


Functional superhard tool coating materials research progress


Abstract: The superhard tool coating has broad applications across various industries, including shielding, oil mining, and coal extraction. This is due to its exceptional wear, fatigue, and impact resistance properties. In this paper, we present a comprehensive review of national and international research reports on tool coatings over the past few years. We summarize the findings from both domestic and international studies, focusing on the latest advancements in commonly used superhard tool coatings, such as diamond coatings and diamond-like carbon coatings. Furthermore, we highlight the limitations of current research in this field. This review aims to provide theoretical guidance and reference information for ongoing research and technological development in tool coating materials, offering insights into potential future directions.
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1. Introduction
Superhard tools play an important role in manufacturing industry [1], with superb thermal conductivity and low friction coefficient, excellent hardness and wear resistance. That can improve machining efficiency, precision, and reduce machining costs [2]. However, problems such as friction and wear, corrosion, oxidation and thermal fatigue are easily caused during tool service [3]. The toughness and hardness of the material are contradictory. Therefore, a coating is usually applied to the surface of the tool to enhance its operational efficiency and overall durability [4,5]. As a result, a variety of tool coatings have been developed and deposited on the surfaces of nitrides, ceramics, and steel substrates [6,7]. So they have been widely used in shield construction, oil excavation, coal and other fields [8,9]. With the increasingly harsh cutting environment of tools, tool coating materials need to be updated [10].
[bookmark: OLE_LINK3]In recent years, domestic and foreign scholars have carried out deeper research on superhard tool coating materials, and achieved a series of research results. That  mainly includes: (1) How coating preparation affects coating performance. The effect of coating thickness [11], texture structure [12], element doping [13] and other parameters on the mechanical performance and structural evolution of coatings were studied through experiments. (2) Explore new pretreatment methods of the substrate [14,15]: eliminating the undesirable catalytic effect of the bonding agent, etching of the substrate, the deposition of the intermediate layers and others to improve wear resistance of coatings are proposed lately. (3) Coating application research. The coating can play the role of chemical protection and thermal protection. It can not only avoid the direct contact of tools with parts, but also decrease the mutual diffusion between tool and parts. That are also beneficial to enhancing the oxidation resistance, wear resistance and lifespan of tools and increasing efficiency of cutting and surface quality of the workpiece [16,17].
At present, the review of tool coating materials is relatively fragmented. There has been no systematic review of the three aspects mentioned above. This paper is mainly from the diamond coating and diamond-like coating two types of superhard coating. The article systematically reviews of domestic and foreign research reports and research progress on tool coating, puts forward the current research deficiencies and future development directions of superhard tool coating. It is expected to provide a theoretical basis of reference significance for technical research and application development in related fields of superhard tool coating.
2. Overview of research on tool coatings
Throughout the the tool coating research of domestic and foreign scholars, most of them mainly focused on the tool coating wear resistance, thickness, thermal stability, elemental content and other aspects. They aim to explore different factors of high-performance tool coating. According to incomplete statistics, there have been hundreds of articles on the research results of tool coating at home and abroad. 
3. Superhard tool coating research progress
At present, the reported superhard tool coatings mainly include diamond coating, diamond-like coating, cubic boron nitride coating, carbon nitride coating and so on. The effect of the texture structure, elemental doping, temperature changes, particle size and other parameters on the overall structural properties of the coating, and studying the improvement of coating bonding force by different treatment methods of matrix etching and interlayer deposition are still emphases. Coating raw materials are developing in the direction of multiple, multi-level and gradient. In actual working process, the tool will be subjected to many factors such as cutting force to produce negative influence, as show in Figure 1. The technological parameters and properties of the above two types of superhard coatings are reviewed in detail.
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Figure 1. Different tool wear stages.
3.1 Diamond Coating
Diamond coating has advantages of superior hardness, excellent abrasion resistance and small coefficient of thermal expansion. Diamond coating deposited on the tool surface can enhance the tool’s performance in terms of wear resistance, corrosion resistance and high temperature resistance. It is helpful to achieve the purpose of prolonging the service life. It is the ideal tool material and widely favoured in the field of cutting tool. Domestic and foreign scholars have mainly studied the influence of coating texture structure, thickness, pretreatment method and other parameters on the coefficient of friction and diamond coatings adhesion, having achieved fruitful results.
