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Abstract

:

In the realm of industries focused on tribology, such as the machining industry, among others, the primary objective has been tribological performance enhancement, given its substantial impact on production cost. Amid the variety of tribological enhancement techniques, cathodic arc evaporation physical vapour deposition (CAE-PVD) coatings have emerged as a promising solution offering both tribological performance enhancement and cost-effectiveness. This review article aims to systematically present the subject of CAE-PVD coatings in light of the tribological performance enhancement. It commences with a comprehensive discussion on substrate preparation, emphasizing the significant effect of substrate roughness on the coating properties and the ensuing tribological performance. The literature analysis conducted revealed that optimum tribological performance could be achieved with an average roughness (Ra) of 0.1 µm. Subsequently, the article explores the CAE-PVD process and the coating’s microstructural evolution with emphasis on advances in macroparticles (MPs) formation and reduction. Further discussions are provided on the characterization of the coatings’ microstructural, mechanical, electrochemical and tribological properties. Most importantly, crucial analytical discussions highlighting the impact of deposition parameters namely: arc current, temperature and substrate bias on the coating properties are also provided. The examination of the analyzed literature revealed that the optimum tribological performance can be attained with a 70 to 100 A arc current, a substrate bias ranging from −100 to −200 V and a deposition temperature exceeding 300 °C. The article further explores advancements in coating doping, monolayer and multilayer coating architectures of CAE-PVD coatings. Finally, invaluable recommendations for future exploration by prospective researchers to further enrich the field of study are also provided.
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1. Introduction


Over the years, the concept of tribological performance has received significant attention from industrial practitioners, particularly in the machining [1], mining [2], and agricultural sectors [3]. This is driven by the need to improve the production efficiency and minimize production cost [4,5]. In the decision-making process for selecting materials for tribological applications, tool steel is the first resort of most industrial practitioners due to its hardness, toughness, wear resistance and cost-effectiveness [6]. However, over the course of time, the tribological performance offered by these tool steels cannot sustain the desired production output and product quality [7,8]. Consequently, this has prompted researchers to explore different tribological performance enhancement techniques [9,10].



The earliest tribological performance enhancement techniques were aimed at the bulk hardening of the tool steel. These include processes such as heat treatment (multiple austenitization and tempering) [11,12] and cryogenic treatment [13,14]. However, these processes are energy and time-consuming [15,16]. Additionally, the resulting tribological performances were still insufficient and did not correlate with the expended cost [17]. Moving forward, the next tribological performance enhancement techniques were designed to harden the surface of the tool steels by modifying the surface microstructure and composition. While processes such as carburizing [18], nitriding [19], and nitrocarburizing [20] altered the surface composition, processes such as flame hardening [21], induction hardening [22], high energy beam hardening [23], and shot peening [24] resulted in surface microstructure modification. Nonetheless, the processes in the former category were not versatile, required postprocessing of the hardened tool, and were also time-consuming [12,25]. Meanwhile, in the latter category, the maximum hardenability and the resulting tribological performance enhancement were constrained by the tool steel’s composition [26]. In addition, these processes, generally, did not offer remarkable tribological performance improvement [10]. Consequently, the desire to remain economically competitive has motivated researchers and industrial professionals to explore further alternatives [27].



Recently, tribological performance enhancement via coating deposition has attracted the attention of industrial practitioners, especially in the machining industry, primarily due to its cost benefits coupled with the excellent improvement in mechanical and tribological performance compared to the previous methods [28,29]. Despite the existence of several coating deposition methods, coating deposited via physical vapour deposition (PVD) and chemical vapour deposition (CVD) have been the subject of contemporary research [30]. This is due to their broad substrate compatibility spectrum, as a minimal metallurgical compatibility between the coating and substrate is required [31]. The improvement in tribological performance is attributed to the increase in hardness and fracture toughness [32], as well as the increase in chemical stability which enhances the resistance of the coated material to the detrimental effect of heat generated during tribological interactions [33]. Additionally, the coatings also offer improved electrochemical resistance to corrosive agents, such as organic acid or contaminants typical for wood machining applications [34].



PVD involves the atomization or vapourization of coating atoms from a target, transportation through a vacuum or plasma, followed by condensation on the substrate [35]. Meanwhile, CVD employs the reactions among thermally activated gaseous species to produce chemical compounds under vacuum, anhydrous or anaerobic conditions and, subsequently, deposited on the substrate [30,36]. However, in recent times, the former has received wider acceptance in the industry. This is due to the energy and cost savings [36], environmental friendliness [37], lower deposition temperature (<500 °C) [38], higher deposition rate (up to 10 nm/s) [35], greater flexibility in coating architecture [36], and the remarkable coating quality [39]. Generally, PVD is classified based on the method of ejecting the coating atoms from the target into evaporative and sputtering processes [31]. However, evaporative PVD coatings dominate the industrial terrain owing to their relatively higher ionization rate, higher deposition rate, more uniform deposition, and less stringent vacuum requirements [35,36]. The evaporative-based PVD process can be achieved using a variety of heat sources, including resistance, induction, electron beam and arc sources. The several limitations associated with the resistance, induction, and electron beam evaporative–PVD systems make the arc evaporative PVD-based system more attractive than industrial counterparts. For instance, there is a melting point constraint associated with resistive-based systems [31], electron gun deterioration and substrate geometry restriction [40] associated with electron-beam-based systems, and induction-based systems are quite expensive [38,41]. Additionally, arc evaporation PVD systems provide greater versatility, higher ionization, a flexible target configuration, and a high deposition rate [4,31,35].



Following the commercialization of the arc evaporation PVD technique in the early 1980s, significant technological advances aimed at improving the process efficiency and the quality of the coatings have been attempted by scientists [37]. The first attempts were targeted at optimizing the quality and ionization of the coating materials. This entailed improving the quality of targets, using high-purity reactive gases, and incorporating additional anode and plasma sources to enhance the ionization process [36,37]. Thereafter, hybrid deposition systems utilizing evaporative and sputtering techniques were developed with the objective of maximizing the benefits of both processes [42]. However, there is still a lot of ongoing research on these systems to improve their stability and reliability to befit large-scale industrial applications [30]. Furthermore, because of the market demand, there has been an evolution of several coating architectures, including binary (e.g., CrN [10]), ternary (e.g., AlTiN [27]), quaternary (e.g., TiAlCrN [33]), and even quintenary nitride-based coatings (e.g., TiAlCrCN, [43]), through appropriate elemental doping. Consequently, following these innovative advances, a significant improvement in the coating’s tribological performance has been achieved over the years [44].



Unfortunately, despite the widespread adoption of CAE-PVD coatings for tribological performance enhancement, the deposition process still suffers some setbacks. Initially, controlling the location of the generated arcs on the target was a chief concern. This created a lot of instability in the deposition process, making it difficult to control the properties of the deposited coatings [45]. Although, in recent times, modifications incorporating a magnetic field have been made to the traditional systems, making it easy to control the arcs during coating deposition, only a few are commercially available [46]. Nonetheless, the main contemporary drawback associated with CAE-PVD coatings is the formation of a significant amount of macroparticles (MPs) and craters during the deposition process [47,48]. These defects have been reported to have a detrimental effect on the coating quality and service performance [49]. To address this issue, some scientists opted for the modification of the deposition chamber configuration by incorporating filter systems [46] and the modification of the cathode geometry [37,50]. Furthermore, reports have it that the top manufacturers of CAE-PVD PVD systems, such as PLATIT, Swiss-PVD, and Hauzer, have developed advanced coating systems that produce coatings with minimal defects. However, these technologies are considered trade secrets [37]. Nevertheless, these modifications complicated the deposition system, increased their acquisition cost, and, by extension, the cost of the coated material [51]. Apart from that, some of these filter systems have insufficient filtration efficiency, thus impeding the coating deposition rate [52]. Considering these setbacks, such technologically modified systems are less attractive to the industrial counterparts. Nonetheless, addressing the shortcomings associated with these technologically advanced systems could unlock greater efficiency and durability in CAE-PVD coatings.



Moving forward, researchers decided to explore other efficient and cost-effective alternatives. This time, attention was directed towards the optimization of the deposition parameters [53,54]. Over the last decade, a considerable number of research articles have been published on this subject. The main parameters reported to have the most significant influence on these defects are the substrate bias [55], arc current [56] and the pressure of the reactive gas [51]. The findings from these studies revealed that the optimization of these parameters is a very promising, cost-effective and practical alternative for mitigating defect formation in the coatings.



A review of the literature revealed that a significant number of articles on PVD coatings have been published, particularly over the last three decades. This also applies to the number of review articles. Approximately three decades ago, the review published by Rother [57] focused on the construction of the CAE setup, the fundamentals of the generation and acceleration of plasma and the comparison between CAE and other PVD techniques. The author also collected relevant data on arc-related material properties for different target materials. A decade later, Sanders and Anders [46] reviewed the principles of plasma production, recent advances in filter systems, growth of PVD films and industrial applications of the deposition process. About a decade ago, Bouzakis and co-workers’ [30] review addressed the differences between CVD and PVD techniques, general methods of coating characterization, substrate mechanical treatments, and postdeposition treatments. Later, in 2018, Baptista et al. [36] published a detailed review of the research advances on the sputtering PVD process. This included the principle of the deposition technique, the effects of the deposition parameters on coating properties, as well as recent advances in improving the coating deposition process. Two years later, Deng et al. [37] published an interesting review with extensive discussions on the principles of CAE-PVD, cathode configuration, power supply for CAE-PVD systems, magnetron sputtering, hybrid systems, and plasma etching, as well as their industrial applications for general cutting tool applications. Recently, Warcholinski and Gilewicz [10], in their review, discussed the research advances in binary and multilayer coatings, as well as the effect of doping on the properties of PVD coatings.



From the foregoing, it was discovered that despite the vast number of research articles on PVD coatings, very few articles are available on the effect of substrate morphology, particularly the effect of the substrate profile on the properties of PVD coatings, despite its significant influence on the coating’s tribological performance [7,35]. As a matter of fact, based on the knowledge of the authors, no review article has been published on this subject. Surprisingly, this is also true for the effect of deposition parameters (especially the arc current, deposition temperature, and substrate bias) on the properties of CAE-PVD coatings. A comprehensive understanding of the effect of these parameters on the properties of the coatings not only creates the pathway to obtaining coatings with a superior tribological performance but also has the potential to result in energy savings during the deposition process. This is of prime importance, especially in large-scale industrial production where profit maximization and production cost minimization are the primary objectives. Hence, part of the objective of this review is to present relevant discussions on these crucial subjects. However, the review is presented systematically, beginning with discussions on substrate preparation and its effects on the properties of CAE-PVD coatings. Thereafter, insightful discussions are presented on the process and principles, microstructural evolution during coating formation, MPs, and characterization of CAE-PVD coatings. Afterward, an intuitive literature analysis is presented on the effect of arc current, deposition temperature, and substrate bias on the properties of the coatings. Later, research advances in coating architecture and the corrosion properties of CAE-PVD coatings are discussed. The idea behind this systematic approach is to bridge the gap in the literature by integrating previous works into contemporary studies so as to clearly spot the research gaps and also keep industrial counterparts abreast of the most relevant findings to facilitate the making of informed decisions.




2. Substrate Preparation


The primary objective of substrate preparation is to make the substrate more receptive to the coating layer, ensuring effective coating–substrate interfacial bonding [40]. Interestingly, this process accounts for the bulk of the cost expended in the entire deposition process [36]. But, unfortunately, despite its significant effect on the coating’s tribological performance and cost contribution, it has not received due attention from researchers over the past years [38]. The insufficient number of studies on this subject matter could be the result of the influence of the historical emphasis on other areas (such as composition, architecture, process parameters, etc. [7]), the constraints of the substrate finish’s requirements for some applications (such as medical implants and optical components [58,59]) and complexities in the substrate profile variation in some substrate materials (such as composite materials [60]). The entire substrate preparation process involves operations targeted at eliminating contaminants emanating from substrate preprocessing and the annihilation of surface defects through adequate profiling [40]. These processes are illustrated in Figure 1.



