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Abstract

:

Sheet metal forming processes, the purpose of which is to give the shaped material appropriate mechanical, dimensional and shape properties, are characterised by different values of unit pressures and lubrication conditions. Increasing the efficiency of tool work by increasing their durability, efficiency and reliability is still one of the main indicators of increasing production efficiency. Tool wear in metal forming technologies significantly differs from the character of wear in other methods of metalworking, such as machining. This article presents the characteristics of tool wear mechanisms used in sheet metal forming. Possibilities of increasing the durability of tools by applying coatings produced by laser techniques, chemical vapour deposition and chemical vapour deposition are also discussed. Great emphasis is placed on self-lubricating and functional materials and coatings. Current trends in lubricants and lubrication methods in sheet forming, including tool texturing, are also presented.
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1. Introduction


The production of tools with ever improving functional properties is the basis of any modern technology. The effective increase in tool life fully justifies the increased price of the material used. According to Czichos and Habig [1], direct losses due to friction and wear in industrialised countries are up to 7% of the gross national product. In the case of steel tools, it is very important to select the right grade of steel and the correct manufacturing, heat and thermo-chemical treatment technologies, and applied wear-resistant coatings [2]. Particularly in the case of sheet metal forming (SMF) processes, the demands placed on the quality and reliability of the tools are increasing, and working conditions are becoming more and more difficult. At the same time, both the increased tool wear per manufactured product and the cost of the tools, which can range from about 3 to 5% of all costs necessary to produce the product, are emphasised.



The condition of the surface layer of the tool determines its operational features, such as durability and reliability [3]. Under the conditions of high loads and plastic deformations of the surface layer of the workpiece material, the lubricant does not sufficiently separate the rubbing surfaces that remain in metallic contact with the summits of the surface asperities [4]. Wear resulting from the mechanical impact of rubbing materials is a phenomenon that makes it difficult to obtain components of the required quality, especially in the punching process [5]. The uncontrolled wear of tools reduces the quality of manufactured elements and increases the total cost of production [6]. The tool material should have wear resistance, high hardness and galling-resistance properties [7]. Conventionally, the basic tool materials are metals, mainly alloy steels. Steel is regarded as the most widely employed owing to the abundance of iron in the Earth’s crust, its high melting point and its variety of mechanical qualities [8]. However, composites [9,10], elastomers [11], polymers [12], wood [13] and laminated metals [14] can be used as tool material. Witulski et al. [15] developed wear-resistant deep drawing tools made of coated polymers (Figure 1). They used reinforcement fabrics of carbon in border areas of the hybrid tool in order to reduce critical stresses, and consequently to establish safe levels in the polymer body. The main advantage of the hybrid tool is the more homogeneous contact and higher wear resistance compared to conventional polymer tools.



One advantage of the use of polymers when compared to steel dies is their low interfacial adhesion energy, which leads to a low coefficient of friction (COF) [16]. Two main processes that impact the wear of polymers are interfacial wear (adhesion) and cohesive wear (mainly abrasion) [17]. Polymeric tools are characterised by lower Hertzian contact pressures, leading to viscoelastic and sometimes plastic deformations, which occur at relatively low loads [18]. Geueke et al. [19] fabricated SMF tools that are structurally optimised and 3D-printed from bio-based polymers to reduce the overall effort in constructing a flexible SMF in small batch sizes. The deformation behaviour of the optimised tool has been investigated during a drawing operation using a fused deposition modelling die printed from polylactic acid. Slight permanent deformations are indicated along the drawing radii of all polymer-forming tools, caused by high contact stresses.



The phenomenon of friction occurring in SMF processes is a complex function of operating parameters [20], lubrication parameters [21], and the properties of the deformed material [22] and the tool [23] (Figure 2). The properties of the tribological system also include the kinematics of tool movement, the character of the loads (static, dynamic), the contact microgeometry [24] and the physicochemical phenomena on the contact surface [25]. Another property that influences friction in SMF is the strain-induced change in the surface topography of the sheet material. The surface morphology is important as it will change how the real contact area will affect the ability of the surface to carry lubricants [26].



The working parameters defining contact conditions include [27]:




	
duration of contact;



	
relative sliding speeds of bodies in contact;



	
amount of the load;



	
environmental parameters (humidity, temperature).








The characteristics of the deformed material and the tool include [28]:




	
mechanical properties—yield stress, tensile strength, hardness;



	
thermal expansion of material;



	
properties of the surface layer of the deformed material—hardness, chemical composition of protective coating, surface roughness;



	
properties of the surface layer of the tool—hardness, chemical composition of protective coating, surface roughness, delamination resistance;



	
geometry of contact.








The model of the surface layer of the tool and workpiece is characterised by several properties that determine the occurrence and participation of individual wear mechanisms (Figure 3).



Owing to the subjection of different areas of the tool to nominal pressures and friction conditions, many tests were developed to simulate friction conditions only in selected places of the formed sheet, i.e., strip drawing test [30], a bending under tension test [31] and a draw bead test [32,33].



The operating conditions of tools for plastic working depend primarily on the temperature [34], the values of the transferred pressures [28] and the method of loading [5]. Tool wear is also activated by strain-induced surface changes in sheet metal forming [35]. Ensuring the required tool life is associated with the need to ensure the appropriate quality of the tool material and its heat treatment [35]. The correct selection of the material and heat treatment should be preceded by a thorough analysis of the mechanisms of wear and damage, and a determination of the boundary conditions of the tool’s operation [36].



An analysis of the literature shows that in recent years, much effort has been made to improve the friction conditions of the tools used mainly in machining processes. Meanwhile, the friction conditions of the tool used in SMF processes occupy much less of the researchers’ attention. This article presents the characteristics of tool wear mechanisms used in SMF. The possibilities of increasing the durability of tools by applying coatings produced by laser techniques, chemical vapour deposition (CVD) and physical vapour deposition (PVD) are discussed. Ways to improve lubrication conditions using self-lubricating coatings and surface-texturing are also presented.




2. Tool Wear in SMF


2.1. Wear Mechanisms


The wear process of tools for SMF, which are subjected to high mechanical- and friction-wear loads, is a complex phenomenon [37]. The process of tool wearing consists of corrosion, oxidation and mechanical and thermal fatigue. The improper design of tools can be a source of stress accumulation, which under the influence of dynamic loads is a source of cracks. Another parameter determining tool wear is the inappropriate selection of the material (insufficient hardness and, in the case of tools for hot SMF, low resistance to high temperature) [38]. Under conditions of high resistance to friction, the stress state and elevated temperature may cause unfavourable microstructural changes in the tool material, accelerating the wear process [39]. The basic types of wear include abrasive, adhesive, fatigue and thermal wear (Figure 4) [40].



Dobrzański and Dobrzańska-Danikiewicz [41] divided the processes of the mechanical wear of tools during operation in a more refined way, into pitting, spalling, adhesive wear, fretting, abrasive wear, scuffing, tribo-oxidation, Rebinder effect-induced wear, corrosion wear, erosive wear, cavitation wear, thermal wear, diffusion wear and ablative wear.



Adhesive wear occurs at low relative sliding speeds of the rubbing bodies, and is intensified by high unit pressures and an increase in speed relative to the rubbing bodies [42]. The mechanism can lead to the formation of cracks in the surface layer of the tool, intensifying the wear of its working surface. With this type of wear, the rubbing surfaces approach each other at the distance of the action of molecular forces, which leads to the formation of local friction joints. This phenomenon is accompanied by strong oxidation and additional action by hard oxides on the mating surfaces [39].



