
compositions and structures, as will be discussed in detail later [1]. The ability to continuously adjust coating 
properties across different layers provides remarkable flexibility, enabling adaptation to a wide range of industrial 
applications [99–104]. This versatility has driven continuous refinement and expansion of deposition techniques, 
giving rise to numerous variants. Figure 1 provides a structured, hierarchical overview of the main techniques for 
depositing thin films from the gas phase. This overview is central to materials science and engineering and 
facilitates an understanding of the complexity and diversity of the coating methods covered. Also allows us to 
identify the relationships between high-level methodologies, such as PVD (physical vapor deposition), CVD 
(chemical vapor deposition), and IBAD (ion beam-assisted deposition), and their specific subdivisions, such as 
evaporative (resistive and e-beam) and sputtering (magnetron, DC, and RF). Among these, sputtering and 
evaporation remain the most extensively studied and widely applied methods for thin film deposition, owing to 
their proven reliability and adaptability. 

 

Figure 1. Surface coating methods. 
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In PVD techniques, carried out within a vacuum and under gaseous plasma conditions, the target material 
undergoes a physical–thermal process that transforms it into atomic particles. These particles are subsequently 
directed toward the substrate, where they condense or accumulate to form a physical coating. Figure 2 illustrates 
the sputtering deposition process, a PVD method. It details how ions from an inert gas bombard the target, releasing 
atoms that are deposited on the substrate to form the film. 

 

Figure 2. Schematic drawing of conventional PVD Sputtering process. 

1.1.1. Evaporation Systems 

The evaporation technique is a physical process in which the target, composed of the material to be deposited, 
acts as a cathode and serves as the evaporation source. This system can evaporate various materials depending on 
the power of the electron beam. Particles are released through electron bombardment in a vacuum environment. 
Gas molecules introduced into the reactor collide with the released particles, creating plasma. The resulting coating 
layers are deposited in a compressed manner, enhancing the film’s adhesion to the substrate [50,62,63,65,66]. 

For instance, Arc Vapor Deposition [105] utilizes a high current, low voltage arc to vaporize either the anode 
electrode (anode arc) or the cathode electrode (cathode arc). The vaporized particles, being highly ionized, are 
deposited onto the substrate, which is positioned at an angle to optimize deposition and accelerate the process. In 
the Electron Beam (E-Beam) process, an electron gun is employed to vaporize the coating material, while a 
magnetic field directs the electrons from the gun to the target [106]. 

1.1.2. Sputtering Systems 

The most widely used thin film deposition technique is PVD sputtering with DC magnetron [29]. In this 
process, the raw material, shaped as a target, is placed near a magnetron within a vacuum chamber. After 
depressurizing the chamber, an inert gas is introduced and accelerated by a high voltage applied between the target 
and substrate, directed towards the magnetron. This causes atomic sized particles to be ejected from the target, 
propelled by the kinetic energy transferred to the gas ions. These particles collide with the target and are projected 
onto the substrate, forming a solid thin film. This technique also allows for substrate cleaning, which eliminates 
localized contamination by reversing the voltage polarity between the target and substrate—a step known as 
cathodic cleaning [58]. 

To ensure proper film adhesion during the deposition process, substrate preparation is crucial. The first step 
involves cleaning the substrate, often performed in an ultrasonic bath outside the vacuum chamber [107]. If precleaning 
is not feasible, the sputtering vacuum chamber enables cleaning and subsequent coating deposition [58,107]. However, 
this cleaning phase is a disadvantage compared to other methods, as it is time-consuming, increasing the final 
product cost. Process times, along with setup times, significantly affect the overall cost. The cycle time must 
account for the vacuum chamber size and the capacity of the bombardment system [75]. 