Firstly, the surface condition of the substrate should be assessed for the presence of visible loose oxide layers (such as metallic rusts in the case of tool steels), dust particles, or organic dirt [37]. If present, they could be removed by air blowing. Thereafter, the substrate is subjected to decontamination. The decontamination process is aimed at eliminating contaminants, such as grease, oils, chlorides, oxides, and hydrocarbons, from the surface of the substrate. Sometimes, these contaminants are microscopic and may require analytical techniques to ascertain their presence [35]. The presence of these contaminants, even in minute concentrations, can compromise the coating adhesion and the resulting properties [61]. Substrate decontamination can be achieved through a variety of methods. Some of the decontamination techniques reported in the literature are ultrasonic cleaning with alcohol [62,63] or hot alkaline [64]. However, in an industrial setting, decontamination is mostly achieved using mild solvent detergent owing to the hazards posed by the former [49]. It is important to mention that even with high-purity decontaminants, the substrate cannot be entirely contaminant free, mostly due to the presence of oxygen-containing species in the atmosphere. These oxide contaminants have a high surface energy and tend to absorb other contaminants with lower energies (particularly hydrocarbons) as a means of lowering their surface energy. However, these contaminants are removed subsequently by etching prior to coating deposition [65]. Figure 2 shows a typical surface of a substrate before and after the decontamination process.



The next step is the profiling of the decontaminated substrate. The significance of this stage cannot be overemphasized, as it determines the extent of the mechanical interlocking and chemical bonding of the coating to the substrate [66,67]. Substrate profiling can be achieved through mechanical grinding/polishing, microblasting, or chemical etching, among others [35]. Mechanical substrate profiling is performed using an abrasive wheel or SiC-based grinding papers followed by polishing with an appropriate medium, such as diamond suspension. The induced substrate profile is a function of the grit size of the SiC-based papers, the grain size of the abrasive wheel, or the suspension size of the polishing media [8,40]. Microblasting, however, involves focusing abrasive particles (such as sand particles) at a high pressure (up to 4 bar) on the substrate. Here, the resulting substrate profile depends on the pressure and abrasive properties of the abrasive medium [62]. Meanwhile, chemical substrate profiling is achieved by etching the substrate using appropriate etchants, such as Murakami’s reagent or Caro’s solution [68]. Nevertheless, the profiling method to be adopted depends on the type of substrate. For instance, while mechanical treatments are mostly used for tool steels [69], chemical etching is mostly adopted for cemented carbides and cobalt-based substrates [5]. However, irrespective of the profiling method, the emphasis is laid on producing a homogenous surface profile with minimal surface flaws such as microcracks [35]. More so, care should be taken to avoid inducing additional residual stresses on the substrate, as it has a detrimental effect on the coating adhesion [68]. While microblasting techniques induce more residual stresses on the substrate than other profiling techniques, mechanical profiling is more prone to generating surface flaws on the substrate [7,70]. However, the optimum microblasting treatment has been reported to result in improved tribological performance, characterized by increased hardness compared to the other surface profiling techniques [30,62]. Following substrate profiling, it is necessary to further clean the substrates to eliminate contaminations emanating from the profiling process. This could be achieved by ultrasonic cleaning with detergent and subsequent rinsing with deionized water [63]. Drying the substrate after profiling before coating deposition is of the utmost importance to minimize pinhole formation [35].



Effect of Substrate Profiling on the Properties of CAE-PVD Coatings


The preceding section delineated that achieving an optimum substrate profile is very crucial for producing coatings with superior mechanical properties and tribological performances. Hypothetically, the rougher the substrate, the higher the coating–substrate bond strength due to the enhancement in the mechanical coating–substrate interlocking [63]. More so, it also increases the number of nucleation sites, facilitating the coating’s growth [66]. However, an excessively rough substrate profile (up to an average roughness (Ra) >10 µm) could result in coatings with a nonuniform thickness [68]. This is usually accompanied by an increase in the Ra of the coatings, which has been reported to negatively impact their tribological performance [71]. The deterioration in the tribological performance is attributed to the relatively small contact area on the rougher substrate, producing higher pressures on the coating during abrasive contact [72]. Although the effect of a rough substrate can be minimized by increasing the coating thickness [73], but then, thicker coatings are accompanied by high residual stresses, which also negatively affect coating adhesion [5]. Moreover, the substrate roughness has been reported to correlate with pinhole formation in the deposited films. Hence, coatings deposited on a rougher substrate would have a greater pin hole density, making them more susceptible to tribochemical reactions [34].



Meanwhile, a very smooth substrate (e.g., Ra < 0.01 µm) has limited nucleation sites and provides insufficient coating–substrate interlocking, thus resulting in poor adhesion [70]. Coatings deposited on such substrates are prone to spalling [68]. Apart from coating–substrate bonding, the substrate profile also has a significant influence on the morphology of the deposited coatings [74]. Accordingly, coatings deposited on rougher substrates have a more columnar morphology compared to those deposited on smoother substrates [7,34]. At this juncture, several puzzling questions may arise, such as the following, among others: What is the optimal substrate roughness? Does it vary for different substrates with similar coatings? Does it vary for different coatings with similar substrates? Table 1 presents significant findings on the effect of the substrate profile on the properties of CAE-PVD coatings and other relevant information related to the profiling methods, substrates, and coatings.



The succeeding literature analysis presents some insight into the optimum surface roughness for an enhanced tribological performance of CAE-PVD coatings. The findings of Huang et al. [66] revealed a reduction in the adhesion strength and wear resistance of TiAlN-coated carbide with a substrate roughness up to an Ra of approximately 0.04 µm. This observation resulted from the cumulative increase in the Ra and coefficient of friction of the coatings with an increasing substrate roughness [66]. Contrastingly, for a higher substrate Ra (reaching 0.08 µm), Ravi and co-workers [70] reported a positive correlation between the wear resistance and Ra for a tool steel substrate coated with TiN and TiAlSiN. Similar findings were also reported by Uddin et al. for TiN-coated tool steel [63]. The improvement in the wear resistance was attributed to the prevalence of three-body abrasion owing to the formation of more wear debris facilitated by the rougher coatings. However, the adhesion of both coatings varied differently with the surface roughness. While TiN exhibited superior adhesion strength at lower substrate roughness, the reverse trend was observed in the latter [70]. The behaviour of the TiAlSiN nanocomposite coating was expected because the rougher substrate enhanced the interlocking mechanism of the coating–substrate system [75]. On the other hand, the behaviour of the TiN was attributed to the reduction in the surface ridges, which act as stress raisers and, subsequently, result in coating failure at lower loads [76]. Further investigations by Ling et al. for a similar substrate Ra for AlCrN-coated carbide revealed that coatings deposited on the rougher substrate showed superior adhesion strength owing to the improvement in the interlocking mechanism [68]. This finding conflicts with previous reports by Huang et al. [66] considering that tungsten carbide was the substrate in both studies. This discrepancy could stem from the difference in the coating composition (see Table 1). Additionally, investigations by Lee et al. [34] for substrate Ra reaching 0.3 µm for CrN-coated tool steel revealed the optimum tribological performance at a 0.1 µm Ra owing to the lower crater density and coefficient of friction. Lastly, studies by Lin et al. showed that when the substrate Ra exceeds 1 µm, there is a reduction in the coating’s adhesion strength [73].



From the foregoing, the general trend observed for most of the coating–substrate system is increased adhesion strength with increasing surface roughness, up to about an Ra of 0.1 µm. The increase in the adhesion strength is primarily attributed to the increase in the nucleation density facilitating the interlocking mechanism, as the asperities in the rougher substrate facilitate the penetration of the coating material, resulting in stronger bonding. But at a higher substrate Ra, especially when Ra > 0.2 µm, there is an observed general decline in the adhesion strength. This is due to the stress concentration on the ridges of the rough substrate, resulting in coating failure at much lower loads. Likewise, the wear resistance of most of the coated substrates followed a similar trend. Some contributing factors to the increased wear resistance are increased adhesion strength, hardness, and H3/E2. Again, it is important to mention that while this optimal range of substrate roughness is achievable for machining applications, such as woodworking and metal machining, it might not be applicable for applications requiring a high surface finish, such as deep drawing. Nonetheless, as it currently stands, it appears that the effect of the substrate profile on the properties and the tribological performances of CAE-PVD coatings have not been well explored. Many research questions, such as the influence of the surface profile on the interfacial chemistry, still need to be answered. Again, more systematic studies on the correlation between the substrate profile, coating morphology, mechanical properties, and tribological performance need to be conducted.





3. Process and Principles of CAE-PVD


The series of operations involved in the CAE-PVD is shown in Figure 3. An understanding of the sequence of processes and the principles of the deposition process are essential to facilitate improvement in the coating quality and the resulting tribological performance.



The process commences with loading the adequately prepared substrates in the deposition chamber. Generally, the target-to-substrate distances is maintained between 18 and 25 cm [4,48] to minimize the effect of radiant heating during the evaporation process [35]. Thereafter, chamber evacuation to create a vacuum in the range of 10−3–10−4 Pa [32,74] is required to prevent gaseous contamination during coating deposition [35,40]. This is followed by heating to temperatures between 150 and 500 °C as a precursor to the etching process [77].



During the etching process and the subsequent coating deposition, substrate rotation at a 1.5 to 2 rpm [32,48] or higher is required to ensure uniformity in these processes [40]. The purpose of the etching process is to get rid of the residue contaminants from the decontamination process [36]. Most often, etching is achieved using an inert gas or metal ion plasma. During the process, a high-speed plasma containing an inert gas, such as argon at pressures in the range of 0.5–2 Pa [34], or metal ions, such as Ti, Cr, and Al [37], is directed to a highly negatively biased substrate (200–1000 V) for a period of time (typically 10–45 min) [32,74,78]. This leads to the sputtering of surface contaminants and the activation of a superficial layer on the substrate’s surface [37]. The purpose of the heating during this process is to facilitate the transportation of the etching species while the high substrate biasing promotes the sputtering of the surface contaminants and also prevents the incorporation of the etching species into the substrate [7,79]. Apart from decontamination, the process also results in roughening of the substrate’s surface [37,80], facilitating further coating–substrate interlocking. Comparing metal ion and inert gas etching, Sproul and co-workers reported that the former is less time-consuming and offers superior coating adhesion [81]. Nonetheless, a combination of both etching technologies could also be adopted [48]. The etching process is succeeded by evacuation of gaseous contaminants and re-establishment of the vacuum condition in preparation for coating deposition. Figure 4 shows the layout of a typical CAE-PVD system.



The coating deposition process commences with the evaporation of the coating atoms from the target by initiating an arc on the cathode [37]. Depending on the system configuration, arc initiation can be achieved through a trigger arc obtained from a high voltage on an auxiliary electrode usually located near the cathode surface or applying a low-voltage electric current between two slightly separated electrodes in a vacuum or through laser ionization [35,57]. Ideally, the generated arc moves randomly on the cathode surface, but in some system designs, the arc can be pulsed using a direct current power supply, steered around a particular path, or filtered using a magnetic field [57]. The behaviour of the arc is also influenced by the properties of the cathode, including the cathode geometry, cathode material, and purity level [35]. The generated arc, which is concentrated on the surface of the cathode, results in the formation of nonstationary microspots (known as cathode spots) on the target. These cathode spots are usually characterized by a high current density (104–1011 A/cm2), short life span (in the range of microseconds), and a characteristic size reaching 1 µm. However, the specific properties of the cathode spot depend on the cathode material [46,83]. The number of cathode spots generated is largely dependent on the arc current [57]. Because of the short residence time of these spots, they are quickly extinguished. However, when this happens, they are re-ignited by a voltage spike provided by the inductance in the arc current [35]. Figure 5 illustrates the principles of the CAE-PVD.