Abrasive wear is a phenomenon that accompanies the friction process, and is defined as a set of phenomena occurring in the contact areas of two rubbing surfaces leading to adhesive wear (galling) [43]. According to the ASTM G40 [44] standard, galling is defined as “a form of surface damage arising between sliding solids and distinguished by macroscopic roughening and creation of protrusions above the original surface”. The influence of the gliding speed and contact pressure on the abrasive and adhesive wear of forming tools (EN-GJS-700-2L) in the strip drawing test was studied by Groche et al. [45]. A significant influence of the gliding speed and the contact pressure on the mechanisms of wear appearing was found. The final stage of the galling process includes the coarse scratching of the sheets by lumps of material adhering on the metal forming the tool’s surface [46]. Contact pressure has a primary effect on the amount of abrasive wear. Hard particles separated from the surface of the tool can act as an abrasive material in contact with the workpiece with a much lower hardness. According to Berkowski [39], abrasive wear occurs at sliding speeds and pressures causing only a slight increase in the temperature of the tools, i.e., in conditions of not very intense friction. Abrasive wear is a phenomenon typical of the punching process. The abrasive wear of SMF tools occurs mainly as a result of loose material particles resulting from the oxidation of wear products and particles fixed in cooperating surfaces [41]. One type of abrasive–adhesive wear is scuffing, which involves the sticking and subsequent tearing of friction joints of the summits of surface asperities in micro-areas of contact [47]. There are numerous empirically observed relationships in the literature, which describes both adhesive and abrasive surface wear in sliding contact. These include relationships developed by Archard [48], Bayer [49] and Rhee [50]. Most SMF operations are not steady-state wear processes. As such, the most common—the Archard model for adhesive wear—is not applicable to predicting wear in SMF [51].



According to Ersoy-Nürnberg et al. [52], the wear process can be divided into three stages (Figure 5), in which wear volume W and wear coefficient K change differently. A typical wear curve shows three ranges: running-in (I in Figure 5a), normal wear (II in Figure 5a), and accelerated wear (III in Figure 5a). If a reconditioning of the tool is envisaged, the forming process should be stopped at the end of the normal wear range. Exceeding the stabilised range of normal wear, which does not yet cause changes in the dimensions and shape of the product, may lead to a rapid accumulation of various wear mechanisms. In zones II and III, the wear coefficient shows changes of a similar nature (Figure 5b) to that of the wear volume, except that it decreases sharply at stage I.



Spalling occurs under lubricated conditions, and is manifested by the formation of pits where the lubricant can enter. The pressure of the tool on the deformed material increases the pressure in the pits and their further chipping. Fatigue spalling is a mechanism similar to chipping, and entails the formation of subsurface micro-cracks, caused by cyclical loads on the tool surface, which grow and “come out” to the surface layer, creating craters [38]. The decrease in surface energy density and surface tension at the solid phase boundary as a result of lubricant adsorption is attributed to the Rebinder effect. The friction process stimulates the development of fatigue cracks as a result of the intermolecular forces of the lubricant and the formation of boundary layers [41].



Thermo-mechanical fatigue is the result of the action of cyclic mechanical stresses under high temperature conditions. Heat-activated processes cause a reduction in the strength properties of the tool as a result of, among other things, the recrystallisation of the tool material and the coagulation of carbides. Regarding sheet metal forming processes, the occurrence of this type of fatigue is mainly associated with tools used for rotary forming carried out at elevated temperatures.



Many studies have investigated the fault diagnosis or condition monitoring of stamping tools using a variety of methods, employing force sensors, acceleration sensors, strain measurement, audio emissions [53], acoustic emissions [54], data-based monitoring approaches [55], image-based tool wear classification [56], artificial neural networks and data-driven monitoring methods [57].



Tröber et al. [58] investigated the influence of Seebeck coefficients on adhesive tool wear during the blanking process. They developed a concept (Figure 6) for the measurement of thermoelectric currents and the prediction of tool wear. It was found that microscopic processes influenced by thermoelectricity play an important role in the formation of adhesive wear.



Groche et al. [59] developed a new experimental method for load-dependent wear prediction in SMF. A new characteristic wear variable, the specific wear force, was introduced. Reproducibility tests of different tribological systems indicate that the strip drawing test is a suitable wear test to analyse wear in SMF operations. Functional structures on the tool surfaces can influence the wear behaviour by the supply of lubricant pockets and reducing the contact area. Sieczkarek et al. [60] optimised tool surfaces for incremental forming processes. Various tool surface concepts and combinations (Figure 7) with CrAlN PVD coatings were analysed. It was found that surface structures combined with PVD coating provide a significant increase in the tool’s life (84%), compared with that of a non-modified tool. Schewe et al. [61] investigated wear characteristics simulated on metal forming tools with tailored bionic structure surfaces generated by micro-milling. The micro-structured surface showed quasi-isotropic structural resistance, wherein the sliding directions were perpendicular to the tool edge.




2.2. Causes of Tool Failure


The failure of a tool is most often the result of faulty design, faulty production technology or faulty operation. A tool material with insufficient hardness may cause permanent deformation of the forming surfaces [28]. Improperly conducted heat and/or thermo-chemical treatment is a source of microstructural changes and internal stresses in the material, which can also cause tool failure. The most frequently observed mechanisms of wear in tools used for cold SMF are [62]: cracks in dies and punches, abrasive wear, and thermo-mechanical fatigue of working surfaces.



Stamping tool wear occurs mainly at the bottom of the rounded edge of the punch. The dies wear the most intensively on the drawing edge and under the blankholder, where there are very high circumferential compressive stresses, tending towards an increase in the thickness of the sheet metal (Figure 8a). The surfaces of the draw beads are also subject to high wear (Figure 8a). The edges of tools used in the punching process (Figure 8b) are exposed to abrasive and adhesive wear, resulting in the formation of scratches and galling. The nature of their wear varies during the individual phases of the punching process. In the phases of elastic and elastic–plastic deformations, the cutting edge is the most highly loaded, which can cause abrasive wear of this edge [38]. In the phase of cracking the workpiece material and removing the product from the processing zone, the work-hardened material of the workpiece moves along the side surface of the punch, increasing the intensity of adhesive wear in this zone.



The deterioration of the operational properties of hot forming tools is the result of the impact of many thermo-mechanically activated phenomena of various natures and intensities. In hot SMF processes, achieving the required performance properties involves considering the appropriate combination of properties of the surface layer and the core of the tool [28]. The most important processes include oxidation, the formation of a crack network caused by thermo-mechanical fatigue, corrosion in the presence of lubricants, and the formation of fatigue cracks caused by cyclic mechanical loads. Preheating the steel tools to a temperature of about 300 °C before starting work and cooling them during SMF have a beneficial effect on extending the durability of the tools. Statically loaded tools made of high-speed steel and hot work steel can be operated at a temperature of 300–400 °C, and tools subjected to cyclic loading can reach up to 500 °C [63]. The durability of SMF tools operating at a high temperature depends on the proper selection of operating conditions, including the use of appropriate cooling and lubricating agents.