Key parameters influence the success of the deposition process in terms of both cost and coating quality. For 
instance, the deposition rate is critical and depends on optimizing plasma density and the energy available during 
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the process. Careful consideration of all essential parameters ensures the best combination to optimize the process 
for both quality and cost [108]. Once the setup is complete and the substrates are placed inside the vacuum 
chamber, the deposition process progresses through four stages, as illustrated in Figure 3. 

The PVD sputtering process involves four key stages: 
• Ramp up stage: During this stage, the chamber’s temperature gradually increases while pressure decreases 

using a vacuum pump system. Typically, sputtering reactors employ two pumps: one for achieving primary 
vacuum (up to 10−5 bar) and another for high vacuum (up to 10−7 bar); 

• Etching: This critical step ensures coating quality by enhancing film adhesion to the substrate. Plasma ions 
bombard the substrate, cleaning its surface of contaminants. Substrate properties, such as material 
composition, surface quality, and hardness, also play a significant role in adhesion [109,110]; 

• Coating thin films: The thin film forms as the deposited material accumulates on the substrate. Commonly 
used materials include titanium, zirconium, and chromium nitrides or oxides; 
Ramp Down stage: This stage requires careful control to preserve coating quality. The chamber returns to 

ambient temperature and pressure, aided by a cooling system (chiller). While necessary, the cooling process 
increases energy consumption and reduces production rates. 

 
Figure 3. The processing flow for a classic PVD sputtering process. 

There is a growing awareness of the need to protect the planet. Global concerns are focused on reducing 
energy consumption and production costs [111]. This shift is driving policies that encourage innovation in 
industrial processes. To enhance efficiency and optimize operations, new techniques and reactors have been 
developed, offering varied combinations and derivations. 

One such advancement is High Power Impulse Magnetron Sputtering (HiPIMS) [112], a variation of PVD 
sputtering that employs short, high power current pulses to generate plasma. According to Gudmundsson [113], 
HiPIMS yields thin films with superior adhesion, higher density, and better overall quality compared to 
conventional DC or RF sputtering. Supporting this, Ghailane et al. [114] reviewed architectural design innovations 
in hard coatings achieved through HiPIMS, highlighting its potential in industrial applications. 

Hybrid approaches also show promise. For instance, Geng et al. [115] combined magnetron sputtering with 
ion beam sputtering, producing films with high density and low roughness. Such hybrid methods underline the 
significance of optimizing key deposition parameters, including substrate polarization, frequency, global pressure, 
reactive gas partial pressure, duty cycle, gas type and volume, potential difference between the target and substrate, 
target power, temperature, and others. 

Another noteworthy technology is Pulsed DC Magnetron Sputtering (PDMS), as explored by Greczynski et 
al. [116]. This variation of DC sputtering uses short, high power pulses to generate plasma, resulting in improved 
film quality, reduced arcing, and more efficient target utilization. 

Recent studies further illuminate the impact of advanced techniques. Dong et al. [117] investigated the role 
of pulse frequency on film growth and properties. They found that increasing pulse frequency reduced deposition 
rates and transformed film microstructures from strongly columnar to column free and nearly fully dense. 
Additionally, film surfaces evolved from rough to smoother as frequency increased. 

The review seeks to expand the academic understanding of TiAlN-based coatings for cutting tools by 
exploring the state of the art in doping elements, improvements in coating mechanical properties, and future 
challenges from an industrial perspective. It will also outline possible future studies to enrich research on this 
topic. TiAlN-based coatings will be organized into sections to ensure clarity and readability. 
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2. Coating Types—Architecture/Design 

As previously discussed in this work, coatings can be designed with various architectures depending on their 
intended function. The microstructure and mechanical properties of these coatings are influenced by both their 
architectural design and chemical composition. Figure 4 illustrates several types of coatings applied to substrates, 
showcasing the following configurations: (a) Single layer coating; (b) Double layer coating; (c) Gradient coating; 
(d) Multilayer coating; (e) Nanolayer coating; and (f) Nanocomposite coating. Each type of coating architecture 
offers specific advantages and performance characteristics, tailored to meet the demands of different applications. 
For instance, single layer coatings might be suitable for simpler protective needs, while nanolayer and 
nanocomposite coatings offer advanced properties, such as higher hardness, reduced friction, and improved wear 
resistance. These variations underline the importance of selecting the appropriate coating architecture to optimize 
performance in accordance with the substrate’s intended use. 