The high current density of the cathode spot erodes the cathode, leading to the localized melting, ionization and evaporation of the cathode material alongside a significant number of MPs [46]. The extent of the cathode ionization and the number of MPs depend on the melting temperature of the cathode material [37,84]. In some system designs, an additional anode is incorporated to improve the ionization efficiency and the quality of the deposited coatings [32,37]. The generated gaseous system comprising electrons, MPs, and ions constitute the plasma. In reactive CAE-PVD, a reactive gas (usually nitrogen) introduced into the deposition chamber is activated by the plasma, leading to its dissociation to produce ions and more electrons. Afterwards, the plasma is transported to the substrate. The particles in the plasma travel at different velocities, typically between 10 and 10,000 m/s, depending on their atomic mass and energy [46,57,84]. Upon arriving at the substrate’s surface, the plasma volume near the substrate suffers a loss of plasma species to the substrate. Since electrons have greater mobility, they are lost at a relatively faster rate, thereby creating a potential between the substrate and the plasma [35,46]. This justifies the requirement of a negative substrate bias to accelerate the positive coating ions to the substrate, resulting in a faster deposition rate [64]. Subsequently, the plasma species, including the MPs, condenses on the surface of the substrate [31,35]. This is followed by the cooling of the deposition chamber achieved mostly by water cooling [35,57]. Eventually, the coated substrates are unloaded from the deposition chamber.




4. Microstructural Evolution of CAE-PVD Coating


An understanding of the processes involved in the microstructural evolution of CAE-PVD coatings is essential for developing coatings with improved tribological performance. The process involves the condensation of mobile coating atom species (known as adatoms) on the surface of the substrate, followed by nucleation, growth of the nuclei, formation of the coating–substrate interface, and continuous film growth [35]. These processes are illustrated in Figure 6.



The coating evolution process commences with the condensation of the adatoms on the surface of the substrate as shown in Figure 6a. Subsequently, the condensing adatoms experience energy loss due to the collision with other adatoms, chemical bonding with the substrate surface atoms, or collision with other adatoms already bonded to the substrate [35]. Most often, the preferential sites for the impinging adatoms are surface defects or impurities [66]. At this stage, the mobility of the adatoms is primarily influenced by the bond strength [48,64]. The condensation of the adatoms is followed by nucleation as shown in Figure 6b. Every respective condensing adatoms constitute a nucleation site for coating growth. The nucleation of coating atoms is largely influenced by the crystal structure of the substrate, the binding energy of the adatoms, contaminations, and the surface profile of the substrate, among others [61,85]. Following adatoms nucleation, the nuclei growth involves the bonding of the formed nuclei with other incoming adatoms or with existing condensed adatoms through surface diffusion [35]. An outcome of the nuclei growth is the formation of randomly oriented islands (as shown in Figure 6c). This is then followed by the coalescence of the islands to form the interfacial region (Figure 6d).



Following the interface formation is the stage of continuous film growth. This stage is characterized by the continuous nucleation of the condensing adatoms on the interface accompanied by continuous growth, where previously deposited coating species are continually buried by the incoming ones [35]. During this process, there is grain coarsening, which is evident in the coalescence of the islands (as shown in Figure 6e). The driving force for this migration of island boundaries is the need to minimize the edge and surface energies, whereby the islands with lower energy densities consume others with higher densities. This process is very competitive, as crystallographic planes with higher densities are the preferred orientation, causing them to grow faster than less dense planes [61]. This difference in the growth rates of different crystallographic planes produces a nonuniform coating surface morphology, thus contributing to the increased surface roughness of the deposited coating. This effect is more evident when the flux of the incoming adatoms is off-normal or when the adatoms have low energy. Under these two conditions, the effect of geometric shadowing is very dominant, whereby the peaks of the faster-growing planes receive all of the incoming adatoms, thus shadowing the valleys of the slower-growing planes. The resulting coating microstructure, characterized by a columnar morphology, appears like aligned plates piled together, as shown in Figure 7 [35].



4.1. Structural Zone Model (SZM)


In an attempt to engineer the microstructural evolution during coating formation for different technological applications, significant efforts have been put forth by researchers to model the microstructural evolution in terms of the coating growth parameters. One of the earliest successful attempts was the collective efforts of Movchan and Demchishin in 1969 [86] and, later on, Thornton in 1974 [87], which birthed the Structural Zone Model (SZM). According to this model, the resulting coating microstructure is a function of the competitive interplay between the rate of condensation of the adatoms and the rate at which these adatoms are able to re-arrange themselves before the arrival of new ones. On the basis of this model’s concept, dense and compact coatings can be obtained at high deposition temperatures and slower deposition rates. Under these conditions, there is sufficient energy and time for the arrangement of the condensed adatoms as the rate of arrival of new adatoms is reduced [46]. Figure 8 shows a schematic of a typical SZM.



The model shows the microstructural evolution of the coating as a function of the ratio of the substrate temperature (Ts) to its melting temperature (Tm). Movchan and Demchishin [86] were the first to classify the model into three distinct zones. Zone 1 represents a region of low substrate temperature where the mobility of the adatoms is relatively low. Consequently, they are not able to overcome the geometric shadowing effect of the substrate profile, leading to the formation of an under-dense film structure characterized by open boundaries between the columns and increased surface roughness morphology. The typical Ts/Tm temperature ratio for this zone is usually in the range of 0.1 to 0.3. In zone 2, the diffusion of the adatoms is significant (higher than that in zone 1) because of the higher substrate temperature leading to the coalescence of the columnar boundaries and the formation of denser coatings with faceted tops. The temperature rise is facilitated by substrate biasing leading to an increase in energetic substrate bombardment [88]. The faceting of the column is a product of the competition among the different crystallographic planes having different growth rates. The typical Ts/Tm ratio for this zone is between 0.3 and 0.5. Later attempts by Thornton [87] to modify the initial model developed by Movchan and Demchishin [86] suggested the existence of a transition zone (Ts/Tm = 0.4 to 0.5) between zones I and II characterized by poorly defined columnar grains. In zone 3, the diffusion rate is much higher than in the other zones, occurring on the surface and bulk of the coating. This promotes recrystallization and grain growth, producing dense columnar coatings with a flat surface, as the growth orientation is more pronounced. This zone’s typical Ts/Tm ratio is between 0.5 and 1 [35,61]. Furthermore, Anders also recently proposed a modified version of the model taking into consideration parameters related to the coating growth process, such as the film thickness and the heating effect resulting from energetic substrate bombardment [89]. Moreover, the understanding derived from this model on the effect of substrate temperature on the coating morphology could be adapted to improve the tribological performance of CAE-PVD coatings.



Further critical analysis of the model to ascertain the region of likely optimum coating properties for tribological applications revealed the following. In zone 1, the reduction in coating properties is mostly attributed to the porous columnar structure. However, in zones 2 and 3, the increased surface roughness and grain coarsening account for the reduced service performance of the coatings, respectively. Therefore, it appears that the optimum coating properties would likely be obtained at regions between the end of zone 2 and the beginning of zone 3 (i.e., about Ts/Tm = 0.5–0.7). This is because, in this region, the effect of surface roughness and grain coarsening are minimal. However, in the actual CAE-PVD process, especially with tool steel substrates, such a temperature range corresponding to about 790–1100 °C is not feasible. This is because, at such temperatures, there is a likelihood of substrate softening, particularly due to carbide coarsening, resulting in reduced tribological performance [1]. Consequently, most CAE-PVD is carried out at much lower temperatures corresponding to a Ts/Tm of 0.1–0.3 (zone 1). However, the literature reports revealed that these coatings exhibited good service performance [4]. Despite the low deposition temperature, the observed service performance of the coatings could be attributed to the intense bombardment of the energetic ions resulting in dense compact coatings with good mechanical and tribological properties [90].




4.2. Macroparticles (MPs) in CAE-PVD Coatings


From the time CAE-PVD coatings were introduced to the coating industry until the present day, the inclusion of micro-sized MPs embedded in the coating structure or situated on the coating surface alongside the associated pitting defects (called craters) have been a major challenge. In fact, these MPs present a significant threat to the widespread adoption of these coatings for tribological applications, particularly on an industrial scale [46,51]. The mechanism of formation of these MPs is complex and is still the subject of contemporary research [54]. Over time, several explanations have been offered regarding their formation. According to Anders [91], MPs are formed as a result of the combination of thermal shock and hydrodynamic effects on the cathode spot, leading to the ablation of molten particles, which eventually solidify on the substrate. Lee et al. [34] attributed their formation to the occurrence of micro-explosions on the cathode caused by the generated plasma or the product of the intense backflow of the generated ions on the cathode spot during ionization. Meanwhile, the most popular opinion regarding the formation of the craters is that they are the outcome of the geometric shadowing by the MPs and become apparent after the flaking of the loosely bound MPs [52]. However, Naghashzadeh and co-workers attributed their formation to the incomplete reaction between the evaporated MPs and the reactive gas during the deposition process [74]. Figure 9 shows the surface of a typical CAE-PVD coating with MPs and craters.



The generated MPs have different characteristic shapes, including spherical, oval, elongated, and lens-like, depending on the size, condition, and velocity at which they arrive at the substrate [54,71,92]. The sizes of the MPs typically vary between 0.1 and 10 µm depending on the extent of MPs’ agglomeration during the coating deposition [4]. However, the MP density is largely dependent on several factors, such as the melting temperature of the cathode, the substrate–cathode distance, and the deposition parameters [35]. Researchers have reported that the MP density is positively correlated with the arc current and negatively correlated with the melting temperature of the cathode and substrate–cathode distance [35,52,93]. The MP density is also largely dependent on the velocity and trajectory of the MPs [47]. For instance, an MP travelling at a high velocity (>5 m/s) with a trajectory grazing the substrate MP could exhibit an elongated morphology after impact with the substrate and, in some cases, may become almost invisible. The composition of these MPs is also complex and is a function of the position of the MPs within the coating structure rather than their sizes. For instance, MPs embedded in the central part of the coating structure are more likely to have a lower amount of reactive gas than those located on the coating surface or just below the coating surface [71,91]. According to Vereschaka et al. [47] and Xu et al. [94], the compositions of MPs may include pure metal (corresponding to the cathode material, e.g., Ti), metal nitrides (e.g., TiN), or multicomponent nitrides (such as those comprising a metallic core with multiple outer nitride layers), which are formed as a result of the diffusion of the metallic ions from the target to the surface of the MPs (e.g., Ti-TiN-TiAlN).



The reason why MPs have received significant attention from researchers in recent years is due to their detrimental effect on the coating quality and the ensuing tribological performance. Firstly, their varying compositions and sizes across the coating thickness result in heterogeneity in the coating composition and properties [35]. Secondly, their presence on the surface of the deposited coatings increases the surface roughness, thus accelerating degradation in tribological performance [4,50]. Thirdly, they have also been reported to negatively impact the adhesion strength and coating density [7,95]. Furthermore, researchers have also hypothesized that the impingement of the coatings by MPs induces compressive deformation, which can facilitate crack initiation [96]. In fact, recent studies conducted by Vereschaka et al. revealed that MP impingement results in significant compressive coating deformation, making the region of impingement distinct from the rest of the coating structure [47]. This occurrence is shown in Figure 10a. Also, in connection with this, studies conducted by Tkadletz et al. on the effect of MPs on the tribological performance of a TiAlTaN coating revealed that during abrasive wear, the MPs are embedded in the coating matrix, thus serving as nucleation sites for shear crack initiation, as shown in Figure 10b [71]. Additionally, Warcholinski and Gilewicez expressed that the difference in the thermal properties between these MPs and the coating matrix could initiate localized thermal stresses, eventually resulting in crack initiation, especially at the coating–MP boundary [4]. Furthermore, the craters associated with the MPs facilitate tribochemical reactions, as the corrosive agent could readily be transported to the substrate [52].