The die’s corner is the most loaded part of the stamping tool used in SMF operations, the profile shape of which should be optimised regarding lubrication conditions and unit pressures. Pereira et al. [64] developed a method of characterising the die profile shape and wear behaviour in SMF, based on a semi-industrial channel-forming process (Figure 9). Six AISI D2 tool steel die corner inserts were tested. It was found that small and localised profile shape changes of less than 15 mm from an ideal die corner radius profile can result in an approximate 90% reduction in tool life. Pereira et al. [65] studied the location, type and severity of wear that occurs over the die radius during a typical SMF process. It was concluded that the wear over the die radius consists of a combination of galling and ploughing mechanisms, and tool life is primarily dependent on the initial transient stage of the SMF. Behrens et al. [66] studied the wear behaviour of MoS2 layers in deep drawing processes on a test stand that ensures load conditions at the rounded edge of the die (Figure 10). The results indicate that the contact stress is concentrated at the inlet and the outlet of the stamping die. Wang and Masood [67] developed the numerical model (Figure 11) to investigate the effects of various die geometries on the tool wear distribution and the contact pressure in SMF. They considered different geometries of radius arc profiles (circular, flat elliptical, high elliptical), and the contact pressure distribution and wear volume along the radii were determined. It was found that the most favourable wear conditions were achieved by a combination of the circular and high elliptical curved profiles, and the die radius has a significant effect on the wear distribution.





3. Lubrication


The purpose of using a lubricant is to reduce the intensity of wear between the pair of rubbing bodies, leading to an increase in the durability of the tools [68,69]. In cold forming processes, in which the material is subject to large deformations, high sliding speeds and intense heat generation, the grease is also responsible for cooling the tools. Greases used in the processes of cold SMF should have high resistance to normal loads and exhibit anti-adhesive and anti-corrosion properties [70]. Greases used in plastic working at an elevated temperature should act as an insulator between rubbing surfaces, be resistant to high temperatures, and show stable physical and chemical properties in a wide temperature range [71].



Owing to their consistency, liquid lubricants (oils), emulsions (oil mists), solid lubricants and plastic lubricants are distinguished. Customised lubricants are available on the market for specific applications, e.g., for deep drawing, punching, rolling, etc. Based on their origin, lubricants are divided into natural (obtained from animal fats and vegetable oils), refined (obtained from petroleum) and synthetic varieties. The type of lubrication should be adjusted to the method of SMF (i.e., conventional SMF, incremental sheet forming) and to the grade of the formed sheet [72]. In the process of single point incremental forming, owing to the point contact of the tool with the sheet, there are more severe contact conditions than in conventional SMF [73]. Aluminium and titanium sheets show a much greater tendency towards galling compared to steel sheets [74,75].



Conventionally, in order to reduce friction and increase tool wear resistance, liquid lubricating oils are used [76]. Plastic greases that are colloidal solutions of solid densifiers in the liquid phase consist of a matrix, a thickening phase (10–25%) and fillers (1–15%) that improve operational properties [77]. Solid lubricants, called self-lubricants, can be used at low temperatures, as well as at high temperatures where liquid lubricant can solidify or vaporise. Solid lubricants are used in a very wide temperature range (from −200 to +1500 °C), at very high loads and in chemically active environments [78].



Graphite obtained from natural sources or by chemical synthesis is one of the stable allotropes of carbon, and crystallises in a hexagonal lattice with a lamellar structure. The large distance between the base planes and the oriented structure provides a good cleavage and ease of sliding in favoured directions. Graphite is used in severe friction conditions and retains its lubricating properties up to a temperature of about 400 °C [28].



In order to increase tool wear resistance, anti-wear coatings containing titanium and molybdenum disulphide are produced. The lamellar structure of molybdenum disulphide MoS2 consists of alternating layers of molybdenum and sulfur atoms. MoS2 belongs to the group of transition metal dichalcogenides and has a strongly anisotropic crystal structure. This facilitates the mutual movement of these layers and, under certain conditions, leads to a reduction in COF [79].



In the last two decades, much emphasis has been placed on ecological aspects. Sunflower [80], coconut [81], soybean [82], linseed [83], rapeseed [84], Karanja [85] and many other oils are considered potential bio-lubricants [86]. One approach to reducing friction under boundary lubrication conditions is the use of diluted solutions of saturated fatty acids (palmitic and stearic acids) in vegetable oils [87]. Vegetable-derived oils are environmentally friendly and an alternative to conventional lubricants, owing to their high load capacity, low COF, high flash point, low evaporation rates, excellent anti-wear properties, high viscosity index and non-toxicity [88]. Owing to their favourable mechanical properties, carbon nanotubes (CNTs) are used in various forms for tribological applications, including as additives to water-based lubricants [89] and oil [90]. The reduced COF and high wear resistance are associated with the formation of a film of amorphous carbon transferred from CNTs on the friction surface [91]. Various aspects of bio-lubricants, such as the tribological performance of bio-lubricants under various conditions, and the physicochemical and rheological properties of bio-lubricants and various nanoparticles used to enhance the performance of bio-lubricants, have been presented in review papers by Pawar et al. [92] and Uppar et al. [93].



The use of appropriate lubricants on tools with hard coatings with a metastable form of amorphous carbon DLC/TiAlN [94] makes it possible to reduce the COF at the contact between the die surface and the workpiece [95]. The presence of a mineral oil layer reduces the tensile stresses of the DLC/TiAlN coating surface during sliding, improving the wear resistance of the die surface even at high temperatures and high contact pressures. Kim et al. [96] showed that the use of wear-resistant tool coatings under conditions of boundary friction reduces heat generation at the contact between the die and the workpiece.




4. Protective Coatings for Tools


4.1. Methods of Constituting Surface Layers


The tool’s physico-mechanical properties have the greatest impact on the tool’s work efficiency, and the most effective way of shaping them is to use mechanical and physico-chemical strengthening, the application of wear-resistant coatings and comprehensive surface treatment [28]. Surface strengthening methods can be divided into four groups. The first group includes methods related to surface plastic deformation, called mechanical work hardening. The second group includes methods related to thermo-chemical treatment. The third group consists of electro-spark and ultrasonic strengthening methods, which are characterised by a level of unit energy up to 106 J/cm2. The fourth group includes methods of physical strengthening (beam techniques), which are characterised by a high level of unit energy of 108 J/cm2.



The individual characteristics of metal forming processes are imposed by the shape of the final product and the properties of the workpiece. The problem of designing and manufacturing tools for a specific application is related to the development of a complex material that would have high resistance to temperature tempering, high mechanical strength and sufficient ductility in its core [38]. An effective way to ensure the operational properties of metal forming tools is to produce surface layers. The basic groupings of these methods are as follows [97]:




	
mechanical methods—burnishing, shot peening, hammering, cold working;



	
physical methods—vapour deposition by sputtering, spraying and evaporation techniques, ion implantation;



	
thermal methods—heat treatment (hardening, annealing, tempering), surfacing;



	
thermal–mechanical methods—gas and plasma spraying, spray deposition, hot plastic working;



	
thermal–chemical methods—diffusion alloying with non-metallic elements (nitriding, carburising, boronisation, carbonitriding), diffusion alloying with metallic elements (tin plating, aluminising, galvanising), laser and electron-beam alloying;



	
chemical and electrochemical methods—conversion deposition of phosphate, oxide and chromate coatings, electrolytic deposition of metals or alloys (i.e., nickel plating, chrome plating, zinc plating), plating and chemical or electrolytic etching.








By selecting the parameters of the surface hardening process, layers of the required hardness and depth are obtained. Electron hardening is one of the technological operations that enable the achievement of high hardness in the surface layer of the metal while maintaining the plastic properties of the core. The surface layer obtained as a result of laser remelting or alloying with carbide powders of hot-work tool steel is characterised by higher mechanical and functional properties compared with steel that is subjected to conventional heat treatment [98]. The tendency of a surface layer subjected to laser treatment to crack can be eliminated by applying to it gradient concentrations of the alloying component [99].