[bookmark: OLE_LINK18]Texture processing on diamond films can markedly decrease the coefficient of friction, thereby enhancing the wear resistance of coatings. Guo et al. [19] investigated the impact of texture structure on tribological properties of diamond coatings on WC-Co cemented carbide surfaces. The surface texture was fabricated by laser ablation technique. The diamond coating synthesized on the textured substrate perfectly superimposes the texture of base surface. The bearing ball was used under dry friction conditions for the reciprocating friction test. It has been found that as the surface area of the same type of texture increased, the coefficient of friction of the diamond textured coating decreased. Compared to groove textures, elliptical textures further reduced the coating friction coefficient by trapping abrasive particles, as shown in Figure 2. However, the reasons for the slight fluctuation in the friction coefficient curve of diamond coating with or without texture have not been deeply analyzed. Wu et al. [12] studied the effect of the micro-texture of the diamond coating on the graphitization and the coefficient of friction. The degree of graphitization of diamond coating microstructures decreased successively to concentric circles, hexagons and rhombuses. That meant a positive correlation with the surface density of the micro-texture. The graphitization of textured surfaces decreased rapidly and became stable at the first friction stage. The coefficient of friction decreased with graphitization and stabilized with graphite. After stabilisation, the coefficient of friction decreases with the increased of graphitization degree. However, the process of IDiamond/IGraphite without obvious change is not described systematically when the texture depth was in the range of 5~6 μm.
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Figure 2. Schematic diagram showing the laser surface texturing to produce elliptical and grooved textures.
[bookmark: OLE_LINK4]Diamond coating deposited on carbide tools can extend their cutting life. The adhesion strength between diamond coating and substrate is poor. The interface between interlayer and diamond coating is easy to separate. Fan et al. studied the impact of composite pretreatment on the bond strength and cutting performance of diamond-coated cemented carbide cutting tool by hot filament chemical vapor deposition. The pretreatment of diamond WC-Co coating by acid-Murakami-acid chemical etching process treatment or deposition of 500 nm WC intermediate layer can not saliently improve adhesive strength. The coating adhesive strength after composite pretreatment was significantly improved. The cutting performance of coated tool was lifted significantly. However, the reason of pore between diamond coating and matrix has not been deeply analyzed and needs to be studied.
Coating wear resistance and inter-substrate adhesion are affected by coating thickness and diamond content [20]. Kwon et al.  investigated the influence of different particle sizes on diamond coatings performance. CH4 coating with 2% concentration had coarser grains and higher adhesion. The best thickness of 13.9 μm for processing carbon fiber reinforced polymers had the longest tool life. However, the changing process of the sum ratio between diamond peak strength and nano-diamond peak was smaller. But the content of nano-diamond is higher. It was found that 10 wt.% diamond coating had high hardness and Young's modulus under pressure conditions of 60 MPa and 80 MPa. 10 wt.% diamond coating 60 MPa had low elastic resistance and the highest wear resistance. However, the mechanism of the effect of the carbide concentration on the hardness and modulus of the coating remains to be further analyzed.
Diamond coated ceramic tools improve their chemical stability and mechanical properties. They are widely used for high-speed machining of various hard and brittle materials. Graphite powder is abrasive in cutting process, resulting in serious tool wear . Li et al. [21] invented a diamond-coated silicon nitride ceramic tool. That can be applied to the high-speed machining of curved mobile phone hot bending glass graphite. It could also better solve the problems such as tool damage, electrical breakage. Slowing processing speed during the processing of graphite electrodes can be achieved, so as to maximize the operation speed of the high-speed machine. 
3.2 Diamond-like coatings
DLC coating has a bond form similar to diamond sp2 and graphite sp3, both diamond and graphite. That has trait such as high hardness, high wear resistance, chemical stability and other excellent properties. A broad application prospects was expressed in the field of tool cutting. Elementals doping, coating thickness, temperature and other factors have an important effect on the corrosion resistance, thermal stability, oxidation resistance of DLC coatings. The adhesion between DLC and matrix can be improved by adding transitional intermediate layers. The understanding of the improvement of coating performance have been raised to a new level.