Despite the negative impacts of MPs on the quality of the deposited coatings, some potential benefits have also been highlighted by some researchers. In this regard, Vereschaka et al. likened the bombarding effect of MPs on the coating to shot peening and, thus, hypothesized that they could strengthen the deposited coatings [47]. Aside from the hypothesis not being supported by experimental validation, it appears that the tendency of the MPs to act as crack nucleation sites outweighs any strengthening they could possibly confer. This is justified by the reduction in the tribological performance of CAE-PVD coatings with an increasing MP density [47,64]. Researchers have also hypothesized that MPs could offer a form of lubrication and potentially enhance the thermal stability of the deposited coatings. The lubricative property is attributed to the possibility of MPs forming an intermediate layer between the coated material and the abradant. The emphasis was laid on aluminium containing multicomponent nitride MPs such as Al-AlN. In this case, the high temperatures (typically up to 600 °C or higher [1]) encountered during tribological interactions, particularly during woodworking and metal machining, could melt the aluminum component, thus forming a highly ductile layer in the cutting zone. Furthermore, the high melting temperature of the AlN phase (2200 °C) could possibly increase the thermal stability of the coatings [47]. However, further experimental studies are required to validate these hypotheses.




4.3. Research Advances in MP Reduction in CAE-PVD Coatings


Over the years, significant efforts have been put forth by researchers to minimize MPs in CAE-PVD coatings. One of the outcomes of such efforts is filtering the MPs from the plasma stream prior to condensation on the substrate [37]. The concept was first introduced by Aksenov and co-workers in the late 1970s [97]. Plasma filtering can be achieved mechanically by shielding the cathode or applying an external magnetic field. However, magnetic filtering has received greater attention due to its superior filtering efficiency [37]. Magnetic filtering of the plasma is made possible because of its directional line-of-sight trajectory coupled with the difference in charge-to-mass ratio and velocity of the MPs, ions, and electrons contained in the plasma stream [51]. In the presence of an applied magnetic field, ions and electrons with a relatively lower mass-to-charge ratio are bound to the magnetic field lines and, subsequently, guided outside the line of sight, while the MPs continue along the line-of-sight trajectory, resulting in their separation from the plasma stream. Over the past years, significant efforts by researchers to improve the filtering efficiencies of the magnetic filters have birthed several magnetic filter types with different geometries (e.g., linear duct and S-filter) and architectures (closed or open) currently available on a commercial scale [46,51]. However, apart from the complexity and increased cost of these deposition systems, the disruption of the motion of the plasma during filtering results in a drastically reduced deposition rate [51]. In this regard, a study conducted by Steffens et al. revealed that the application of a magnetic field (10 mT) during the deposition of TiN and CrN coatings on AISI D2 tool steel resulted in a 50% reduction in coating thickness despite the 25% reduction in surface roughness [50].



One of the cost-effective methods for MP reduction reported by researchers is increasing the substrate bias during coating deposition [98]. Two major mechanisms have been put forward to explain the observed reduction in MP density at a higher substrate bias. The first is the mechanism of ion bombardment. On the basis of this mechanism, the higher substrate biases increase the energy of the bombarding ions on the substrate, consequently leading to the re-sputtering of loosely bound MPs from the coating [99,100]. However, a more popular opinion is the electrical repulsive mechanism [55,101]. Accordingly, scientists have explained that increasing the substrate bias increases the collision frequency of the ions, MPs, and electrons in the plasma. Since electrons have much greater velocity than ions, the MPs take up more electrons than ions at any given time, therefore resulting in negatively charged MPs [102]. Upon arriving at the negatively biased substrate, they are subsequently repelled. The repulsive effect is proportional to the applied substrate bias [100,103]. Nonetheless, a common challenge with this technique is the likelihood of increased coating residual stresses and re-sputtering of coating atoms due to energetic substrate bombardment [55]. Figure 11 depicts the reduction in MPs with an increasing substrate bias.



Also, researchers have highlighted the reduction in the arc current as another cost-efficient alternative for MP reduction [104]. This is because, at a lower arc current, there is a reduction in the temperature and energy at the cathode spot, leading to a reduction in the number of MPs emitted from the cathode. However, the concern with arc current reduction is its negative effect on the plasma density and the resulting coating properties. In this regard, a recent investigation conducted by Warcholinski et al. revealed that reducing the arc current from 120 to 50 A during the deposition of AlCrN coatings led to a reduction in coating adhesion strength despite the reduction in MPs [56]. Figure 12 shows the reduction in MPs with a decrease in the arc current. Furthermore, researchers have proposed using a pulsed arc to achieve a greater reduction in MPs compared to the continuous DC arc supply. During pulsing, the high arc current intermittently supplied to the cathode is sufficient to initiate the ionization of coating species, but the short pulsing time prevents the formation of MPs [37]. Additionally, arc pulsing also results in a lower power consumption, more efficient consumption of target material, and a reduction in the cooling requirement [46,105].



Additionally, increasing the flow rate or partial pressure of the reactive gas (usually nitrogen) has also been reported as an economically viable and feasible method for MP reduction [48,106]. In fact, it is perceived by some researchers to offer more significant MP reduction than filtering, arc current reduction, or increase in substrate bias [50,107]. In this method, a reduction in the number of MPs is achieved through a mechanism known as “target poisoning”. This occurs if sufficient reactive gas is present during the deposition process, leading to the formation of a compound layer (usually the nitride of the cathode material) on the cathode surface, thus resulting in the poisoning of the cathode. In some cases, these compound layers have significantly higher melting points than the cathode material (e.g., melting temperature of Ti = 1668 °C and TiN = 2930 °C [47]), thus leading to a reduction in the evaporation of the cathode material and, consequently, the emitted MPs [51]. Wang et al. further explained that optimizing the cathode poisoning by feeding the reactive gases directly to the surface of the cathode provides additional reduction of the MPs emitted [108]. The major drawback associated with MP reduction by target poisoning is the accompanying reduction in the deposition rate. In reference to this, an investigation conducted by Harris et al. revealed that increasing the partial pressure of the reactive gas (nitrogen) from 0.1 to 1.2 Pa led to a 23% reduction in the coating thickness despite the 283% increment in the tool life [51]. Figure 13 shows the reduction in MPs with an increasing partial pressure of the reactive gas.




4.4. Research Advances in CAE-PVD Microstructural Characterization


Over the past years, extensive studies have documented the microstructural characterization of the properties of CAE-PVD coatings, which have a significant effect on their tribological performance [109]. Some of the properties reported by researchers include the MP statistics [100,103,110], coating composition [111,112,113], thickness of the coating [51,103,110], crystallite size [78,104,114], residual stresses [95,115], and coating density [52]. However, limited studies have documented the substrate–coating interfacial characterization despite the significant effect of the interfacial chemistry and the resulting composition on the tribological performance of the coatings [116,117]. A few of the studies reported are discussed in the succeeding paragraph.



Dejun and co-workers characterized the AlTiCrN-YT14 tungsten carbide interface using EDX analysis, which revealed coating–substrate elemental diffusion and an interfacial composition comprising coating and substrate elements [118]. In another study, Tian et al. investigated the effect of interfacial carbon composition on the adhesion strength of CrN coating deposited on AISI 52100 and SAE 1045 steels using a GDOES line scan. They observed that increasing the carbon content at the interface had a negative effect on the bond strength [119]. Further interfacial characterizations can be performed using transmission emission microscopic (TEM) techniques [120]. However, the main challenge with this technique is the sample preparation, as the sample must be thinned without introducing any deformation [35]. Investigations on the interfacial composition and microstructure of Cr films deposited on Zr were conducted by Ribis et al. using energy-filtered TEM (EFTEM) and electron backscatter diffraction (EBSD). They observed the formation of a 50–100 nm Zr (Fe, Cr)2 intermetallic phase with equiaxed grains with complex hexagonal and cubic structures. However, the equiaxed interface did not affect the columnar growth and crystallinity of the deposited coatings [121]. Similar observations were reported by Brachet et al. [122]. Figure 14a depicts a typical coating–substrate interface, while 14b shows the equiaxed grains at the interface. Nonetheless, the interfacial composition could also enhance the properties of the deposited coatings. The outcome of the investigations conducted by Pang et al. on Cr2O3-coated low-carbon steel interface using high-resolution TEM (HRTEM) revealed that the amorphous Fe-Cr intermetallic phases improved the corrosion resistance and conferred additional strengthening by inhibiting columnar grain growth and preventing dislocation movement [123]. From the foregoing, it appears that the evolution of the interfacial composition and the morphology, particularly with CAE-PVD process parameters and the corresponding effect on the tribological performance is still not very clear. This warrants further studies.



In summary, it is apparent that the detrimental effect of MPs and the accompanying craters in the CAE-PVD coatings pose a significant threat to their wide-spread commercialization for tribological application. Among the outcomes are inhomogeneity in the coating composition, increased surface roughness, facilitating crack nucleation, and promoting tribochemical reactions. Although researchers have also highlighted the potential benefits of MPs, such as strengthening, lubricating properties, and increasing thermal stability, these positive impacts require experimental validation. Furthermore, attempts made by researchers to minimize MPs include filtering and optimizing the deposition parameters, such as the substrate bias, the arc current, and the partial pressure of the reactive gas. However, despite the cost-intensive nature of the filter systems, they are often preferred in practice compared to the other techniques due to the greater MP reduction efficiency. Additionally, further studies need to be conducted to unravel the relationship between interfacial composition, process parameters, and the tribological performance of the coatings.





5. Characterization of Mechanical and Tribological-Related Properties of CAE-PVD Coating


This section discusses the research advances in the characterization of the mechanical properties, surface roughness, wear, and adhesion of CAE-PVD coatings.



5.1. Hardness (H), Plasticity Index (H/E), and Resistance to Plastic Deformation (H3/E2) and Roughness


Conventionally, the H of CAE-PVD coatings is the primary indicator of their tribological performance [1,63]. Two main techniques for CAE-PVD coating hardness measurement reported in the literature are Vickers microhardness testing and nanoindentation [115,124]. The major challenge with Vickers microhardness measurement is the likelihood of the indentation depth exceeding the standard 10% of the coating thickness [125]. Consequently, the obtained hardness measurement might not be the accurate hardness of the deposited coatings. On the other hand, apart from the more accurate hardness measurement obtained from nanoindentation, it provides additional information about the coating’s reduced elastic modulus (E). Nonetheless, despite the use of nanoindentation, the common challenge encountered is the difficulty of obtaining repeatable results due to the large amounts of MPs and craters inherently present on the surface of the coatings. In the past, some authors have reported that polishing the surface of the coatings using diamond suspension (1–3 µm) significantly improved the repeatability of the measurements [71]. However, most studies do not provide information regarding the polishing time, thus making it a qualitative approach. Moreover, there are two main questions that require further clarification. First, is the effect of the polishing on the coating thickness, and second is the effect of the thickness reduction on the resulting hardness considering the hardness variation with the coating thickness [126,127].



In recent times, it has become common knowledge that the hardness of CAE-PVD coatings is not sufficient for assessing their tribological performance [1]. Studies conducted by several researchers revealed that the coating’s tribological performance can be better characterized using a combination of H and E [128,129]. Two major parameters were developed: H/E and H3/E2. The former is known as the plasticity index and provides a measure of the elastic behaviour of the coatings, while the latter is a measure of the coating’s resistance to plastic deformation [104]. Like the hardness, these ratios positively correlate with the coating’s tribological performance [126]. However, some researchers have expressed a contrasting opinion as they observed improved tribological performances for coatings with lower H/E and H3/E2 [130]. Accordingly, they explained that the tribological behaviour of the coatings is very complex and uncertain. Consequently, they concluded that the existing indicators (H, H/E, and H3/E2) are not sufficient for a complete assessment of the coatings’ tribological performance. In addition, they recommended the analysis of the wear track and the debris alongside the above parameters so as to have a comprehensive understanding of the coating’s performance [56,63]. More so, the coating’s composition could also be another contributing factor to the observed discrepancy in the coating’s tribological performance.



The roughness of the deposited coatings also affects the coating’s tribological performance. Coatings with a higher roughness typically exhibit a reduced tribological performance, as the rougher surfaces have higher contact pressures due to the lower contact areas [70]. Ideally, the deposited coatings are expected to exhibit a similar roughness as the profiled substrate. However, because of the presence of MPs, the accompanying craters, and the variation in the coating morphology with the process parameters, the resulting roughness is mostly higher than that of the profiled substrate [34,39]. The coating roughness can be characterized using profilometers [55], surface texture meters [63], or atomic force microscopy (AFM) [8]. The two most widely used parameters for surface roughness assessment are the average surface roughness (Ra) and the peak-to-valley height (Rz), as illustrated in Figure 15. In spite of the wide adoption of these parameters, some researchers have argued that they fall short in portraying the surface defects present in the coatings [131].