(a) Single-layer coating (b) Double-layer coating (c) Gradient coating 

 
(d) Multilayer coating (e) Nanolayer coating (f) Nanocomposite coating 

Figure 4. Different types of coating structure applied to substrates adapted by [1]. 

If the tool is expected to operate in an environment or under stress conditions that could lead to cracking, a 
Multilayer coating is recommended over a Single layer coating. This is due to the recognized advantage of 
Multilayer coatings in resisting crack propagation. Unlike Single layer coatings, Multilayer structures create 
barriers that slow or prevent the spread of cracks, enhancing the tool’s durability and performance. 

However, the number of layers in the coating must be carefully controlled to avoid negatively affecting other 
critical properties. For instance, the number of layers directly influences the hardness of the coating. It is, therefore, 
crucial to optimize this parameter to meet specific application requirements [62,65]. Figure 5 illustrates the typical 
patterns of crack propagation based on the coating structure, highlighting the superior resistance provided by 
Multilayer coatings compared to Single layer alternatives. 

 

Figure 5. Common Crack propagation in coating structure adapted by [1]. 

When depositing the first layer of a coating, it is crucial to evaluate the need for an adhesion promoting layer, 
even if the elements used differ from those in the subsequent layers. Du et al. [104] investigated the impact of Cr 
and Ti interlayers on the structure of TiAlN-based coatings. In their study, four types of coatings with Cr and Ti 
interlayers on hard metal substrates were examined. The Cr interlayer displayed a mixed morphology of columnar 
and equiaxed crystals, while the Ti interlayer exhibited a predominantly columnar morphology. When comparing 
adhesion performance, the Cr interlayer demonstrated superior adhesion. 
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The elements incorporated into the coating layers impart diverse properties to the substrate, such as enhanced wear 
and corrosion resistance, improved thermal conductivity, and more. Studies by several authors [104,105,118–121] 
indicate that TiAlN coatings are well suited for high speed machining due to the formation of an oxide layer at the 
tool workpiece interface, which provides high oxidation resistance to the coating. 

This work aims to present the state of the art and the evolution of TiAlN-based coatings, assessing the 
intrinsic properties of various coatings. A comprehensive review of studies by other researchers will highlight 
applications in the industrial context, particularly in machining processes like turning and milling. The focus will 
be on the properties acquired through TiAlN-based coatings and their progression when doped with additional 
elements. Detailed analyses will be provided on their structure, micro structure, chemical composition, and the 
influence on mechanical properties such as hardness and Young’s modulus (elasticity). 

Furthermore, studies examining the performance of these coatings, the mechanisms of wear, and their impact 
on energy consumption in machining will be analyzed. This will help identify pathways to enhance machining 
efficiency and extend tool lifespan [121]. 

3. Influence of the Dopant Elements in TiAlN-Based Regarding the Coating Types Architecture 

Since its development in 1970, TiAlN coating has proven to be an effective solution for enhancing tool 
performance and durability, especially in high speed machining applications. Renowned for their beneficial 
properties and reliability, TiAlN and its derivatives remain a focal point of interest for both industry and the 
scientific community. Recent advancements, highlighted in contemporary studies, show that the introduction of 
novel doping elements has further enhanced the performance of TiAlN-based coatings. 

Compared to multilayer architectures, single-layer coatings have more homogeneous microstructures and 
easier-to-control residual stresses, offering good thermal stability and competitive performance in specific 
applications. However, multilayer systems benefit from greater resistance to crack propagation due to internal 
interfaces, as well as improved properties such as hardness and adhesion to the substrate. 