The beneficial effect of the work hardening of metals is used to increase the strength of the surface layer of tools (to a depth of several millimetres) in the following processes: vibratory and abrasive treatment, explosive hardening, burnishing and shot blasting. The hybrid laser–mechanical processing (laser texturing combined with burnishing) method guarantees a reduction in surface roughness, work hardening and the introduction of compressive residual stresses (type I, II and III) to the surface layer. In this way, favourable operational properties of the surface layer are ensured, such as increased contact stiffness, and resistance to erosive and abrasive wear. The efficiency of the plastic forming tool depends primarily on the operational properties of the surface layer, in particular its hardness and its resistance to tribological, thermal, fatigue and abrasive wear (Figure 12).



The physical shaping of the surface layer’s properties to a depth of several tens of micrometres involves the deposition of coatings connected to the substrate by diffusion or adhesion forces. Chemical and electrochemical methods involve the direct deposition of a metallic or non-metallic material on the surface of the tool, with a thickness of several micrometres to several millimetres, for example in the electroplating process. Thermal methods rely on the impact of the appropriate temperature on the surface layer of the tool in order to cause microstructural changes that change the strength characteristics [28].




4.2. High-Energy Techniques


High-energy techniques use different types of energy carriers to change the properties of surface layers: ions, electrons or photons. Interest in these methods of treatment results mainly from the possibility of achieving a high concentration of energy and directing it precisely to selected areas of the surface. In the case of electron beams, the power concentration reaches 1013 W/m2. Electron beams reach a maximum power of several hundred kilowatts, while laser beams reach a maximum of several kilowatts. In addition, the efficiency of energy transfer in the case of an electron beam usually exceeds 75%, while for a laser beam it is often lower than 10%. The energy of the laser beam is converted into heat only on the surface of the material, and the energy of the electron beam causes heating of the near-surface layer.



The aim of the implantation is to obtain a layer with a thickness of usually around 0.2 to 0.3 μm, characterised by high hardness and very good resistance to abrasive wear. It is also possible to obtain layers with improved lubricating properties and increased fatigue strength. Ion implantation is accompanied by an increase in the surface temperature of the implanted material, which depends primarily on the energy of the ions. Metals and alloys can be implanted with non-metallic elements (e.g., nitrogen, carbon) or metals (e.g., titanium, boron). Increasing the abrasion resistance can be achieved by implanting the metal surface with ions of nitrogen, titanium, carbon, boron, tantalum, molybdenum, yttrium, tin or silicon [100]. The advantages of ion implantation include the ability to obtain concentrations of dopants exceeding their solubility in the doped material, and the ability to precisely control the concentration and distribution of dopants. The disadvantages of this technique include the inability to implant materials with complex spatial shapes, and the limited thickness of the implanted layers.



Laser surface heat treatment (surfacing, alloying, remelting) is used mainly to increase the durability of tools and responsible structural elements [101]. The hardness of the surface layer alloyed with carbide powders increases with the increased laser power used for alloying [102]. The surface layer of the alloy steel obtained as a result of laser remelting or alloying with carbide powders is characterised by higher mechanical and functional properties compared to steel subjected to conventional heat treatment. In the remelted zone, a complex state of stress occurs owing to the change in the volume of the material resulting from thermal effects and phase transformations [103]. The remelted layer is characterised by increased hardness and abrasion and corrosion resistance. The disadvantage of laser processing is the uneven distribution of power in the laser beam.



Gradient layers provide high wear resistance and high heat resistance. In recent years, hybrid methods have gained great attention, and been used in the initial application of a layer of carbide-forming metal on the tool surface, followed by saturation of the surface with nitrogen, carbon, or both of these elements at the same time. In this way, hard, wear-resistant carbonitride layers are obtained.



Laser surface treatment techniques are used to modify the surface of bending tools and stamping tools, where, in addition to high hardness, low surface roughness is required. Cold work tool steel X153CrMoV12 used for tools for deep drawing [104] is commonly laser-processed. Surface-modified materials are used for tools for the following lubricant-free forming processes: cold massive forming [105], deep drawing [106,107] and rotary swaging [108,109].




4.3. Coatings Produced in PVD and CVD Processes


To improve the durability of tools operating under high pressure and high temperature, the best results are provided by hybrid methods of surface layer modification, which combine methods of heat treatment (usually nitriding) and one of the PVD or CVD techniques [110]. PVD and CVD wear-protection layers provide extremely adhesive hard material layers (nitride or carbide of Ti, Cr, Al and Zr) that are characterised by low COFs and high oxidation resistance (up to around 900 °C) and high hardness (2000–4000 HV0.05) [111,112]. The main task of the nitrided layer is to increase the hardness and resistance of the substrate to plastic deformation, so as to protect the PVD or CVD coating against loss of cohesion with the substrate. CVD and PVD techniques differ primarily in process parameters, temperature and time, as well as layer formation mechanisms, physical reactions in the case of the PVD technique, as well as chemical phenomena in relation to the CVD technique.



In the PVD method, layers are deposited by the crystallisation of plasma vapours using physical phenomena such as the evaporation of metals or alloys, cathodic sputtering in a vacuum, and ionisation. These vapours are deposited on a cold or heated substrate. Coatings obtained by the PVD method usually have a thickness of 3–5 μm and a hardness of 2000–3500 HV [113]. PVD methods are used to cover the surfaces of tools with titanium nitride TiN (less often with titanium carbide TiC) in order to achieve an exponential increase in their durability. The service life of tools coated using PVD methods is several times longer life than that of tools manufactured conventionally, without protective coatings [114]. Coatings produced using the PVD process can be divided into simple (consisting of one material, metal or phase) and multiphase, multilayer, multicomponent, gradient and composite coatings [115]. The most important PVD techniques used to apply coatings on tools include [100]: activated reactive evaporation, bias activated reactive evaporation, cathodic arc deposition, cathodic arc evaporation, hot hollow cathode deposition, ionised cluster beam, the pulse plasma method, reactive arc ion plating and reactive ion plating, reactive magnetron sputtering, and thermionic arc evaporation.



The CVD method entails creating hard layers of carbides or nitrides with carbide-forming elements. The process can be carried out at atmospheric pressure in a gaseous atmosphere containing chemical vapours of the diffusing metal (usually in the form of a halide) and hydrocarbons, nitrogen, hydrogen or an inert gas. Heat-activated components of the atmosphere are released on the surface as a result of the catalysed reaction. The second component of the layer may come from the substrate (e.g., carbon) or from the atmosphere (nitrogen). A limitation of the application of the CVD process is the high temperature necessary for the course of chemical reactions, which is why plasma-assisted CVD was developed, as it allows the process temperature [116] to be reduced. In the processes of chemical vapour layer deposition, atmospheric components can be activated by heat or plasma. Heat-activated processes can be carried out via atmospheric-pressure CVD [117] and low-pressure CVD [118]. PVD and CVD methods enable the formation of hard layers, primarily nitrides and carbides, as well as borides and some metal oxides on forming tools. Dos Santos et al. [119] list the processes of deposition of thin multilayer coatings, of which the following are dominant: chemical deposition of nanometric surface layers by the CVD method, pulsed laser deposition and molecular beam epitaxy.



Tillman and Stangier [120] introduced PVD coating, as well as bionic-inspired surface structures, for adapting the tribological conditions for sheet-bulk metal formation. CVD and PVD coatings have been successfully used on fabrication stamping tools operated in high-load applications [121,122]. The PVD–CrN–coating tools are used to form aluminium sheets. WC/C coating distinctly reduces the build-up of aluminium on the tool surface [123]. CVD multilayer coating (TiC + TiN) has been used in stamping or coining tools [123].