5.2. Wear Characterization


Wear characterization is considered the most important parameter for tribological performance assessment [1]. Different methods exist for characterizing this parameter. Nonetheless, the method adopted hinges on the desired tribological application. The objective is to select the wear testing method that best replicates the actual service conditions of the coatings. However, most wear assessment tests developed over the years are based on abrasion and sliding. One of the most popular sliding tests is the pin-on-disk (POD) [132], as depicted in Figure 16a. Meanwhile, two widely used abrasion tests are the Taber [133,134] and dry sand rubber wheel (DSRW) [135] tests, as illustrated in Figure 16b,c. Nevertheless, irrespective of the wear testing method adopted, better insight into the evolution of the coating degradation could be obtained by examining the coated samples at regular intervals during the test. This approach is exemplified in the studies conducted by Scholl to understand the evolution of the wear behaviour of TiN-coated high-speed steel using the DSRW test. In their studies, the samples were removed at intervals of 4 to 10 revolutions and, subsequently, re-weighed and re-examined, thereby providing a deeper understanding of the progression of the coating deterioration [136].



Furthermore, in both the abrasive and sliding tests, the wear track and wear debris characterization also provide additional information to further understand the prevalent wear mechanisms. Information relating to wear track dimensions, such as the wear track width, can be obtained using image processing software such as image J (Version 1.54h) [74]. Profilometry could be used to evaluate the depth of the wear track [137], while wear debris can be analyzed using scanning electron microscopy and energy-dispersive X-ray analysis [43]. Over time, some researchers have shown a preference for sliding tests, because they also provide a measure of the coating’s COF in addition to the wear rate [63]. However, on many occasions, researchers observed that coatings with a low COF exhibit a contrasting inferior wear performance. This led to the conclusion that the COF might not be a good indicator of the tribological performance of the coatings [19,32,138].




5.3. Coating Adhesion


The adhesion strength of the coating also influences the coating’s tribological performance as it significantly affects the coating functionality. Explicitly, a low coating adhesion strength can result in premature coating failure, thus preventing the effective utilization of the mechanical and tribological properties of the coatings [30,31]. The coating adhesion strength can be characterized using qualitative and quantitative techniques. The most popular qualitative adhesion test is the Daimler–Benz indentation test (also known as the VDI 3198 test) [39,139]. In this test, the adhesion is assessed based on the coating damage compared with the VDI 3198 standard when indented by a Rockwell indenter. According to the standard, coatings exhibiting a failure mode ranked HF1 to HF4 are considered acceptable failures, while HF5 and HF6 failure modes are characterized by poor adhesion strength, as shown in Figure 17a [140]. Several authors have reported the failure modes of HF1 to HF3 for different CAE-PVD coatings [140].



However, investigations by some researchers have shown the occurrence of circumferential cracks contrary to the conventional radial cracks proposed by the VDI 3198 standard, as shown in Figure 17b. According to Biava et al., such an occurrence may not result from poor adhesion but rather because of the higher plasticity of the substrate relative to the coating [143]. Meanwhile, Warcholinski et al. attributed the occurrence to be a characteristic of hard and brittle coatings [56,140]. The limitation of this test is that it relies solely on crack propagation to the surface for assessing the coating adhesion strength. Sometimes, coating debonding can occur without the emergence of surface cracks. Hence, such failures cannot be revealed by this test. Again, the result of the assessment is relative depending on the assessor; thus, this might result in inconsistencies in the reported results. Nonetheless, this test has widespread acceptance in the industry because it is an easy, rapid and convenient qualitative indication of coating bond strength [31].



Quantitative techniques for assessing coating bond strength include the pull-off test and scratch test. The former relies on the formation of a bond between the coated surface and a loading fixture using an epoxy resin or other adhesives. Subsequently, the adhesion strength is indicated by the force required to pull-off the fixture from the coated surface [144]. However, this test is sparsely reported for the characterization of PVD coatings, as the maximum adhesion strength that can be measured is limited by the bond strength between the fixture and the adhesive [31]. In fact, investigations conducted by Ang et al. on the assessment of the bond strength of TiN and CrN coatings deposited on SiC using epoxy adhesives revealed inconclusive results due to the adhesive failure at the fixture–adhesive interface [145]. Therefore, the pull-off test might not be suitable for characterizing the adhesion strength of CAE-PVD coatings. However, if adhesive–fixtures with super bond strength exceeding the coating bond strength are developed, this test may be considered.



On the other hand, in the scratch test (sometimes called the stylus method), the adhesion strength is evaluated by the load required to results in coating failure when an indenter is pulled across the coating at a constant speed. The load at which coating failure occurs (called the critical load (Lc)) provides the adhesion strength of the coating [31,69]. The standard provides the allowance for adopting multiple critical loads associated with reproducible, specific and defined coating damage [146]. However, two main types of critical loads (Lc1 and Lc2) have been adopted by researchers. Lc1 represents the critical load at which cohesive coating failure occurs, and it is usually characterized by the appearance of the first crack, while Lc2 represents the critical load at adhesive failure, i.e., complete delamination of the coating from the substrate. These failures are shown in Figure 18 [140]. Authors have reported Lc1 and Lc2 of 15–40 N and 70–110 N, respectively, for different CAE-PVD coatings [56,147]. Furthermore, approximately a decade ago, Zhang et al. [148] proposed the crack propagation resistance (CPR = Lc1 (Lc2 − Lc1) as a parameter for the quick qualitative assessment of coating toughness. Since then, it has been widely adopted in the characterization of the fracture toughness of PVD coatings [56].



To sum up, characterizing the mechanical and tribological properties of CAE-PVD coatings is essential for optimizing their tribological performance, as they provide valuable insight for developing more wear-resistant coatings. Significant advances have been made in the characterization of the mechanical properties, surface roughness, wear and adhesion of CAE-PVD coatings. Regarding hardness measurements, nanoindentation is preferred to Vickers microhardness, as it provides a more accurate measurement and E of the coatings. Surface roughness can be characterized using profilometers, AFM or surface texture meters. Furthermore, some popular wear characterization techniques include the POD, DSRW and Taber abrasive tests. The preference for POD over the others is because it provides additional information about the coating’s COF. Additionally, the adhesion strength of the coatings can be characterized qualitatively using the VDI 3198 test and quantitatively using scratch tests. In general, because of the complexity of coating’s tribological behaviour, it is very important to conduct a wholistic assessment of the aforementioned characterizations alongside the wear track analysis so as to have a comprehensive understanding of the phenomenon.





6. Electrochemical Properties of CAE-PVD Coatings


The electrochemical properties of CAE-PVD coatings also play a significant role in their tribological performance, especially in applications involving presence of corrosive environment such as in green wood machining. During this process, the presence of organic acids (e.g., tannic acids) resulting in acidic pH levels (usually between 4 and 5.5) coupled with the silica contaminants cumulatively culminating in tribochemical reactions, thus facilitating coating degradation [1,149]. The coating electrochemical degradation process is also accelerated by high temperature [143,150]. The electrochemical properties of CAE-PVD coatings are mostly characterized using potentiodynamic polarization [151]. Predictably, the coating composition and morphology play a significant role in their corrosion resistance. Most importantly, researchers have observed that columnar morphology coating and craters are undesirable for corrosion resistance [73,152] This is because these microstructural features facilitate the penetration of the corrosive wood electrolyte to the substrate, resulting in pitting [153,154]. The following paragraphs present significant findings regarding the electrochemical behaviour of CAE-PVD coatings under different conditions.



Bilgin et al. [114] investigated the corrosion behaviour of monolayered TiN, TiAlCN, AlCrN, AlTiN and multilayered AlN-TiN deposited on tungsten carbide in neutral (sodium chloride solution, pH 7), acidic (sulfuric acid solution, pH 2) and (ammonium hydroxide solution, pH 10) electrolytes. Their findings revealed that in the neutral electrolyte, the corrosion resistance of the coatings was in the order of TiAlCN > AlN/TiN > AlTiN > AlCrN > TiN. Meanwhile, under acidic and alkaline conditions, the corrosion resistance was in the order of AlCrN > AlN/TiN > TiN > AlTiN > TiAlCN and AlCrN > AlN/TiN > AlTiN > TiAlCN > TiN, respectively. The authors further highlighted the superior stability of the chromium oxide layers over other passive oxide layers, which contributed to the excellent performance of the coatings under acidic and alkaline conditions. A notable observation from this study is the consistent performance of the AlN-TiN multilayer coatings under all conditions. This is noteworthy because the pH of wood species fluctuates over a wide range from acidic, neutral to alkaline depending on the effect of climatic conditions [149]. Therefore, to ensure consistent electrochemical performance, the multilayer architecture might be a more suitable selection.



In another study, Fazel et al. [139] compared the electrochemical behaviour of CrN/TiN multilayer and TiN monolayer coatings deposited on Ti-6Al-4 V alloy in Hank’s solution. As expected, they reported that the multilayer CrN/TiN coating exhibited superior performance. Three factors accounted for the observation. Firstly, the monolayer coating was characterized by higher crater density, thus facilitating the electrolyte transfer to the substrate, resulting in coating degradation. Secondly, the presence of more coating layers in the CrN/TiN inhibited the transfer of the corrosive electrolyte, increased the time taken for the electrolyte to reach the substrate and, consequently, resulted in improved corrosion resistance. Thirdly, the formation of stable chromium oxides on the coating surface also inhibited the electrochemical degradation of the coating [139]. In a separate study, Biava et al. [143] investigated the high-temperature (700 °C) electrochemical performance of CrN, TiAlN and AlCrN coatings deposited on waspaloy in an aqueous solution of sodium sulfate and sodium chloride. Their findings revealed that the corrosion resistance of the coatings was in the order of AlCrN > TiAlN > CrN. The superior performance of the TiAlN coating to CrN was attributed to the formation of passive Al2O3 and TiO2, while the more stable Cr2O3 coupled with the Al2O3 resulted in the superior performance of the AlCrN relative to the TiAlN. The findings of this study further emphasized the important role of Cr in the electrochemical performance of CAE-PVD coatings, even at high temperatures typical of those encountered in wood machining, as previously pointed out by Bilgin et al. [114].



Researchers have also reported the effect of dopants and nitrogen reactive gas on the electrochemical behaviour of CAE-PVD coatings. In this regard, Wu et al. [43] investigated the effect of carbon (10–50 sccm of C2H2) doping on the corrosion behaviour of TiAlCrN coatings in sulfuric acid solution electrolyte. Their findings revealed that increasing the dopant composition reduced the coatings’ corrosion resistance. However, compared to the undoped TiAlCrN coating, the improvement in the corrosion resistance was not significant. They attributed the observation to the dominant effect of the existing stable metallic nitride phases (TiN, AlN and CrN) in the coating and that the introduction of C did not destabilize these phases coupled with the insignificant corrosion resistance of the newly formed CN phase. In another study, Warcholinski et al. [140] investigated the effect of silicon doping (0 at. %–4.4 at. %) on the properties of AlCrN coating in sodium chloride electrolyte. They observed a positive correlation between the dopant composition and the corrosion resistance of the coatings. The authors attributed this observation to the resulting dense coating structure preventing electrolyte transport to the substrate coupled with the formation of a passive SiO2 on the coating surface. Meanwhile, another study conducted by Warcholinski et al. [48] on the effect of nitrogen pressure (3–5 Pa) on the electrochemical behaviour of AlCrN coatings in sodium chloride solution electrolyte revealed that increasing the pressure of nitrogen did not have any significant effect on the corrosion behaviour of the coatings.



Nonetheless, for some machining applications characterized by the occurrence of wear and tribochemical reactions, improved perspectives of the electrochemical performance of the coatings could be obtained through tribocorrosion testing [155]. By conducting such test, it would be possible to study the interplay between mechanical and chemical mechanisms responsible for coating degradation and could provide better insight into the expected service life and performance of the coating compared to assessments using wear or corrosion tests separately. However, such characterizations are sparsely reported in the literature for CAE-PVD coatings.