This section explores these developments by presenting studies that investigate the effects of various dopants, 
including Silicon (Si), Tantalum (Ta), Yttrium (Y), Chromium (Cr), Molybdenum (Mo), Vanadium (Va), and 
Ruthenium (Ru). The discussion is structured according to the coating architectures depicted in Figure 5, with 
particular attention to the resulting mechanical properties, such as hardness, Young’s modulus, wear resistance, 
and their implications for tool lifespan. The analysis begins with coatings featuring Single layer structures, 
progresses to Multilayer designs, and concludes with nanolayer configurations. 

3.1. Single Layer Coating 

Yang et al. [122] presented, in their study of TiAlN-based films, the influence of the addition of the Mo element. 
In the work, the authors varied the amounts of Mo. In this study, the mechanical properties of each set of samples 
were analyzed, as well as the microstructure of the TiAlMoN films. The authors stated that hardness and Young’s 
Modulus increased with increasing Mo addition. The maximum hardness value achieved for the 12.1% Mo content 
was 50 GPa and the Young’s Modulus value was 610 GPa. The authors also studied microstructure obtained using 
SEM images of the coating’s cross section and concluded that the structure of the film with a content of 2.8 at.% 
presents some non-uniform columnar grains. For a content of 12.1 at.% a columnar structure is observed. They also 
concluded that the wear behavior of TiAlMoN films did not increase with the Mo content according to the analysis 
of wear performance through the H/E ratio (hardness/Young’s Modulus). Tomaszewski et al. [123] also study the 
influence of the addition of the Mo element. The results showed that the coating with 7.7 at.% Mo, had significant 
improvement in the coating wear behavior, as well as corrosion resistance. 

Yi et al. [124] studied the influence of adding the element Ni to TiAlN-based coatings because, according to 
the authors, the addition of Ni influences the microstructure, like Mo. In their study, three sets of AlTiN-Ni samples 
with different Ni contents were used. Subsequently, these samples were tested in the turning process with the 
Inconel 718 material. The contents studied were 0%, 1.5%, and 3% Ni. In this study, the deposition process was 
PVD cathodic arc evaporation. The structure obtained was columnar with clear evidence of the importance of Ni 
in promoting the homogenization of the structure, nanocrystalline. The hardness and Young’s modulus values 
obtained showed that they decreased with increasing Ni content. The authors also observed that the toughness of 
the coating with the 1.5 at.% Ni was the highest, having a 160% increase in tool life. 

Liu et al. [125] studied the influence of adding the element Ruthenium (Ru) with different Ruthenium contents: 
0%, 7% and 15% in TiAlN-based coatings. Like the study done by Yi et al. [124], the influence of the addition of the 
Ru element promoted homogenization of the microstructure. With increasing Ru content, the structure changed from 
columnar to a homogeneous structure. The mechanical properties were also studied and, according to the authors, for 
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a content of 7% Ru the hardness and Young’s Modulus were 33.15 GPa and 498.55 GPa respectively. Therefore, 
there was an increase. However, for a 15% Ru content, the hardness and Young’s Modulus decreased slightly even 
when compared to the TiAlN base coating. 

Aninat et al. [126] studied the effects caused by the addition of the elements Tantalum (Ta) and Yttrium (Y) 
to TiAlN-based coatings. Coating with the addition of Y showed an increase in hardness values. Ta did not have 
a significant influence on the mechanical properties, only having an influence on the amount of residual 
compressive stresses. These stresses are linked to the wear behavior of the coating. In summary, the authors 
concluded that Ta-doped coatings obtained better wear behavior, while Y-doped coatings obtained better 
mechanical properties. Chandra et al. [127] studied the influence of the thickness of the TiAlN coating. They 
concluded that the mechanical properties changed little with the variation in thickness, with an insignificant 
decrease with the increase in thickness. However, regarding residual stresses, these are greatly influenced by the 
thickness of the coating. For example, residual stress increases with decreasing thickness. Therefore, the authors 
state that there are greater stresses for thinner coatings. 