PVD coatings used on the surface of punches, dies, and forming tools have an advantage over CVD coatings. The heat treatment of PVD coated tools takes place at a lower temperature not exceeding the austenitisation temperature of some base materials. The high hardness of superlattice coatings (50 GPa) with thickness 1–20 nm [124] is beneficial for highly loaded tools used in blanking/punching operations [125]. TiN-coated tools used for punching applications are characterised by a hardness of 17 to 35 GPa for PVD or plasma-assisted CVD.




4.4. Functional Coatings


The lifetime of a forming tool can be increased by surface functionalisation. Multiphase coatings are produced under conditions of high deposition rates via the ability to control the kinetics of crystallisation. If a mixture of phases is formed under equilibrium conditions, then as a result of annealing under certain conditions, the dispersion of small crystals in the amorphous matrix or dispersion of interphase boundaries in the crystalline matrix occurs [126].



The development of wear-resistant nanostructured coatings is possible thanks to their structures being shaped on the micro and nano scale. The main advantage of these coatings is their very high durability. When developing tribological coatings, it is necessary to optimise the hardness to obtain its highest possible value, and manipulate the Young’s modulus to obtain its lowest possible value [28]. Gradient or complex gradient and multilayer nanostructured coatings allow for the formation of various properties of coatings at the interface between the substrate and the coating. Superstructural coatings show particularly advantageous properties among nanostructured coatings [127]. In the case of such structures, an increase in hardness of up to 300% is observed in relation to the hardness of the individual nitride phases, which can be explained by the inhibition of dislocations at the phase boundary with different shear moduli [128]. Czechowski and Wrońska [129] proved that among the new protective coatings, multilayer nitride coatings are dominant (Table 1), and their properties are adapted to specific applications by special technologies within the PVD process.



Table 2 shows selected properties of the coatings used on advanced high-strength steel (AHSS) stamping dies. Diamond-like carbon (DLC) and TiAlCrCN coatings are practically insensitive to temperature increases up to 400 °C. DLC coatings have been developed in order to improve the tribological performances of the sheet/die system, enabling dry or nearly dry forming operations [144]. Sulaiman et al. [18] investigated the influence of DLC/TiAlN-coated die surfaces in SMF under dry and oil-lubricated conditions. Single-layer DLC, single-layer TiAlN, double-layer DLC/TiAlN and multilayer DLC coating films deposited onto Vanadis tool steel substrates were subjected to strip reduction tests and strip bending tests against stainless steel sheet metal (Figure 13). DLC/TiAlN exhibited a high potential for use as a protective coating under all test conditions. The DLC/TiAlN coating protected the die surface from the onset of adhesion wear, even under dry friction conditions, as a result of a large amount of titanium in the interlayer TiAlN. The TiAlN coating has been investigated as a protective layer for use in forming dies as an alternative to other industrial PVD hard coatings, such as TiC, AlCrN and TiCN [145].



Taube [146] and Murakawa et al. [147,148] used DLC-coated dies in the deep drawing of aluminium- and zinc-plated steel sheets. The DLC coating showed satisfactory performance under dry forming and oil-lubricated conditions. Krachenfels et al. [149] deposited a DLC coating onto the surfaces of stamping tools for dry deep drawing.
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Table 2. Selected properties of coatings used on AHSS dies (prepared based on [150]).
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Coating

	
Ra, μm

	
Hardness, GPa




	
Ambient Temperature

	
400 °C






	
TiAlN

	
0.03

	
33.5

	
30.5




	
AlTiCrN

	
0.05

	
18

	
16.4




	
TiAlCrCN

	
0.07

	
28

	
27.6




	
DLC

	
0.03

	
28

	
27.6




	
AlTiCrN+CN

	
0.03

	
29

	
27.2




	
AlCrSiN+CN

	
0.02

	
27

	
25.8




	
AlTiCrN

	
0.04

	
38

	
29









Coatings consisting of “heat-resistant” elements (Al, Cr, Ti) in combination with elements (C, N) with a low COF provide high protection against wear, and show resistance to high temperatures [150]. Under conditions of sliding movement, the wear of the TiAlN coating at room temperature was greater than that of the AlTiN coating, while at 600 °C, the differences disappeared. Good oxidation resistance and a good load-carrying capacity are the most important characteristics of TiAlN-coated tools [151]. The TiAlN-coated surface’s hardness is approximately 3400–3600 HV [152]. Moreover, The TiAlN coating possesses better tribological properties than those of TiN, AlTiN and CrAlN coatings [153].



Nanotechnology techniques include the processes of designing and manufacturing structures by controlling their shape and size on an atomic or molecular scale, showing at least one dimension on the nanometric scale, i.e., 10−9 m [154]. Coatings with a nanocrystalline structure showing increased corrosion resistance, hardness and abrasion resistance, obtained as a result of deposition of particles or atoms (by PVD and CVD techniques, and liquid phase deposition), are a group of nanostructured materials [155].



Becker [156] developed nanostructured composite coatings for forming tools: vanadium carbide aluminium nitride (VCAlN), vanadium aluminium nitride (VAlN), multilayer VAlN + VCAlN (double layer) and VAlN + VCAlN with a carbon-enriched top layer (Figure 14). Wear tests confirmed that the nanolaminates in the VCAlN system can be used in principle as tool coatings when forming materials without additional lubricant, or with a minimum quantity of lubricant.





5. Self-Lubricating Materials and Coatings


According to Płaza et al. [78], the term self-lubricating coating should be understood as “a mixture of a binder and lubricants, which, after being applied to the mating surfaces and then dried, forms a thermo- or chemically hardened coating characterised by a sufficiently low COF, then mutual movement of the rubbing surfaces is possible without the need for additional lubricants”. Self-lubricating coatings can be prepared for example by vapour deposition [157], magnetron sputtering [158], laser deposition [159] and powder metallurgy methods [160].



Originally, composites based on polymers with the addition of fillers in the form of fibres, powders (Figure 15) or liquids and additives that impart appropriate cohesive properties of the layer and adhesive properties of adhesion to the substrate were developed as self-lubricating materials. Fibrous fillers include glass, asbestos, aramid, carbon, nylon or polyester fibres [78]. Graphite, carbon and aramid fibres show very good tribological properties. Among the powder fillers, graphite, bronze, molybdenum disulfide and polytetrafluoroethylene (PTFE) are the leaders. The use of these lubricating coatings in hot plastic working is very limited owing to the occurrence of very high unit pressures and high temperatures. The wear of self-lubricating polymer composites is strongly dependent on the surface roughness and the orientation of their topography. Polymer composites with the addition of MoS2 in the form of nanopowders show significantly higher anti-wear and friction properties than other types of composite coatings. Resin coatings with the addition of MoS2 are used to produce tools for material processing; other types of composite coatings are used in non-maintenance kinematic nodes in the aerospace and space industries. For the same applications, Płaza et al. [78] proposed the production of two types of thick nanocomposite low-friction coatings based on amorphous carbon and MoS2, which were deposited by magnetron sputtering on Vanadis 23 steel substrates. As part of the Nanocoat [161] project, nanocomposite coatings were developed using the electrodeposition of cobalt–tungsten (Co-W) alloys impregnated with MoS2 and tungsten carbide (WC) with self-lubricating properties. Mitsuno et al. [162] presented the results of testing a new coating produced by implanting chlorine into a titanium nitride coating.