From the foregoing, it is evident that a coating’s defects, composition and morphology play a significant role in its electrochemical performance. Increasing the crater density and a less dense coating morphology correlate with poor corrosion resistance. Some authors have also highlighted the vital role of passive chromium oxides in corrosion resistance improvement, especially in monolayer-coated substrates. The multilayer configuration exhibited the most consistent electrochemical behaviour under all conditions. Additionally, the effect of coating doping on the electrochemical resistance might differ depending on the coating composition, dopant concentration and the type of dopant.




7. Effect of Deposition Parameters on the Properties of CAE-PVD Coatings


The deposition parameters, mainly arc current, temperature and substrate bias, play a significant role in the deposited coatings’ properties and resulting performance [46]. These parameters affect the morphology, adhesion strength and mechanical properties of the coatings [68,121]. The precise and optimal control of these parameters not only ensures a high coating quality but also results in an improvement in the energy efficiency during coating deposition, especially for industrial-scale production [36]. The succeeding sections highlight the effects of the arc current, deposition temperature and substrate bias on the properties of CAE-PVD coatings.



7.1. Effect of Arc Current


The arc current primarily determines the rate of evaporation of the coating species from the cathode [27]. Table 2 presents significant findings on the effect of arc current on the properties of CAE-PVD coatings and other relevant information related to the substrates, other deposition parameters and the coatings.



Further critical analysis of the literature presented in Table 2 revealed the following: There are two main divergent opinions on the effect of the arc current on the hardness and residual stresses of the coatings. The first point of view is that increasing the arc current does not significantly affect the hardness and residual stresses [95]. In support of this argument, the authors explained that increasing the arc current does not necessarily connote an increase in the energy of the evaporated species [157]. In fact, Harris and Lafferty [158] reported that the ion current is only 8%–12% of the applied arc current. Hence, the increase in energy of the ion resulting from the increase in arc current is not sufficient to result in significant changes in coating compressive residual stresses. The static behaviour of the hardness is connected to the insignificant changes in crystallite size, which is an outcome of the negligible variation in plasma energy with increasing arc current [95]. Gilewicz et al. [104] attributed this observation to the dominating effect of increased coating defects (producing less dense and compact coatings) over the reduction of the crystallite size due to the coating bombardment. The second point of view is the increase in residual stresses and decrease in hardness with an increasing arc current. Contrary to the previously presented arguments, they attributed the increase in the residual stresses with the arc current to the increase in the energetic bombardment of the coating by the evaporated species. More so, despite the increment in the residual stresses, the reduction in the hardness was attributed to the dominating effect of the temperature rise leading to crystallite growth (an aftermath of coating bombardment) coupled with the reduction in coating density due to the increased craters and MPs [56].



Similarly, three divergent views on the effect of the arc current on the adhesion strength and wear resistance were deduced. From the first standpoint, there is a reduction in the adhesion strength and wear resistance with an increased arc current. The authors attributed this observation to the increase in the thermal component of the residual stresses with an increasing arc current, leading to accelerated coating degradation [95]. The second viewpoint is the increase in adhesion strength and wear resistance with an increasing arc current. The authors attributed this observation to the shallow implantation of the coating species on the substrate, leading to the formation of adherent layers coupled with a reduced COF [104]. The last point of view is the fluctuations (increasing and later decreasing) in the adhesion strength and wear resistance with an increasing arc current. In this regard, the authors linked this observation to the fluctuation in the H/E and H3/E2 with an increasing arc current [56]. An attempt to resolve the conflicting observations on the effect of the arc current on the properties and performances of the coatings revealed that the substrate bias, target composition and domain of arc current investigated in the studies were different. This could justify the discrepancy in the observations [56,95,104].



In summary, it appears that very limited studies have been conducted on the effect of the arc current on the properties of CAE-PVD coatings. Generally, increasing the arc current is mostly accompanied by an increase in the deposition rate, coating defects, surface roughness, and no significant changes in the structure and texture of the coatings. Regarding the composition, some authors observed an increase in the coating’s metallic composition with the arc current, while others considered it insignificant. The conflicting reports of the effect of the arc current on the residual stresses, hardness, adhesion strength and wear resistance might be attributed to the differences in the coating elemental composition, cathode material and substrate bias used by the different authors. Furthermore, an overall assessment of the literature in this study hints that an arc current in the range of 75–100 A is sufficient for an optimal bond strength and tribological performance.




7.2. Effect of Deposition Temperature


The deposition temperature has a significant effect on the kinetic energy of the evaporated species (i.e., diffusion rate) and the activation energy of reactions leading to coating formation (phase transformation) [68]. Consequently, variations in this parameter could have a significant effect on the coating properties and tribological performance [110]. Table 3 presents significant findings on the effect of deposition temperature on the properties of CAE-PVD coatings and other relevant information related to the substrates, other deposition parameters and the coatings.



The following important points are noteworthy following a detailed analysis of the literature presented in Table 3. Firstly, there is an unexpected change in the texture of the coatings to a plane of lower reticular density at higher temperatures [98]. Ideally, the growth of planes with higher reticular densities are promoted at high temperatures [159]. However, the authors attributed the occurrence to chamber impurities, which were activated at high temperatures, incorporated into the film and hindered the growth of the preferred planes [98]. Another critical issue is the effect of increasing deposition temperature on the hardness, crystallite size and tribological performance of the coatings. Here, three main divergent opinions were deduced. Firstly, is the expected increase in crystallite size accompanied by an unexpected increase in hardness and wear resistance. In support of this, the authors explained that increasing the mobility of the adatoms at high temperatures facilitated the growth of the crystallite. Despite the crystallite growth, the increase in coating hardness was attributed to the enhanced texture. Meanwhile, the cumulative increase in the hardness and enhanced texture led to improved wear resistance [96]. The second viewpoint is the unexpected reduction in crystallite size accompanied by a reduction in the hardness and wear rate. Contrary to the previous explanations, the authors attributed the reduction in crystallite size at higher temperatures to the increased coating bombardment by the energetic coating species. Meanwhile, the observed increment in hardness was attributed to the reduced crystallite sizes and reduction in detrimental intermetallic phases. Cumulatively, the increased hardness and adhesion strength resulted in improved wear resistance [68]. The third viewpoint is the reduction in crystallite size, hardness, and wear resistance with increasing deposition temperature. Contrary to previous accounts, the authors attributed the crystallite growth at higher deposition temperature to the reduction in the deposition rate, resulting in a reduction in coating bombardment and the subsequent migration of the crystallite boundaries. The authors further explained the surprising reduction in deposition rate to target poisoning and re-sputtering. Target poisoning results when reactions leading to the formation of nitrides on the target surface are promoted, thus hindering the evaporation rate of coating species. Again, at high temperatures, the incident adatoms have greater mobility, thus increasing their probability of re-sputtering. The reductions in hardness and adhesion strength contributed to the reduction in wear resistance [48].



In summary, like the arc current, the effect of deposition temperature on the properties of CAE-PVD coatings is sparsely reported in the literature. Generally, coating deposition at higher temperatures is likely characterized by enhanced preferred texture and reduced incomplete phase transformation. However, there seem to be conflicting views on the effect of the parameter on the crystallite size, hardness, and the resulting tribological properties. Consequently, further studies need to be conducted to better understand the effect of the parameter on the mechanical and tribological performance of CAE-PVD coatings.




7.3. Effect of Substrate Bias


The substrate bias influences the impact of the adatoms on the substrate. This parameter plays a vital role in the resulting morphology and properties of the coatings [46,90]. Table 4 presents significant findings on the effect of substrate bias on the properties of CAE-PVD coatings and other relevant information related to the substrates, other deposition parameters and the coatings.



A critical analysis of the literature presented in the table revealed the following. There are discrepancies in the effect of the substrate bias on the deposition rate, hardness, surface roughness, residual stresses, and the overall tribological performance of the coatings. Firstly, the deposition rate could either decrease or remain constant with an increasing substrate bias. The former could be attributed to the re-sputtering of weakly bound adatoms due to the energetic ion bombardment at high bias [48]. Meanwhile, the constant deposition rate could be attributed to the lower tendency of re-sputtering due to the relatively lower substrate bias or a relatively high arc current coupled with the difference in coating composition contributing to an increase in cation density, which counteracts the effect of target poisoning and re-sputtering [48,50,161]. Concerning the hardness, it was observed to reduce, increase or fluctuate with an increasing bias. The reduction in the hardness with an increasing substrate bias could be attributed to the crystallite growth facilitated by the rise in the coating temperature due to the increase in the energetic ion bombardment [48,98,161]. Alternatively, it could be attributed to the formation of intermetallic phases possessing relatively lower hardness [52]. Meanwhile, the increase in the hardness was correlated with the change in the coating composition and texture as an aftermath of the re-sputtering at high bias [90]. The following explanations were offered regarding hardness fluctuation (increase followed by a decrease) with bias. The increase in hardness with the bias was attributed to the less columnar and dense coatings, while the subsequent reduction was attributed to the formation of unstable intermetallic phases coupled with stress relaxation following saturation due to excessive bombardment [64,161,162].



Concerning residual stresses, two dominant views were reported. Firstly, is the increase in residual stress with bias, which was linked to the increase in the rate of impinging coating atoms [98,161]. Secondly, is the fluctuation (an increase followed by a decrease) in the residual stresses with the bias. The increase in the residual stresses with the bias and the subsequent reduction was due to the energetic coating bombardment followed by stress relaxation, respectively [64,95,162]. Regarding the surface roughness of the coatings, it was observed to either reduce or fluctuate with an increasing bias. The former was linked to coating densification and MPs’ reduction [48,98]. The fluctuation in the surface roughness with the substrate bias characterized by a reduction and a subsequent increment could be attributed to the distortion in coating morphology by excessive ion bombardment following coating densification [64]. Lastly, two main divergent views were reported for the parameter’s effect on the coatings’ tribological performance. The first view is the reduction in tribological performance with increasing bias due to a reduction in hardness, H/E, and H3/E2 [161]. The second view is the fluctuation in the tribological performance owing to fluctuations in properties like the residual stresses, surface roughness, and hardness [95,162].



Furthermore, it appears that the effect of the substrate bias on the coating properties seems to be complicated. However, the effect can be categorized based on the bias intensity as low, optimum, and high. At a low negative bias (usually < 100 V), the resulting coating is mostly characterized by defects, columnar morphology, and low hardness, which are undesired for tribological applications. Meanwhile, for optimum negative bias (usually between 100 and 200 V), the resulting coatings were dense and less columnar with reduced defects and increased residual stresses and hardness. Meanwhile, at high substrate bias (typically > 250 V), there is a high likelihood of re-sputtering coupled with residual stress release, leading to a reduction in hardness. However, it is important to mention that the optimum substrate bias largely depends on the coating composition and other deposition parameters.



In summary, it appears that more studies have been documented on the effect of substrate bias as compared to the arc current or temperature. Nonetheless, the literature analysis in this study hints that the substrate bias and the temperature have the most significant effect on the coating properties and the resulting performance. Gautier and Machet [98] previously proposed a similar argument. However, further studies need to be conducted to ascertain which parameter has the most significant effect. Again, it was discovered that only separate studies of the effect of the individual parameters have been mostly documented. Further studies can be conducted to optimize these parameters and also understand the interactions among these parameters, as well as the resulting effects on the coating properties and service performance.





8. CAE-PVD Coating Architecture


Over the years, the desire to improve the service performance of the existing CAE-PVD coatings birthed the significant efforts by researchers in developing different coating architectures. This section presents recent advances in the evolution of monolayer CAE-PVD coatings, coating doping and multilayer architectures.