High temperature is easy to lead to decomposition of pure DLC coating and reduce oxidation resistance and friction properties [22]. Graphitization and oxidation of DLC coating can be inhibited by element doping. Zia et al. [23] systematically researched on the effect of Si and N co-doping on the structural and mechanical performance of DLC coatings at high temperature friction conditions. The friction behaviors of Si, N-DLC coatings at varied temperature were evaluated by the ball-on-disk module of a high-temperature tribometer. The as-deposited Si, N-DLC coatings are highly uniform without the columnar structure. The thermodynamic stable bonds in Si, N-DLC coatings could increase the oxidation resistance and high-temperature thermal stability of coatings. The coating had lower friction at low temperatures (25–300℃). The order of magnitude lower than at high temperatures (400–600℃). The wear track quickly formed a dense layer of high hardness and elastic recovery, giving the coating low friction characteristics at 500℃ (Figure 3). However, the internal effect of temperature on the ratio of nanometer hardness to elastic modulus has not been deeply analyzed. Shao et al. [24] studied the influence of Cr doping in DLC coatings on the DLC/CrN interfacial bonding strength using the first principles method. It was found that doped interfacial adhesion strength was enhanced. The interfacial Cr-CCr(1) doped Cr atoms inhibited the inter-interfacial electron transfer. That made the primary layer of N atoms and the secondary layer of Cr atoms on the CrN surface participate in the charge transfer. This study provided an important basis for increasing the performance of DLC and expanding its range of applications. Beake et al. [25] conducted micro-scale cyclic wear and impact tests of un-doped, Si-doped and W-doped diamond-like coatings on the surface of hardened steel. The wear track deformation was mainly affected by plastic deformation and hardness. The undoped DLC coating had the highest hardness and elastic modulus but was easy to break. The diamond-like coating doped with Si had the lowest reciprocating impact resistance. However, the change mechanism of friction coefficient at the beginning of wear stage has not been clarified clearly.
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Figure 3.  The cross-sectional and surface morphologies of the as-deposited Si, N-DLC coating
Uncut chips thickness directly affects the cutting properties of tools coated with DLC. Wu et al. [26] researched the influence of DLC coating on micro-cutting performance. It was found that with constant uncut chip thickness (UCT), the use of DLC coating on micro-tools increased cutting force. The tip heat of DLC coated tools was less. UCT had the greatest influence on cutter force. What’s more, coating thickness and the coefficient of friction, and appropriate uniform temperature was crucial to obtain the ideal coating performance of the micro-tool, as shown in Figure 4. However, that the mechanism of sudden decreased of normal force of DLC coated tool is not clearly explained when the thickness of uncut chip increases to 5 μm. 
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Figure 4. Predicted maximum tool temperatures under various UCT.
The structure and wear resistance of DLC coating are directly affected by temperature. High temperature leads to irreversible changes in the coating structure, and the transformation from sp3 to sp2 ultimately results in unsatisfactory thermal stability of DLC [27]. Kim et al. [28] studied the impact of heat treatment on the tribology of DLC coatings. They found that the DLC coating of M2 steel had the worst performance after annealing at 500℃. As the annealing temperature increased, the corrosion polarization resistance and abrasion resistance of DLC coating on ceramic alumina surface declined. The coefficient of friction of coating under 300℃ increased. The DLC annealing at 600℃ had minimal coefficient of friction and abrasion resistance. However, mechanism of the reduction in the coefficient of friction of the coating in the initial sliding stage has not been deeply analyzed. Huang et al. [29] researched the impact of deposition temperature on the tribological performance of the alloy. The sp3 of Si-DLC coating increased in the deposition temperature range of 60–120℃. It can result in an increase in hardness. However, mechanism of the sudden decrease of wear rate of Si-DLC coating at 150℃ has not been systematically analyzed and needs further study.
Pretreatment process directly affects the growth characteristics of DLC coatings. It can determine the final structure and quality of DLC coatings. Tokuta researched the impact of pretreatment on the tribological performance of DLC film. The coefficient of friction of deposited DLC film was about 0.15, while that of preheated DLC film at 500℃ was about 0.03. As the heat treatment temperature increased, the graphitisation rate on the surface of the film was higher than that in the interior of the film. That originated the increase of hydrogen evolution. However, the reason why the preheating temperature was inversely proportional to the coefficient of friction of the coating. The coefficient of friction of the coating at 400℃ was higher than that at low temperature has not been deeply analyzed. Toboła et al. [30] studied the influence of pretreatment of steel substrate for mechanical and thermochemical tools on the durability of diamond-like coatings. It was found that the abrasion resistance of the tool treated with turning, 160 N polishing, vacuum nitriding and DLC coating was 180 times higher (Sverker 21 substrate). It could reach 10 times higher (Vanadis 8 substrate) than that of the sample after grinding. In the process of nitriding, composite layer and diffusion zone were formed. The diffusion zone comprises a solid solution of nitrogen in martensite and fine nitride precipitate. However, the influence of nitriding treatment on tool fatigue life has not been deeply analyzed. For improvement of DLC adhesion to Ti6Al4V alloy substrate, Yan et al. [31] researched the effects of texturing, carburizing and combination on DLC. The collaborative combination of laser texture and carburizing was the most effective in decreasing internal stress of DLC coating. The bonding strength of laser textured or carburized DLC coating with Ti6Al4V matrix was 8.72 N and 9.18 N, respectively. The bonding strength of laser textured or carburized DLC coating with Ti6Al4V matrix was up to 12.25 N. However, the underlying mechanism of different color shades on the surface of carburized substrates has not been systematically analyzed. Dalibon et al. [32] investigated the corrosion behaviour and bonding of a hard DLC coating on nitrided and non-nitrided AISI 420 stainless steel matrix. DLC hard coating formed on nitrided martensitic stainless steel had better adhesion than that formed on untreated AISI 420 steel matrix. It withstood the rockwell and scratch tests without peeling. Polarization test showed a high reversal potential. The improved adhesion achieved by nitriding pre-treatment had good effect on the corrosion behavior of damaged coatings. However, the explanation of the sudden change in the slope of the anode curve of the coated sample was not detailed enough.