Fluorides, most often BaF2 and CaF2, provide favourable tribological properties above 500 °C due to the transition from the brittle phase to the ductile phase at this temperature. At temperatures below 500 °C, fluorides are brittle and do not effectively self-lubricate. Kotkowiak [163] produced self-lubricating technological surface layers containing solid lubricants in the form of calcium and barium fluorides, and their impact on wear resistance was determined. It was found that on the surface of the self-lubricating composites, layers of tribofilm of varying thicknesses were formed, which protected the surface of the sample and countersamples made of Inconel 625 nickel alloy against wear due to friction. Wang et al. [164] produced CaF2/Al2O3 composite coatings by laser cladding. The addition of calcium fluoride reduced the COF and increased resistance to wear, especially at the temperature of CaF2 transformation from the brittle phase to the plastic phase (a temperature of about 600 °C). Zhang et al. [165] produced a WS2-based coating with the addition of CaF2 by high-velocity oxygen fuel supersonic spraying. With the increase in temperature, the composite coatings showed better anti-wear properties, which may be related to the presence of the ductile CaF2 phase.



Adaptive tribological coatings provide self-lubricating properties not only by virtue of the presence of the individual components of each coating, but also by virtue of the presence of the products of chemical and physical reactions that occur under the influence of friction conditions [163]. Coatings consisting of ZnO/WS2 [166] and PbO/MoS2 [167] provide a lubricating effect in a wide temperature range, combining the good properties of PbMoO4 and ZnWO4 reaction products at high temperatures, oxides at elevated temperatures and dichalcogenides at room temperature. Muratore and Veovodin [168] studied YSZ–Ag–Mo coatings deposited by PVD with the addition of MoS2 in the temperature range of 25–700 °C. MoS2 lubrication was found to be ineffective at temperatures over 300 °C. The addition of MoS2 in the YSZ–Ag–Mo coatings contributed to a reduction in the COF at temperatures up to 700 °C. It was also found that the optimal composition of MoS2 in the coatings was 8 wt. %.



PVD self-lubricating (Cr,Al)N+Mo:S and (Cr,Al)N+W:S hard coatings offer high potential for application on cold forming tools. Bobzin et al. [169] characterised self-lubricating tool coatings based on (Cr,Al)N, which were modified with W and S, as well as Mo and S. Coatings introduced with Mo and S showed much better adhesion between the coating and the substrate compared to the systems modified with W and S. Showing excellent adhesion to the substrate, a significant reduction in COF and high wear resistance, the (Cr,Al)N+Mo:S coatings demonstrated the highest potential for use on deep drawing tools. The self-lubricating properties of PVD-deposited tool coatings are based on the formation under tribological loads of reactive layers consisting of friction-reducing transition metal dichalcogenides. Tungsten disulphide (WS2) and MoS2 are two examples of transition metal dichalcogenides that are at the centre of attention in the development of self-lubricating coatings [170].



Additives in self-lubricating materials used in severe load conditions are graphene, single- and multi-walled carbon nanotubes, and graphene nanoplates [171]. Among these carbon materials, graphene has gained great interest owing to its unique properties, such as low shear strength, high thermal conductivity and high chemical inertness [172]. Kasar et al. [173] showed that single-layer, multilayer and functionalised graphene can lead to reduced friction and wear when used as a solid lubricant additive in metal and polymer matrix composites.



Hexagonal boron nitride (h-BN) has a layered structure, similar to transition metal dichalcogenides, in which a covalent bond holds each layer while the bond between the layers is a van der Waals bond [28]. The crystal structure of boron nitride consists of hexagonal rings containing boron and nitrogen atoms bound at an angle of 120° (Figure 16). Layers of boron nitride shear very quickly under load along the basal plane, ensuring the improvement of tribological properties of self-lubricating coatings [174]. The sliding of the layers along the basal plane is recognised as the main mechanism that promotes lubricity. A review of the self-lubricating materials used in heavily loaded friction pairs is provided by John and Menezes [175].



Torres et al. [177] investigated additively manufactured maraging steel high temperature sheet metal forming tools in addition to different types of self-lubricating coatings deposited by means of laser metal deposition (LMD). It was found that the use of Ni-based self-lubricating coatings contributes to a more stable frictional behaviour in the functionalised 3D-printed tools. The related technique of selective laser melting (SLM) is also well suited to the preparation of functional materials with protective coatings and with the incorporation of solid lubricants [178]. The results of Torres et al.’s work [177] confirm the enormous potential of using the combination of LMD with SLM for tool functionalisation. Aschauer et al. [179] developed a novel high-temperature self-lubricating coating system based on a Mo–Si–B top layer. Four PVD-coated W360 tool materials were tested when hot sheet metal forming Al–Si-coated 22MnB5 steel sheets. The coatings investigated involved a homogeneously grown Mo–Si–B coating on top of a TiN base layer [180] and a nanostructured multilayer system (Ti1-xAlxN/Mo–Si–B) [181]. As a reference, an oxidation-resistant Al–Cr–O-based thin film and a DLC-based coating system were investigated. The lowest wear was found in the tools protected with coatings providing interdiffusion with the counterbody and low adhesion. Two coatings met these criteria: Ti0.57Al0.43N/Mo–Si–B multilayer and DLC.



Self-lubricating coatings are used under sheet metal forming conditions with high pressures, in which it is difficult to ensure the continuity of the lubricating film. They are also used under the conditions of sheet metal forming at high temperatures, which make it difficult to select classic lubricants resistant to high temperatures. In view of the growing expectations in terms of environmental protection, self-lubricating coatings have the potential to be used in lubricant-free sheet metal forming tools in the automotive industry. Self-lubricating materials are particularly used in stamping tools for cold sheet metal forming. The use of self-lubricating coatings in hot plastic working is very limited owing to the occurrence of very high unit pressures and high temperatures.




6. Structured and Textured Tool Surfaces


Surface finishing may improve the tribological conditions between the tools and the sheets. Besides mill finishing, shot blasting and laser beam texturing, electrical discharge texturing (EDT) is the most common technology used for the surface finishing of metal sheets. A comprehensive overview of EDT processes used for producing sheets with EDT surfaces has been provided by Aspinwall et al. [182] and Simão et al. [183].



The combination of modern coatings (nanostructured, nanolayered, nanocomposite, etc.) and the construction of self-lubricating tools containing microchannels and pockets constituting a reservoir of lubricant are very promising and effective ways to increase the efficiency of lubrication under high-pressure conditions [28]. The basic texturing methods can be divided into mechanical, physical and thermal methods (Figure 17). The oil cavities lead to a reduction in the COF under conditions of mixed and full film lubrication [184,185]. Considering dry friction, the reduction in the real contact area and the storage of wear particles in cavities can be listed as the main effects contributing to the improvement of tribological properties [186]. By optimising the texture dimensions, it is possible to retain the lubricant and improve the hydrodynamic effect [187]. The positive effects of single-scale textures depend largely on the type of contact (conformal or non-conformal) and the lubrication regime [188].



The formation of regular dimples on the surface stimulates anti-wear and friction-reducing mechanisms, which depend on the degree and type of surface texture and lubrication conditions [28]. Among the many shapes of texturing depressions, e.g., crossed and parallel channels [189], triangular cavities [190], square cavities [191] and more complex shapes [192], the most studied structures are spherical cavities owing to their ease of fabrication [193]. In addition, the density of the pits plays an important role as it affects the relubrication process of the sheet metal surface as it travels over the tool surface. The distance between the individual depressions filled with grease should be smaller than the distance at which the lubricating film loses its properties. Textures can show a preferential direction or be arranged randomly [194]. The viscosity of the lubricant, the thickness of the lubricant film, and the sliding speed affect the maximum spacing of the pits [195]. Most studies focus on determining the optimal values of these parameters in order to obtain tribological conditions that ensure the minimisation of friction and increase the load capacity of the lubricating film.