8.1. Evolution of Monolayer CAE-PVD Coatings


Most monolayer coatings for tribological applications usually comprise Al, Ti or Cr, with N as the base element [12]. However, the earliest industrial PVD coatings developed were CrN and TiN [30,163]. While CrN showed superior thermal stability (approximately 100 °C higher) and corrosion resistance [156,164], TiN possesses higher hardness (approximately 3 GPa higher) [4,32]. Nonetheless, the insufficient tribological performances of these coatings led to the introduction of Al-based ternary PVD coatings, leading to AlCrN and AlTiN coatings [10,126]. This resulted in an increase in the hardness (up to 32 GPa), thermal stability (up to 800 °C), and tribological performance [112,140,165]. The improvement in the performance of these coatings was attributed to the formation of a passive aluminum oxide layer and solid solution strengthening by the cubic structure AlN phase [27,104]. However, it has been reported that when the concentration of Al exceeds 60%–70% (i.e., Alx (Cr or Ti)1−x N, x > 60%–70%), there is a reduction in the tribological performance of these coatings [90,166]. This is due to the formation of the detrimental hexagonal AlN phase [48,167]. In fact, studies conducted by Benlatreche et al. [168] on the effect of 0 at. %–51 at. % Al on the wear resistance of AlCrN coatings revealed that the optimum tribological performance was obtained at 5 at. % Al. Additionally, an insufficient supply of the base nitrogen reactive gas during coating deposition could also result in the formation of the AlN phase. Nitrogen pressures in the range of 3–5 Pa have been reported by different researchers to result in optimal tribological performance of CAE-PVD coatings [48,104]. Nonetheless, in recent years, quaternary AlTiCrN coatings have been hinted as promising candidates for tribological applications and are the subject of contemporary research [33]. These coatings typically have relatively higher hardness (up to 36 GPa) and thermal stability (up to 1100 °C) [4,169]. The improvement in the properties of the quaternary coating is attributed to the combined solid solution strengthening offered by TiN, AlN, and CrN phases coupled with the formation of dense and stable oxide layers of Al, Cr, and Ti [170]. Additional investigations revealed that 3 at. % Cr is required to optimize the thermal stability of AlTiCrN coatings [27]. However, further studies need to be conducted to optimize the coating composition, particularly for improved tribological performance.




8.2. Doping of Coatings


In the past years, the need to further improve the quality of the existing coatings led to the introduction of other metallic (e.g., Ta, Y and V) and non-metallic (e.g., C, Si and B) dopants to the coating composition [171,172,173]. When the dopant is introduced to the coating matrix, it substitutes atoms from the matrix or occupies matrix interstices (depending on the dopant size relative to the size of the coating crystallite) to form solid solutions. This is usually accompanied by distortion of the coating lattice structure and increased residual stresses [32,169]. Meanwhile, the increase in nucleation sites by the incoming dopants results in the finer coating crystallite, thus providing additional strengthening per Hall–Petch principle [126,140]. However, excessive doping is characterized by superfluous nucleation, leading to the formation of amorphous phases, which are detrimental to the coating properties and the resulting service performance. The optimal dopant composition is governed by the maximum solubility of the dopant in the coating matrix, thus varies from coating to coating for a given dopant [140]. For instance, Kong et al. [32] reported 6.9 at. % of C as the optimal dopant for CrN/CrCN multilayer coating for maximum mechanical and tribological performance, while Wu et al. [43] reported 22.35 at. % of C for TiAlCrCN coating.



Lately, the use of carbon-doped CAE-PVD coatings for tribological application has received significant attention from researchers due to the strengthening properties of the dopant [32]. However, unlike other dopants, which are typically evaporated from the cathode, the carbon is mostly introduced into the deposition chamber as a reactive gas in the form of a hydrocarbon (mainly CH4 and C2H2) [74,164]. This is because of the poor electrical conductivity and the high melting point of the nonmetal, leading to the evaporation of a significant portion of the metal as clusters (MPs) Furthermore, carbon, unlike other dopants, which are usually atomized, has a very high tendency to undergo sublimation coupled with its high melting point. This leads to the formation of carbon-containing species which act as nucleation sites for other incoming species thereby, facilitating their clustering to form MPs. Again, it is more energy-conservative and easier to control the coating composition by introducing the dopant as a reactive gas than cathodic evaporation [37,57]. Like other reactive gases, when the hydrocarbon gas is introduced into the chamber, it is ionized by the plasma, producing hydrogen and carbon ions. The relatively low momentum of the hydrogen ions due to their atomic mass makes them susceptible to easy displacement by other coating elements with higher momentum; hence, they mostly remain as gaseous residue in the deposition chamber and are subsequently evacuated via the exhaust system [35].



Furthermore, researchers have also recently attempted co-doping as a promising alternative for further improving the tribological properties of CAE-PVD coatings. In this process, two dopants are simultaneously introduced to the coating matrix [171]. This creates the possibility of combining the properties of different dopants, thus enhancing the performance of the deposited coatings. In this regard, a recent study by Mei et al. revealed that optimal 0.5 at. % C and 0.2 at. % B co-doping of AlTiN coatings improved the mechanical and tribological properties compared to doping with C or B alone [174]. Also, in an effort to combine the strengthening properties of Ta and the anti-oxidative properties of Y, Aninat et al. reported that the co-doping of TiAlN with 2 at. % Ta and 1 at. % Y resulted in improved mechanical properties and thermal stability of the coatings [130]. Additionally, V and Si co-doping has also been explored by researchers to amalgamate the lubricative properties of V and the strengthening properties of Si. Studies reported by Chen et al. revealed that optimal 0.04 at. % V and 0.07 at. % Si doping of AlCrN coatings resulted in improved hardness and wear performance of the coatings [175].




8.3. Multilayer Architecture


The multilayer architecture is a product of the attempts by researchers to fully explore the properties of different CAE-PVD coatings and tailor the coating morphology and properties to suit the desired application. For instance, a layer with good adhesive properties (e.g., CrN [64]) and lubricative properties (e.g., VN [175]) could be combined with one with good mechanical properties (e.g., AlCrN [176]), resulting in improved tribological performance. This might be very difficult to achieve with monolayer configurations [5]. Moreover, the superior performance of these coatings compared to the monolayer counterpart is mainly attributed to their improved resistance to crack propagation, as the multilayer boundaries inhibit dislocation movement [161]. Over the past years, this coating architecture has been found to be very beneficial, particularly in the machining applications [147,177]. As this coating architecture has received great attention from researchers, different multilayer architectures have been developed. Some of these architectures are illustrated in Figure 19.



The first multilayer configuration (Figure 19a) is one in which each distinct layer has at least one additional element in excess with respect to the other layers. Most often, it comprises two (bilayers) or three (trilayers) distinct layers. This multilayer configuration is exemplified in the study conducted by Naghashzadeh et al. on the comparative assessment of the tribological performance of TiN-TiCN-TiN/TiAlN binary and TiN-TiCN-TiN/TiAlN/TiN-TiCN-TiN ternary multilayer coatings. Their findings revealed that the ternary multilayer coating exhibited superior tribological performance [74]. In this layer configuration, the order of layer arrangement significantly affects the resulting coating performance. Ideally, it is generally preferred that the first layer deposited on the substrate should have better adhesive properties. For instance, for a bilayer configuration comprising CrN and CrCN, it is recommended that the former be the first deposited layer due to its superior adhesive properties [64,178].



The second multilayer configuration is a variant of the first configuration. It comprises two major layers repeated throughout the coating thickness, as shown in Figure 19b. It is sometimes referred to as a nanolayer configuration, as the layer thickness is usually in the nanometric scale [179]. An example of this configuration can be found in the study conducted by Kong et al. on the tribological performance of three bilayers CrN/CrN multilayer coating. They observed superior performance with the multilayer coating compared to the respective monolayer configurations [32]. In another study, Warcholinski and Gilewicz conducted a comparative study between seven bilayers of CrN/CrCN and TiN/TiAlN coatings. They reported that both configurations resulted in improved performance compared to their respective monolayer configurations, with the former exhibiting superior tribological performance [4]. Additionally, in this configuration, the thickness of the layers plays a significant role in the resulting coating properties [126]. Accordingly, Warcholinski and Gilewicz investigated the effect of 1:5, 1:2, and 1:1 bilayer thickness ratios on the properties of CrN/CrCN multilayer coatings. Their findings revealed that optimum adhesion strength and wear resistance are obtained when the layers have the same thickness (i.e., thickness ratio of 1:1). At higher bilayer thickness ratios, the reduction in coating quality was due to the accompanying residual stresses and reduction in H/E. It is also important to mention that layer thickness in the nanometric range (<200 nm) have been observed to exhibit superior tribological performance than thicker layers [179]. The improved performance could be explained in terms of Hall–Petch effect (i.e., reduction in crystallite size and increased crystallite boundaries following layer thickness reduction) and Koehler effect (i.e., increase in interfacial density with reduction in layer thickness) leading to improved resistance to plastic deformation. Furthermore, authors have also reported a positive correlation between the tribological performance and the number of repetitive layer elements in a given bilayer thickness [164,179]. In other words, given two nanolayer coatings with the same thickness, the one with more repetitive layers would likely exhibit superior performance. This is justifiable as increasing the number of layers increases the number of layer interfaces, thus providing additional impedance to dislocation movement. The last multilayer configuration is best described as a gradient-type architecture. In this configuration, the coating composition is varied across the coating thickness, as illustrated in Figure 19c. A typical example of this configuration can be found in the study conducted by Dobrzanski et al. [180] on the tribological performance of a gradient TiAlN multilayer coating deposited on different tool materials including cemented carbides, oxide tool ceramics among others. They observed an improvement in the tribological performance of the tool materials as a result of the significant increase in the hardness offered by the gradient composition.



In summary, over time, there has been an evolution from binary monolayer coatings to coating doping and the development of different multilayer architectures. However, irrespective of the coating architecture, the elemental composition of the coating is critical in achieving optimal tribological performance. Meanwhile, while optimal coating doping, particularly with carbon, is effective for tribological performance enhancement, exploring optimal co-doping holds greater prospects due to the possibility of combining desirable properties of different dopants. Furthermore, the multilayer architecture has been suggested by several researchers to provide superior improvement in tribological performance as compared to the monolayer counterpart.





9. Summary and Future Directions


9.1. Summary


In summary, the preparation of the substrate before coating deposition, particularly the substrate profile, significantly affects the coating morphology and the resulting tribological performance. Despite the promising prospects of CAE-PVD coatings for tribological applications, the contemporary challenge militating against the wide spread of these coatings in the wood-cutting industry is the inherent defects. However, researchers have identified deposition parameter optimization (particularly the partial pressure of the nitrogen reactive gas) as the most cost-conservative and effective method of minimizing these defects. Furthermore, because of the complex tribological behaviour of the coatings, a holistic approach involving the characterization of the mechanical, morphological, electrochemical, and tribological properties should be adopted during coating performance assessment. Additionally, the deposition parameters influence the properties and the service performance of the coatings. On the basis of the literature analysis, the substrate bias and the temperature are most likely to cause more significant changes in the coating properties than the arc current. Finally, several coating architectures have been developed over the years which exhibit different tribological performance. However, the nanometric multilayer configuration seems to hold the most potential for tribological applications as they offer superior improvement in the overall service performance of the coatings.




9.2. Future Directions


Following the review of the recent advances and the comprehensive literature analysis of CAE-PVD coatings for enhanced tribological performance conducted, the ensuing recommendations are provided for researchers in the field for further exploration.



	(1)

	
More systematic studies on the optimization and the effect of substrate profile with specific emphasis on the correlation with the resulting morphology, mechanical properties, the evolution of the coating–substrate interface, and the tribological performance should be conducted. Achieving this would reinforce the existing understanding of the parameter’s effect on the coatings’ service performance.




	(2)

	
Researchers should explore the effect of the property mismatch between the coating and the substrate on the adhesion and tribological performances of CAE-PVD coatings. In this discourse, the focus can be directed towards the effect of the coating–substrate chemistry, hardness and elastic modulus differentials on the resulting residual stresses and bond strength. The results of such investigation can provide some valuable insight for making informed decisions during the coating–substrate selection for optimized tribological performance.