Das, S. et al. [128] studied another element, Silicon (Si), in this work, the authors concluded that the Si doping 
element in the TiAlN coating causes a significant increase in mechanical properties, such as hardness and Young’s 
Modulus. They also found an improvement in wear behavior when compared to the TiAlN coating. In this scientific 
work, two TiAlN coatings with a high aluminum content, with different structures, were studied. One of the 
coatings had a fine-grained structure, with cubic and hexagonal faces, the other had a coarse-grained structure with 
cubic faces. Despite the films having a similar chemical composition, the difference in structure caused a different 
reaction regarding thermal behavior, with emphasis on controlling the coating structure to obtain the desired result, 
regarding thermal stability. 

3.2. Multilayer Coating 

In industry, where machining is predominant, tools with multilayer coating are widely used. These coatings 
allow you to combine different properties to optimize the process, improve machining quality and increase tool 
life. Another advantage is associated with the growth of cracks with its multilayer structure, with this type of 
structure the growth of cracks is very reduced [65]. This characteristic becomes very attractive for industry, 
particularly for the milling and turning sector [129]. 

In a recent study, Zhang et al. [130] improved the TiAlN-based multilayer coating by making combinations 
of Ti/TiAlN, TiAlN/TiN, and TiN/TiAlN for coating thicknesses of 0.15 and 0.3 µm. In this study, the authors 
studied cyclic oxidation and in relation to the results, it was noted that the coating with the thicker Ti layer had an 
increase in compressive residual stress and did not present cracks due to the thicker ductile Ti layers. Çomakli [131] 
carried out a study, comparing the mechanical and corrosion properties of tools coated with TiN, TiAlN and 
TiAlN/TiN multilayers. According to the authors, they concluded that the multilayer coating presented a smoother 
surface, with a smaller grain, compared to the other coatings studied. The hardness increased due to the number 
of layers, in line with what has been documented in works by other authors [65,129]. In this work, the authors also 
concluded that the friction coefficient decreased, leading to a lower wear rate. This conclusion is in line with the 
results of another study previously carried out by Çomakli, where the use of chromium nitride (CrN) is studied. In 
this study, the author compares the mechanical properties and wear performance with the TiAlN monolayer coating 
and concludes that reducing the friction coefficient improves the wear behavior and coating properties. 

Liu et al. [132], studied multilayer coatings to mitigate some problems associated with significant energy 
losses and machine failures due to friction and wear of some components. The use of multilayer coatings can 
combine different dopings with different physical and chemical properties in order to improve some coating 
properties. Their work reviews multilayer coatings, including transition metal nitride coatings, diamond like 
carbon-based coatings, and other multilayer coatings. The authors concluded that there are still many problems to 
be resolved and this is a valid reason for research in this area to evolve. They also found that coatings with 
multilayer structures have a much lower Coefficient of Friction (COF) when compared to multilayer coatings with 
different structures or single layer coatings. 