Wang [193] included the retention of wear particles and a reduction in wear associated with the participation of a third body in the friction node as the advantages of texturing. The depressions in the surface of the tools can retain wear debris, act as lubricant microreservoirs, and generate a separation effect between the rubbing surfaces as a result of hydrodynamic lubrication [196,197]. The basic texturing techniques of metal forming tools are hammering [198], laser machining [199], electrical discharge machining [200] and burnishing [201].



The parameters of the hammering process have a major influence on the resulting surface roughness of deep drawing tools [202]. Owing to work hardening and the induction of residual compressive stresses [203], the hammering process generally leads to an increase in hardness on the surface and in the near-surface layer by up to 30% [198]. According to Lehnert and Hildebrand [204], the increased value of the COF of textured surfaces can be explained by macroscopic mechanical interactions between the bodies of the friction pair. Increased frictional resistance significantly affects the nature of sheet metal movement in the die, and thus the product quality and tool wear [205]. Micro-texturing the surface of deep drawing tools can significantly reduce friction in certain areas of the drawpiece [198]. Šugárová et al. [206] indicated that a surface density of depressions in the area of 13% is preferred to reduce the value of the COF. An areal density of pits above 20% usually causes an increase in the COF and wear rate [198].



Laser texturing has become the main texturing method owing to its high efficiency, excellent controllability, environmental friendliness and accuracy [28]. During ablation or photolytic processing, melting and evaporation of the material occurs when a high-energy laser beam hits the work surface [207]. Wang et al. [208] analysed the effects of different textures on the surfaces of tools produced with a nanosecond fibre laser on the tribological conditions at the interface between the moulded material and the tool. The authors analysed many shapes of the depressions (elliptical, spherical, S-shaped) and their distribution (radial, tetragonal and hexagonal) on the surface of the tools in relation to the direction of sheet metal movement. The use of a surface texture consisting of dimples arranged in a radial pattern contributed to the most significant reduction in friction by approximately 40%. On the other hand, this surface texture contributed to an increase in the surface roughness parameters, the Ra parameter increased from 0.41 μm to 2.19 μm, and the Rz parameter increased from 0.99 μm to 16.79 μm. Mousavi et al. [195] used direct laser interference patterning (DLIP) to texture the surface of the die used for the U-shaped bending process. Patterns resembling longitudinal lines in the direction of sheet travel show better performance in reducing the COF compared to patterns composed of transverse and cross cavities, owing to their tendency for mechanical interaction with surface asperities of the workpiece. Sedlaček et al. [209] performed the laser texturing of the surface of K890 cold work steel tools before and after TiAIN coating deposition to investigate the effect of the surface-texturing process sequence on its fatigue life. It has been found that when laser texturing is performed after applying the coating, the fatigue strength properties of the tool surface are impaired. Surface observations have revealed quasi-plastic cracks and small flat areas with clear evidence of a brittle fracture mechanism with cleavage. Podgornik et al. [210] and Sedlaček et al. [211] showed that the combination of hard coatings on tools used for high-performance punches and dies for SMF with additional surface-texturing improves the tribological properties of the tools. Leshchynsky et al. [212] used laser micromachining technologies to create a network of microchannels serving as lubrication pockets to collect and retain lubricant containing MoS2 nanoparticles on the surface of a TiAlN–MB-coated tool. It was found that MoS2 nanoparticles produced using rolling cleavage technology have a layered graphene-like structure. It was shown that the graphene-like MoS2 nanoparticles have unique tribological properties: a low COF value (0.05–0.08) and a low degree of wear.



To observe the contact surface during the SMF process, Vorholt et al. [213] developed an in-situ observation system using transparent quartz glass matrices with a recording camera (Figure 18). The aim of the research was to correlate the dimensional parameters of microtextured structures produced by femto-/pico-second laser treatment with the tribological properties during the deep drawing of X6CrNi18-10 stainless steel sheets. The matrix textured with dimples of 10 μm and 50 μm in diameter showed flows of lubricant from one dimple structure to the other. The authors correlated this effect with the formation of hydrodynamic pressure inside the cavities. Large microcavities with a diameter of 100 μm showed less air bubble formation and less lubricant flow in the contact area.



Mazurkiewicz [214] presented a method of preparing the surface texture of the X210Cr12 steel matrix by chemical etching. Microscopic analyses of the surface texture formed under the conditions of different etching times showed a certain determined pattern, ensuring hydrophilicity of the die surface. The chemically etched surface texture effectively reduced the COF between flat countersamples under oil emulsion lubrication and high load conditions (nominal pressure ≥ 32 MPa), with an average reduction in COF of 35.6%. The greatest reduction in COF (by 49.5%) was obtained under nominal pressures of 72 MPa.



Most of the research on surface-texturing focuses on optimising the texture parameters (shape, depth, orientation and spacing of the cavities) in order to obtain optimal friction performance [197]. However, there is a gap in the research on the effects of friction pair materials on the friction properties of textured surfaces, which limits the practical application of surface-texturing of tools. A review of modelling techniques and the key findings of the lubrication of textured surfaces is provided by Gropper et al. [215] and Huang et al. [216].



Tool surface-texturing is used to improve the efficiency and control friction in stamping industry. On the one hand, texturing the surface of the tool reduces the contact area of the stamping die and blankholder within the workpiece. On the other hand, micro-pockets incorporated on the tool surface significantly improve the boundary lubrication regime. Lubricant pockets can also act as a lubricant reservoir in conditions where it is difficult to ensure the continuity of the lubricant film in punching and stamping operations. A surface pattern with grooves provides lubricant reservoirs to enhance the lubrication effect and reduce the COF [217]. Hazrati et al. [218] used the surface-texturing of X153CrMoV12 steel die for the U-bend forming of DP800 steel. Sulaiman et al. [219] prevented the occurrence of galling in the strip reduction process via the application of surface-texturing. Steitz et al. [198] demonstrated that the hardening effect due to hammer-peened surface-texturing can lead to an increase in the wear resistance of stamping tools used in deep drawing. Another method for the surface-texturing of deep drawing tools is etching [220].




7. Summary


Friction occurring between the surfaces of the deformed material and the forming tools has a significant impact on the efficiency of the SMF process and the properties of the final components. In the SMF processes carried out under dry friction conditions, the COF is the result of the coexistence of two main friction mechanisms: adhesion occurring in the areas of real contact and the mechanical interaction of the surface asperities. Ensuring the surface of tools with appropriate physical and mechanical properties is the basic indicator of tool reliability.



SMF at elevated temperatures increases the plasticity of the deformed material, but at the same time intensifies the phenomenon of adhesion on the contact interface. In the context of the selection of the appropriate grade of tool material, the chemical affinity of the materials of the rubbing pair should be mentioned. Adhesive bonding occurs at the contact of two metal surfaces characterised by high chemical affinity. There are also two types of adhesive joints, diffusion and non-diffusion, while in the SMF of metals, under conditions of elevated temperature and high pressure, friction joints of the diffusion type are dominant.



Lubrication is essential to ensure the reliability of tool surfaces. The application of wear-resistant coatings is the most economical and effective way to reduce the harmful effects of friction in SMF operations. Although high-performance coatings increase the cost of manufacturing the tool, they also extend the period of failure-free operation. The prospective effects of reducing tool wear can be obtained by texturing their surfaces. The oil trapped in the cavities can act as a lubricant reservoir, and at the same time the real contact area is reduced.



The type of lubricant, as well as the the method of its application and distribution, affect the course of the SMF process. The lubricant should be adapted to the prevailing pressures in the forming zone and the temperature of the operation to ensure the durability of the lubricating film. Above temperatures of around 500 °C, liquid lubricants such as mineral oils decompose, and therefore heat-resistant solid lubricants are the only choice for hot SMF processes.