	(3)

	
More systematic studies should be conducted on the effect of the deposition parameters on the coating properties, with more emphasis on process parameter optimization. Regarding the effect of process parameters, attention should be directed towards the evolution of the coating–substrate interface and the resulting impact on coating quality. In order to achieve the goal of parameter optimization, adopting a design of experiment (DOE), such as the response surface methodology (RSM) or Taguchi method, might come in very handy. The objective of such an optimization process should be targeted towards improving energy efficiency during coating deposition and maximizing the coating quality. This holds great potential benefits, particularly for industrial practitioners.




	(4)

	
Researchers should also investigate the effects of substrate heating resulting from high deposition temperature, arc current heating, and substrate temperature rise due to energetic bombardment, on the properties of the substrate, particularly tool steels. This is of utmost importance as the substrate heating might influence the carbide characteristics, retained austenite composition, and the resulting mechanical and tribological performance of the coated substrate. To achieve this objective, an in situ temperature measurement device such as a thermocouple can be used to obtain information about the thermal cycle of the coated substrate during coating deposition. Such a cycle can then be replicated in an uncoated substrate in a furnace, followed by subsequent mechanical and tribological characterizations. The result of such an investigation would facilitate informed decision making in the selection of deposition parameters for optimal tribological performance of the coated substrate.




	(5)

	
Further comparative studies on the tribological performance of the different optimized coating architectures should be conducted to ascertain which would provide superior tribological enhancement. If possible, such an investigation should be supported by field tests to further validate the suitability of the optimal architecture for the intended application.
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Figure 1. The processes involved in PVD substrate preparation. 
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Figure 2. Surface of the substrate: (a) before decontamination; (b) after decontamination. 
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Figure 3. Processes involved in CAE-PVD coating. 
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Figure 4. Schematic of a typical CAE-PVD system [82]. 
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Figure 5. An illustration of the principles of the CAE-PVD [37]. 
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Figure 6. Schematic diagram illustrating the microstructural evolution during the CAE-PVD coating’s formation: (a) condensation of adatoms; (b) nucleation; (c) growth of nuclei; (d) interface formation; (e) continuous film growth. 
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Figure 7. Columnar morphology of the CrN/CrCN CAE-PVD coating deposited on AISI M2 high-speed steel [32]. 
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Figure 8. A schematic diagram of the structural zone model. 
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Figure 9. Micrograph of AlTiN/AlTiCrN coating surface showing macroparticles and craters. 
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Figure 10. (a) TEM micrograph showing compressive deformation induced by a Ti microdroplet on a TiN-(Ti, Mo, Al)N coating (A1—region of compressive deformation; A2—undeformed region) [47]; (b) SEM micrograph showing crack initiation and propagation from an MP embedded in a TiAlTaN coating [71]. 
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Figure 11. Effect of substrate bias (Ub) on MPs in HS-6-5-2 tool steel coated with: (a,b) CrN; (c,d) CrCN [55]. 
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Figure 12. Effect of arc current on MPs in AlCrN coating deposited at an arc current of: (a,b) 50 A; (c,d) 120 A [104]. 
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Figure 13. Effect of partial pressure of nitrogen on MPs of TiN coatings deposited: (a) 0.1 Pa; (b) 1.2 Pa [51]. 
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Figure 14. (a) TEM micrograph showing the Cr-Zr interface; (b) EBSD micrograph showing equiaxed interfacial grains and the columnar coating morphology [121]. 
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Figure 15. A surface profile showing the average surface roughness (Ra) and the peak-to-valley height (Rz). 
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Figure 16. Illustrations: (a) pin-on-disk (POD) test; (b) Taber abrasive test; (c) dry sand rubber wheel (DSRW) test. 
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Figure 17. (a) VDI 3198 standard [141] for classification of coating adhesion strength (ref) [142]; (b) circumferential cracks in TiAlN-coated waspaloy [143]. 
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Figure 18. Micrographs showing TiN-coated high-speed tool steel coating damage corresponding to (a) Lc1 and (b) Lc2 [142]. 
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Figure 19. An illustration of different multilayer architectures: (a) trilayer architecture; (b) nanolayer architecture; (c) gradient architecture (A, B, C, X, and Y represent coating composition, while q, r, c, and z represent the % atomic compositions). 
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Table 1. Summary of the effect of the substrate profiling on the properties of CAE-PVD coatings.
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	Profiling Method
	Profiling Details
	Average Roughness, Ra (µm)
	Substrate
	Coating
	Thickness (µm)
	Significant Findings
	Ref.





	Mechanical treatment
	Mechanical grinding discs (600 and 1200 mesh sizes) and polishing with diamond powder.
	0.016–0.038
	Tungsten carbide
	TiAlN
	3.5
	1—Increase in coating’s Ra and COF with the substrate’s Ra.

2—No significant effect on the crystal structure, residual stresses, and coating thickness.

3—Increase in the adhesion strength and wear resistance at lower Ra.
	[66]



	Mechanical treatment
	Mechanical grinding with emery paper (800 and 1000 grit sizes) and 1 µm diamond polishing.
	0.01–0.08
	AISI M2 HSS
	TiN and nc-TiAlSiN
	2
	1—Minimal wear rates at high substrate Ra.

2—Increase in the adhesion strength of TiN and a decrease for the nc-TiAlSiN coating with an increasing substrate Ra.
	[70]



	Chemical treatment
	Etching with Murakami’s reagent and Caro’s solution.
	0.05–0.11
	Tungsten carbide
	AlCrN
	1.24–2.78
	Increase in the coating thickness, homogeneity, and adhesion strength at higher substrate Ra.
	[68]



	Mechanical treatment
	Mechanical grinding with emery paper (600–2500 mesh sizes)
	0.05 and 0.2
	AISI 52100 steel
	TiN
	0.432 and 2.83
	1—Increase in the MP density, COF, H/E, H3/E2, adhesion strength, and wear resistance with increased substrate Ra.

2—No significant changes in the coating thickness.
	[63]



	Mechanical treatment
	Not provided
	0.1–0.31
	AISI M2 HSS
	CrN
	2.36
	Reduced adhesion strength, corrosion, and high-temperature oxidation resistance at higher substrate Ra.
	[34]



	Not provided
	Not provided
	0.037–1.348
	Cr17Ni2 stainless steel
	Ti-TiN-Zr-ZrN
	11–15
	Reduction in the adhesion strength and coating homogeneity at higher substrate Ra.
	[73]







COF—coefficient of friction; H—hardness; E—elasticity; MP—macroparticle; Ra—average roughness.













 





Table 2. Summary of the effect of the arc current on the properties of CAE-PVD coatings.
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	Arc Current (A)
	Temperature, Substrate Bias
	Substrate
	Coating
	Thickness (µm)
	Significant Findings
	Ref.





	50–90
	400 °C, −70 V
	Stainless steel
	Cr
	1.8
	1—No effect on coating texture.

2—Increase in the deposition rate with the arc current.
	[98]



	0–100
	500 °C, −100 V
	High-speed steel
	CrN and AlN
	3.1–6.6
	1—A positive correlation exists between the arc current and the coating’s metallic composition.
	[156]



	75–175
	300 °C, −150 V
	M2 high-speed steel
	TiAlN
	1
	1—No significant effect on the coating’s hardness and residual stress.

2—A reduction in the adhesion strength with an increasing arc current.

3—An increase in the deposition rate and aluminium concentration with the arc current.
	[95]



	50–100
	350 °C, −100 V
	Not provided
	AlCrN
	3–4
	1—No significant effect on the coating texture, crystallite size, composition, H, H/E and H3/E2.

2—An increase in the coating defects, surface roughness and deposition rate with the arc current.

3—A reduction in the COF with an increasing arc current.

4—A fluctuation in the adhesion strength and wear rate with the arc current, reaching an optimum at 80 A.
	[104]



	50–120
	350 °C, −100 V
	4H13 and HS6-5-2 steel
	AlCrN
	Not provided
	1—An increase in the crystallite size, deposition rate, surface roughness and residual stresses with the arc current.

2—The H, H/E and H3/E2 decreased with an increasing arc current.

3—The adhesion strength and wear rate followed a similar trend, reaching an optimum at 80 A.
	[56]










 





Table 3. Summary of the effect of the deposition temperature on the properties of CAE-PVD coatings.
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	Temperature (°C)
	Arc Current, Substrate Bias
	Substrate
	Coating
	Thickness (µm)
	Significant Findings
	Ref.





	250–450
	80 A, −100 V
	WC-Co
	AlCrN
	1.24–2.78
	1—Reductions in the crystallite size, compressive residual stresses and wear rate with an increasing temperature.

2—An increase in the hardness with the deposition temperature.
	[68]



	250–500
	80 A, −70 V
	Stainless steel
	Cr
	3
	A change in the coating texture from (110) to (200).
	[98]



	350–450
	80 A, −100 V
	HS6-5-2 steel
	AlCrN
	3.9–6
	1—Reductions in the hardness, deposition rate and adhesion strength with an increasing temperature.

2—An increase in the crystallite size with the temperature.
	[48]



	150–450
	100 A, bias not provided
	HSS
	TiN
	6.3
	Increases in the COF and surface roughness with the deposition temperature.
	[131]



	250–500
	80 A, −100 V
	Stainless steel
	Cr
	2.35–4.35
	1—The crystallite size increased with temperatures up to 400 °C and remained constant afterward.

2—The hardness, wear resistance, and lattice perfection increased with the temperature.
	[96]










 





Table 4. Summary of the effect of the substrate bias on the properties of CAE-PVD coatings.
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	Negative Bias (V)
	Arc Current, Temperature
	Substrate
	Coating
	Thickness (µm)
	Significant Findings
	Ref.





	0–100
	80 A, 400 °C
	Stainless steel
	Cr
	1.4
	1—Increase in the crystallite size and enhancement of (110) texture with the increasing bias.

2—Reduction in MPs with increasing bias.
	[98]



	0–300
	80 A, 350 °C
	HS6-5-2 steel
	AlCrN
	4.5
	1—Increases in the crystallite size and hardness with bias.

2—Reductions in the deposition rate and surface roughness with an increasing bias.
	[48]



	50–400
	80 A, 400–420 °C
	Hardened steel
	CrAlN
	1.9–3.6
	1—Reductions in the wear rate, crystallite size, residual stresses and deposition rate with an increasing bias.

2—Increases in the Cr/Al ratio and hardness with bias.

3—A change in texture from (100) to (220) and a constant N composition with increasing bias.
	[90]



	10–300
	80 A, 300 °C
	HS6-5-2 steel
	CrN and CrCN
	2.2
	1—Fluctuations in the hardness and residual stresses with bias (an increase up to 150 V followed by a decrease).

2—A reduction in substrate roughness and no effect on the Cr/N ratio with an increasing bias.

3—The adhesion strength of CrCN was unaffected while that of CrN reduced with an increasing bias.

4—Transformation of coating morphology from fine-grained to a polycrystalline dense structure with increasing bias.
	[64]



	50–250
	75 A, 300 °C
	M2 High-speed steel
	TiAlN
	1
	1—Increase in residual stresses, hardness, and enhanced coating texture (111) with increasing bias.

2—Increase in adhesion strength with bias up to 150 V followed by a decrease.

3—Reduction in Al content with an increasing bias.
	[95]



	20–400
	135 A, 200–420 °C
	High-speed steel
	CrN
	8.6–9.7
	1—A positive correlation between the substrate temperature and bias.

2—Fluctuation in residual stresses with the bias (an increase up to 100 V, followed by a decrease) with an increasing bias.

3—No changes in the coating’s composition.

4—Hexagonal Cr2N phases were formed at 400 V.
	[160]



	70–300
	80 A, 300 °C
	HS6-5-2 steel
	CrN
	9
	1—Hardness, surface roughness, and defects were reduced with an increasing bias.

2—Deposition rate and coating composition remained fairly constant.

3—Crystallite size and density were positively correlated with the bias.

4—Hexagonal Cr2N phase was formed at a higher bias.
	[52]



	20–180
	280–320 °C, Arc current not provided.
	SK H9 steel
	AlTiN/CrTiSiN
	1.6–1.7
	1—Hardness decreased with an increasing bias.

2—Residual stresses increased with the bias.

3—A less columnar morphology was observed with an increasing bias.

4—The coating thickness and composition were not affected by changes in the bias.
	[161]
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