Zhang et al. [133] concluded in their study that the addition of Ti intermediate layers improved the wear 
performance of the multilayer coating. Shugurov et al. [134] when studying the influence of TiAl interlayers on a 
TiAlN-based multilayer coating and the most appropriate thickness, they concluded that the most favorable results 
were three TiAl interlayers and four TiAlN layers, with thicknesses of 0.2 and 0.6 µm respectively. This work is 
a reference for other research work because the method used can be used in a wide range of applications, 
particularly in machining. The use of Ta as doping in the TiAlN-based coating with multilayers and different 
thicknesses was the focus of study by some Silva et al. [135]. Shang et al. [136] studied the properties obtained 
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with the thin film with TiAlN/Ta multilayers being distributed as follows: (a) one layer of TiAl; (b) another of 
TiAlN and the last of Ta. In this work, the results were compared with monolithic TiAlN coatings, concluding that 
the coating under study had higher hardness and Young’s modulus, 31 GPa and 315 GPa respectively, 
corresponding to an increase of 29% and 47% respectively. According to the literature, the element, Ta, is a ductile 
material and due to this characteristic, it can dissipate energy through deformation, making the propagation of 
cracks difficult. This element also provides better thermal stability. These last two studies [135,136] show that the 
element, Ta, improves the wear behavior of the TiAlN-based coating, meeting the recognized characteristic of Ta, 
ductility. The results obtained with the coating can be replicated with other substrates, with different properties, 
according to the study by Zhao et al. [137]. In this study, coatings were tested with 2, 5, 7 and 10 alternating layers 
of TiAlSiN whose deposition process varied the chamber pressures to obtain different hardnesses, 0.08 and 0.2Pa. 
The authors highlighted in the results the hardness and Young’s modulus with the highest value was obtained with 
the highest chamber pressure, 0.2 Pa. However, the best result regarding resistance to plastic deformation and 
consequently the lowest wear rate was obtained in the coating with 5 layers. Coatings with 5 or more layers had 
similar wear rates. 

Baptista et al. [138] compared the performance of TiAlSiN coatings, deposited by HiPIMS, on tools used for 
milling Duplex Stainless Steel (DSS). The work focused on structural distinction, comparing a single layer 
configuration with an optimized multilayer structure. Machining results showed that the multilayer structure 
exhibited better performance, consistently demonstrating better surface quality and less sustained wear (flank and 
overall), especially under longer cutting length conditions (10 m). At the mechanical level, the multilayer structure 
promoted greater hardness and greater adhesion resistance, resulting in smoother wear mechanisms (predominance 
of light adhesion and abrasion). The authors concluded that the multilayer architecture is fundamental to 
maximizing wear resistance and tool lifespan when machining DSS. 

The scientific community has also shown interest in multilayer nano coatings due to the ability to obtain very 
thin layers. Next, the work that has been done regarding nanolayer coatings will be explored. 

3.3. Nanolayer Coating 

One of the characteristics associated with nanolayer coatings is their ability to resist crack propagation. Due 
to the greater number of layers, these coatings have greater resistance to crack propagation, and normally also have 
higher hardness values. The most recent studies focused on new monolayer coatings based on TiAlN, together 
with doping elements such as Mo, Ta, Y and Cr, show a significant improvement in mechanical properties. Next, 
some work will be presented involving the application of machining, turning and milling, with coated tools, 
emphasizing the types of wear that the tools are subject to. For example, Bonu et al. [139] did a study comparing 
Ti/TiN and TiAl/TiAlN, nanometer scale, ultrathin multilayer coatings. These coatings provided better mechanical 
resistance, higher hardness, better adhesion and better anticorrosion performance. The erosion resistance of the 
studied coatings was significantly higher when compared to the studied substrate, Ti6Al4V. Corrosion resistance 
improved by approximately 3.5% when compared to the Ti6Al4V substrate in NaCl solution. In nanolayer coatings 
the height of the layers is smaller compared to normal multilayer coatings. For this reason, for a coating with the 
same thickness, the nanolayer coating has a greater number of layers. This fact helps to improve the hardness, as 
well as the resistance to crack propagation of the coating. Wang et al. [140] studied the influence of layer thickness 
on TiN/TiAlN nanolayer coatings, carrying out the characterization, observing the mechanical properties and wear 
behavior. In this work, the authors were able to define the size of the layer thickness by controlling the rotational 
speed of the coating deposition. The authors determined the thickness in order to obtain the best mechanical 
properties, such as hardness and Young’s modulus. Like the characteristic of the nanolayer coating, it also 
improved resistance to crack propagation. 