[bookmark: OLE_LINK5]DLC coating has excellent corrosion and friction resistance properties [33]. That can be applied to the surface of tools to enhance their cutting properties. Scendo et al. [34] researched the impact of surface modification on the surface corrosion resistance of 4H13 stainless steel with and without DLC coating. The microhardness of DLC coating was five times superior to uncoated stainless steel. The DLC film with high polarization resistance had low electrical conductivity. However, the underlying mechanism of DLC film adhering to the substrate surface after soaking in chloride corrosion solution is not clearly elucidated. Campos Rubio et al. [35] researched the influence of DLC coating on tribological properties of tungsten carbide micro-tools for precision processing of tantalum. The deposited DLC film could reduce friction coefficient and wear. When the coated tool wears was less, the wear distance was 130% longer than uncoated tools. However, specific cutting force and critical chip thickness were reduced. However, the reason for the sudden increase of cutting force of cutting tools without DLC coating at the feed rate of 0.6 μm/z has not been deeply analyzed and needs to be studied.
Adding a transition intermediate layer is the most effective way to overcome mismatch between substrate and coating. Hao et al. [36] studied mechanical properties and cutting properties of Cr/x/DLC composite coated carbide cutting tool. It was found that the strength ratio, bonding strength and toughness of Cr/x transition structure DLC composite coating were significantly improved. The residual stress was decreased. Service life of the tool was significantly increased, as shown in Figure 5. However, the influence mechanism of multilayer coating to improve the machining surface quality has not been deeply analyzed.
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Figure 5. Comprehensive evaluation of composite coating tools based on Radar chart.
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]The poor adhesion between DLC coating and substrate limits its application in the mold industry [37]. Haji et al. [38] investigated the effect of sintered microstructure of low alloy steel on the performance of DLC coating. With the increase of cooling rate, the roughness and thickness of nitride layer decreased. The mass loss was about 75%. There was no delamination around the indenter effect in As6.8, and it indicated that adhesive strength in As6.8 was acceptable rather than that in Ha6.8. The wear resistance of DLC coating increased, as indicated in Figure 6. Lan et al. [39] prepared DLC coating on the surface of Cr12MoV steel by in-situ duplex plasma nitriding and arc ion plating processes. Hardness of DLC coating was 22.5 GPa, sp3 bond concentration was 29.9%. The bonding strength between DLC coating and matrix was increased from 6.4 N to 15.2 N by in-situ dual-phase process. The coating wear resistance was improved. However, the breakage mechanism of diamond-like coatings treated without nitriding is not clear.
There are few studies on the effect of DLC coating on the coefficient of friction of elastohydrodynamic lubrication under full film condition. Björling et al. [40] researched the influence of DLC coatings on friction coefficient of elastic hydrodynamic lubrication. They found that the surface friction coefficient decreased with the full-film DLC coating. The coefficient of friction decreased less than when two surfaces were coated when only the ball or disc was coated. It was still higher than when no coating was applied. However, the mechanism of the change in the friction coefficient of the DLC coatings was not clearly understood.
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Figure 6. Weight loss of As6.8 and Ha6.8 samples.
4. Conclusion 
Superhard coatings are widely applied to the surfaces of tool blades in industries such as oil mining, coal extraction, and others. Compared to uncoated tools, superhard tools exhibit enhanced bond strength, wear resistance, corrosion resistance, hardness, oxidation resistance, and thermal stability. These improvements significantly enhance the cutting performance and service life of the tools. The performance of tool coatings is primarily influenced by factors such as thickness, texture structure, element doping, particle size, as well as operational parameters like uncut chip thickness, binder properties, and cutting speed during tool operation. By optimizing these factors, the overall performance of the tool coating can be improved, leading to better cutting performance and extended tool life. Currently, material selection or additive components are often limited to addressing specific local issues. However, there is a need to focus on incorporating high-wear-resistant compounds into coatings. Ideally, coatings should possess a diverse range of features, including various chemical bonds and bond types, which influence material hardness, melting point, and chemical stability. Furthermore, the diversity of coating elements plays a critical role in determining the microstructure and service performance of the coating.
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