Among the anti-wear coatings, the most popular are those based on titanium nitride, titanium carbonitride and titanium nitride. Intensive development has been seen in diamond and carbon coatings that reduce wear, friction and corrosion, e.g., diamond-like carbon coatings, which show better anti-adhesive properties than conventional coatings. The main goals of applying coatings on SMF tools are to increase surface hardness, extend tool life, reduce the COF value and reduce diffusion under elevated temperature conditions.



The techniques of vapour deposition, PVD and CVD use physical and chemical phenomena, respectively, to modify the surface layers of tools. PVD techniques involve physical phenomena such as sublimation or sputtering, which are intensified by additional reactive (using reactive gases) or activated (activating gas and metal vapour ionisation processes) processes. Coatings obtained by the PVD method are characterised by increased hardness and lower abrasive wear.



The method of applying coatings by CVD is used primarily to apply coatings on tools made of sintered carbides and ceramic materials. TiC or TiN coatings applied with the CVD method ensure durability up to several times greater than conventionally sintered carbides. In addition, CrN, CrC, CrN, TiAlN, AlTiN, TiCN and ZrN coatings, diamond-like coatings and self-lubricating coatings containing MoS2 are used on tools in SMF.



It should be noted that forming tools for sheet metal forming are mainly made of cold work tool steels, hot work tool steels and tool steels. Smaller tools are made of tungsten carbide, and tool concepts with composite inserts are also known. Laser, vacuum carburising and nitriding technologies, as well as PVD and CVD coatings, are used to increase the durability of moulding tools made of tool steels. In recent years, the development of technology has resulted in the expansion of new applications for anti-wear coatings. Duplex coatings (a nitrided/TiN layer) are used to protect the surfaces of dies used for the cold working of copper, aluminium and carbon steels. CVD methods are most often used to produce coatings of carbides, nitrides, carbonitrides and metal oxides on ceramic tools and cold work steel tools. In addition to tungsten carbides and conventional tool steels, sintered steels are available with many different combinations of properties to suit different applications. The minimum thickness of PVD coating such as AlTiN, CrN, TiN and TiCN used for metal stamping and forming applications should not be less than 4–5 microns. PVD coatings are preferably used on tool steels since the low deposition temperature will not result in the softening of the base material. CVD coatings are usually applied in multiple layers. The CVD coating nucleates on the metal carbides. Therefore, excellent candidates for CVD coating include all cemented carbide materials, as well as AISI D, AISI H, AISI M and AISI T steels. Steels such as AISI A2 and AISI S7 should not be coated with CVD processes if the tool will be subjected to impact loads, as the coating temperature is higher than the austenitising temperature of these steels [221]. Thermal reactive diffusion is a high-temperature coating process used for producing metal carbides (usually vanadium carbide) on the surface of a carbon-containing substrate. The methods used for surface-texturing the regular or stochastic patterns incorporated on the surfaces of tools are mainly based on steel tools. Kataoka et al. [77] studied the advantages of ceramic materials such as Al2O3, SiC and Si3N4 as tool materials for a drawing die. To achieve lubricant-free conditions, the forming process can also be realised using self-lubricating coating systems [75].
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Figure 1. (a) Design and (b) fabrication of the hybrid SMF tool (reproduced with permission from Reference [15]; copyright © 2011 CIRP. Published by Elsevier Ltd.). 
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Figure 2. Scheme of the tribological system in SMF. 
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Figure 3. Model of the surface layer of a tool (prepared based on [29]). 
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Figure 4. Causes of damage and wear in SMF tools. 
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Figure 5. Effect of loading duration on (a) wear volume and (b) wear coefficient (reproduced with permission from Reference [52]; copyright © 2008 Elsevier B.V.). 
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Figure 6. Tool used for the instantaneous measurement of thermoelectric currents (reproduced with permission from Reference [58]; copyright © 2017 Published by Elsevier Ltd. on behalf of CIRP). 
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Figure 7. Surface structures (Str1, Str2) of the forming tool (reproduced with permission from Reference [60]; copyright © 2016 Elsevier Ltd.). 






Figure 7. Surface structures (Str1, Str2) of the forming tool (reproduced with permission from Reference [60]; copyright © 2016 Elsevier Ltd.).



[image: Machines 11 00616 g007]







[image: Machines 11 00616 g008 550] 





Figure 8. Surface wear areas: (a) punch and die in deep drawing process, (b) punch and die in punching process: Fp—punch force, Fbh—blankholder force. 
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Figure 9. Schematic of the channel forming wear test: (a) prior to and (b) at the end of the stamping process (reproduced with permission from Reference [64]; copyright © 2012 Elsevier Ltd.). 
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Figure 10. Schematic and view of the test stand and the pressure measurements (reproduced with permission from Reference [66]; copyright © 2017 The Author(s). Published by Elsevier Ltd.). 
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Figure 11. Finite element model for simulation of the wear behaviour in the deep drawing simulations (reproduced with permission from Reference [67]; copyright © 2010 Elsevier Ltd.). 
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Figure 12. Operational properties of the surface layer of plastic forming tools. 
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Figure 13. Simulation tests for the SMF (reproduced with permission from Reference [18]; copyright © 2019 Elsevier B.V.). 
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Figure 14. The layer configuration of the newly developed tool coatings (reproduced with permission from Reference [156]; copyright © 2013 Elsevier B.V.). 
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Figure 15. Powder and fibre-based fillers in self-lubricating coatings. 
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Figure 16. Structure diagram of hexagonal boron nitride (prepared based on [176]). 
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Figure 17. Surface-texturing methods. 
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Figure 18. Scheme of the stand for in-situ observation of the friction zone (reproduced with permission from Reference [213]; copyright © 2017 Published by Elsevier Ltd.). 
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Table 1. Examples of PVD coatings (prepared based on [129]).
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Structure of Coating

	
Type of Coating

	
Advantages






	
Single-layer coating

	
Cr–Al–N

	
High oxidation resistance, hardness higher than that of TiN and TiCN [130]




	
Ti–AlSiN

	
High hardness—48 GPa [131]




	
Al1-xCrxN

	
High hardness—38 GPa [132]




	
Multi-layer coating

	
TiAlN/cBN,

CrTiAlSiN/cBN

	
Super-hardness—71~75 GPa [133]




	
Superstructure multi-layer coating

	
TiAlN/ZrN, TiAlN/CrN

	
Super-hardness—55~78 GPa [127]




	
TiAlN/VN

	
High hardness—42 GPa,

Ra = 0.06 μm [134]




	
Nanocrystal multi-layer coating

	
TiAlN/CrN

	
High hardness—37 GPa [135]




	
Nanolayer coating

	
CrN/WN

	
High hardness—31 GPa [136]




	
Nanocomposite coating

	
Nc-TiN/a-SiNx with addition of Ni

	
High fracture toughness, hardness—30 GPa [137]




	
AlSiTiN-Si3N4

	
High hardness—40 GPa [138]




	
AlCrSiN

	
Very high hardness and wear resistance [139]




	
Superstructure nano-layer coating

	
AlN/CrN

	
Very high hardness—40 GPa [140]




	
Nanocrystalline single layer coating

	
Ti1-xSixN

	
Very high hardness—40 GPa, temperature resistance up to 900 °C [141]




	
Multi-later nano-coating

	
lN/SiNx

	
Hardness—32 GPa, high wear resistance [142]




	
CrAlSiN

	
High hardness—42 GPa [143]
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