Table 1, presents a studies summary that investigates the effects of various dopants, including Silicon (Si), 
Tantalum (Ta), Yttrium (Y), Chromium (Cr), Molybdenum (Mo), Vanadium (Va), and Ruthenium (Ru), for 
different coating types. 

Following a SWOT analysis of the studies mentioned in the previous table, which relates the type of coating 
to the addition of doping elements, the strengths, weaknesses, opportunities and threats are presented. 

The identified forces are: 
• The introduction of doping elements in the thin film deposition process improves the characteristics and 

properties of coatings. For example: (a) Wear Resistance: Ta, Cr, and V help increase wear resistance; (b) 
Corrosion Resistance: Ta, Cr, Y, Ru, and Si increase the coating’s resistance to oxidation and corrosion in 
aggressive environments; (c) High Temperature Stability: Ta, Y, Si, and Cr improve the coating’s high 
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temperature performance, providing thermal stability; (d) Mechanical Properties: Cr, V, Ru, Si, Mo, and Y 
increase hardness and strength; (e) Adhesion: Y helps improve adhesion and grain structure. 

• Coefficient of Friction (COF): Reduced with multilayer coatings (TiAlN, TiSiN). 
• Crack Propagation: Reduced with multilayer coatings, nanolayers, and nanocomposites. 

Table 1. Main results for different types of TiAlN-based coatings. 

Coating Type Study/Authors Dopants/Interlayer 
Material Key Results & Performance Impact 

Si
ng

le
 la

ye
r c

oa
tin

g 

Yang et al. [122]  Mo (Molybdenum) 

Increased hardness (max. 50 GPa) and Young’s Modulus 
(max. 610 GPa) with 12.1% Mo. Structure altered to 
uniform columnar. Wear behavior did not improve 

proportionally with Mo content. 

Tomaszewski et al. 
[123]  Mo (Molybdenum) 

Maximum improvement in wear and corrosion resistance 
with 7.7% Mo. 

Yi, J. et al. [124]  Ni (Nickel) 
Better structural homogenization with 1.5% Ni, 160% 
increase in tool life. Hardness and Young’s Modulus 

decreased with higher Ni content. 

Liu et al. [125]  Ru (Ruthenium) 
Structural homogenization increased with Ru. Hardness 

and Young’s Modulus increased with 7% Ru but 
decreased at 15%. 

Aninat et al. [126]  Ta (Tantalum) and Y 
(Yttrium) 

Ta improved wear behavior; Y increased mechanical 
properties such as hardness. 

Chandra et al. [127] Coating thickness 
Residual stresses increased with thinner coatings, affecting 

wear behavior. 

Das, S. et al. [128]  Si (Silicon) 
Significant increase in hardness and thermal stability; 

improved wear behavior. 

M
ul

til
ay

er
 c

oa
tin

g 

Zhang et al. [130]  Ti/TiAlN, TiAlN/TiN, 
TiN/TiAlN 

Thicker Ti layers increased compressive stress and 
improved cutting performance. 

Çomakli [131]  TiN, TiAlN, TiAlN/TiN 
Multilayer coatings showed lower friction coefficient and 
wear rate, with increased hardness due to layer number. 

Liu et al. [132]  Multilayers with different 
materials 

Multilayer coatings had significantly lower Coefficient of 
Friction (COF). 

Shugurov et al. [134] TiAl interlayers Best performance with 3 TiAl and 4 TiAlN layers. 

Silva et al. [135]  TiAlTaN 
The study focuses on TiAlN-based coating with 

Multilayers and different thicknesses. 

Shang et al. [136];  Ta (Tantalum) 
29% increase in hardness and 47% in Young’s Modulus. 
Improved thermal and wear behavior due to Ta ductility. 

Zhao et al. [137]  TiAlSiN 
5 layer coatings showed the lowest wear rate. Best 
performance obtained at 0.2 Pa chamber pressure. 

N
an

ol
ay

er
 c

oa
tin

g 

Bonu et al. [139]  Ti/TiN and TiAl/TiAlN 
Improved mechanical and anticorrosion resistance 

compared to Ti6Al4V. Nanolayers increased hardness and 
crack propagation resistance. 

Wang et al. [140]  TiN/TiAlN 
Layer thickness directly influenced mechanical properties. 
Optimal thickness determined for maximum hardness and 

Young’s Modulus. 

Weaknesses include: 
• Complex processes that are sensitive to deposition parameters, as well as the technology used. 
• High cost and difficult control of thin layers. 
• Residual stresses introduced during the deposition process can reduce adhesion—Lack of homogeneity 

between very thin layers. 
• Performance is not always proportional to doping. 

Opportunities include: 
• Applications in high performance sectors such as aerospace and automotive. 
• Integration with simulations and computational optimization. 
• Development of new multicomponent systems. 
• Advances in nanotechnology and surface engineering. Multilayer systems with different doping elements to 

improve coating performance. 
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Threats include: 
• Competition from alternative technologies, such as CVD, which also offer good results. 
• Thermal failures limit industrial use. 
• Dependence on critical and expensive materials (such as the doping elements chromium (Cr), vanadium (V), 

ruthenium (Ru), silicon (Si), molybdenum (Mo), tantalum (Ta) and yttrium (Y), among others). 
• Lack of process standardization. 
• Difficulties in finetuning the deposition process parameters to optimize it. 
• Excessive complexity without proportional gains. 

4. Concluding Remarks 

The importance of hardfacing cutting tools for preserving edge integrity, reducing friction and lowering 
temperatures during the machining process is widely recognised, and several studies on TiAlN-based coatings 
have already been conducted. However, the scientific community still lacks a clear understanding of the correlation 
between the various parameters that influence their efficiency. 

After analyzing the values obtained in reviewed works, in general, the introduction of elements in the coating 
process brought significant improvements. The most relevant were the following: In corrosion resistance, the 
improvement ranged between 10–15%, hardness was between 25–30%, and Young’s modulus was 40–50%, thermal 
resistance 15–20%, coefficient of friction was between 20–30%, improving the tool lifespan above 130–150%. 

Therefore, it is necessary to continue studies and testing on coatings for cutting tools, for instance: 
• adding the dopant element according to the desired properties to achieve a good functional response and thus 

extend tool lifespan. Also, combining different types of coating structure applied to substrates with a single 
dopant or different dopants; and 

• testing different deposition technologies for the same type of coating, such as PVD sputtering and HiPIMS. 
Comparative studies between these two technologies should include the cost per tool, taking into account the 
deposition process, tool lifespan and machining quality achieved. 

• a detailed analysis of TiAlN-based coatings confirms that optimising properties such as wear resistance 
(via dopants such as Ta, Cr and V) and thermal stability (via Ta, Y and Si) is dependent on modifying the 
elements and microstructure. However, future research should consider more than just the optimisation of 
individual properties. 

• a detailed lifespan analysis should be conducted to compare established TiAlN systems (and their doped 
variations) with emerging AlCrN or AlTiCrN systems, in order to determine their long-term sustainability, 
economic viability and technical performance. 

• furthermore, it would be important to investigate the impact of using multiple dopants rather than a single 
dopant on reducing the coefficient of friction (COF) in multilayer systems at high temperatures. This would 
help to simulate more rigorous industrial operating conditions and identify compositions that maximise 
energy efficiency. 

• The most promising technological frontier lies in the integration of Artificial Intelligence (AI)-based 
deposition control for predictive optimisation, which is essential for overcoming the limitations of the trial-
and-error method. This is done by correlating process parameters with the final properties of the coating in 
real time. 
Future research should focus on bridging the gap between laboratory-scale deposition and industrial-scale 

deposition. It is also important to validate optimal doping and process parameters in high-volume production 
environments. 
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