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Abstract

:

This article investigates the efficacy of directed energy deposition (DED) processes in repairing forging tools and moulds, comparing mechanical properties between specimens fabricated from conventional sheet metal and those manufactured by DED techniques. A comparative analysis reveals significant mechanical differences between subtractive and DED-manufactured specimens, emphasising the nuanced balance between tensile strength and ductility in DED-produced components influenced by layering. Notable insights from scatter plot analyses highlight distinct material behaviours, particularly layer-dependent tendencies in DED-manufactured specimens. Regression-based predictive models aid in understanding material behaviours, aiding in informed material selection for manufacturing processes. Additionally, this article underlines the advantages of DED-based repair processes, highlighting precision, material efficiency, reduced lead times, and cost-effectiveness. The article studies die and mould repair, tool restoration, and critical considerations like material compatibility and quality assurance. The study concludes by emphasising the role of hybrid manufacturing in extending product lifecycles, in conformity with specific mechanical requirements, and fabricating complex geometries, despite potential higher costs in materials and technologies. Overall, this research demonstrates the efficacy of DED processes in enhancing component reliability and lifespan in metalworking industries.
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1. Introduction


Additive manufacturing is a modern process of creating physical models from digital models by layering or joining materials. Conventional (subtractive) manufacturing is a common manufacturing process that cuts away excess material to form component surfaces.



Initially, additive manufacturing was used to replicate parts that were originally designed for conventional manufacturing processes. However, additive manufacturing allows for more complex shapes than conventional manufacturing processes, which have more restrictions on the design of the products [1].



Hybrid manufacturing combines subtractive and additive manufacturing processes in an integrated way, aiming to leverage the benefits of both methods and overcome their drawbacks.



The most common hybrid manufacturing processes are powder bed processes such as selective laser melting (SLM) and welding loading processes such as direct energy deposition (DED) [2]. In the case of the first process, the metal powder is applied “layer by layer” with the help of a sliding valve and melted with the help of a laser guided through mirrors in the places where the material loading is to be performed. In the case of the second process, the loading material is brought to the place of processing in the form of wire or powder by means of a multi-shaft guided machining head and melted using thermal energy, which is transported by means of a laser or electric arc.



The main advantage in using hybrid technologies is that the freedom of the geometric configuration of components is much greater due to the possibility of configuration oriented exclusively to its functional requirements [3]. Thanks to this, the number of parts required for the construction of an assembly can be reduced. Another advantage is that lightweight aeronautical and aerospace construction concepts can be executed on bionic principles, which cannot be realised in practice using conventional manufacturing processes.



Although additive manufacturing processes can generate shapes with geometries very close to the final geometry of the final components, they cannot meet the quality and precision requirements of functional parts; therefore, a conventional manufacturing process such as milling is needed to further refine the shape. Additionally, the components require support structures to prevent deformations during the 3D deposition process, which are based on the Design for Additive Manufacturing (DfAM) principles and the geometry of the components [4]. These support structures also must be removed after the 3D deposition process, which can only be done with conventional technologies [1].



Since the geometry generated by the additive manufacturing process is much closer to the final geometry of the finished component, conventional manufacturing processes will remove much less material due to minimal machining additions, resulting in a much more efficient use of materials, unlike using only subtractive manufacturing processes [5].



In the case of a CNC equipment used for hybrid manufacturing processes, it shall be capable of performing additive and subtractive processes in a combined manner without the need for further handling of the components in processing. For the DED hybrid manufacturing process, it can mix the additive and subtractive processes in a single manufacturing operation, which can save materials and time. However, the manufacturing technology needs to be carefully designed and verified to avoid errors and collisions. For example, during the milling process, if the cutting tool goes over an area more than once, it does not cause problems, but in the additive process, if the deposition head follows the same tool path over the same surface after a layer has been applied, there will be a collision between the tool and the part.



The Current State of Applicability of Metal Powder Hybrid Manufacturing Processes


Additive manufacturing has undergone a remarkable evolution over the past years due to the high manufacturing requirements of prototypes and the flexibility to realise different component geometries. It quickly expanded into various areas of modern manufacturing, from parts manufacturing in the automotive industry to parts manufacturing in the defence industry or the medical industry. In addition to the use of polymers and ceramic materials, additive manufacturing also uses metallic materials. There are two groups of metallic materials that can be used, these being metal materials in powder form or metallic materials in wire form. Wire-fed processes such as laser metal deposition (LMD) or electron beam (EBM) are more productive due to a high deposit rate, but the precision and accuracy of form are far inferior compared to additive manufacturing using metal powders, such as selective laser melting (SLM) or direct metal laser sintering (DMLS) [6].



From an economic point of view, the group of processes using metallic materials in the form of wire is significantly more economical compared to the group of processes using powders [7], and at the same time it offers a wide range of alloys of raw material in the form of wire. However, powder-based technological processes can use special materials that are not necessarily found in bulk form. Due to this, and the fact that they offer precision far superior to wire-fed technologies, it follows that additive manufacturing processes using metal powders have a wide range of applicability [8], so they will be further detailed.



One of the earliest techniques within additive manufacturing is powder-bed fusion (PBF), a method that constructs products by layering thin slices of powder, sintering them together until the final shape is achieved. This technique utilises either laser or electron beams as the energy source to melt and bond metal particles. Electron beam melting (EBM) particularly necessitates a vacuum, especially when handling reactive metals like titanium or magnesium. Metal powder, stored in a container, is transferred to the processing area for melting, creating thin layers approximately 0.1 mm thick. The bed adjusts for each new layer to maintain a consistent distance between the power source and the object. Residual, unmelted powder remains on the bed and can be reused.



EBM technology fabricates metal components layer by layer using a potent, high-vacuum electron beam, enabling the creation of items without internal cavities. The high-power electron beam serves as the energy source for machines utilising EBM technology. Precise control over the beam’s energy allows the necessary melting capacity for optimal productivity to be achieved. Controlled by electromagnetic coils and computer guidance, the beam scans the process area to shape the molten layer as desired. Contemporary machines employing electron beams offer the capability to operate multiple melting tanks simultaneously, known as multibeam technology. EBM is a process that can melt and refine metals and alloys under high vacuum conditions and has an excellent refining capacity. It also has a high degree of heat source flexibility, making it suitable for processing resistant and high-temperature re-active metals such as titanium, zirconium, or tungsten. EBM is widely used for producing ultrapure spray materials and recycling titanium waste. This process can generate components with free-form and fully dense surfaces from the target material. The process occurs in a vacuum and at a high temperature, resulting in stress-free components with better material properties than casting, comparable to forged material.



Direct laser metal sintering (DMLS) stands as an additive manufacturing method utilising a computer-controlled laser beam to scan and sinter applied powder layers into solid components based on a CAD model. This approach, akin to EBM, involves layer-by-layer sintering of thin slices, typically 20–100 μm thick, until forming a complete 3D object.



For complex or unstable components, specialised supports may be necessary to align the components with their virtual models. During process preparation, strategic component orientation accounts for potential property variations due to varied heating conditions across the structure. This method enables the fabrication of intricate, precise shapes with superior surface quality and mechanical performance. DMLS serves as a swift and accurate technique for generating fully functional prototypes or final products across diverse applications.



This technology produces robust parts ideal for aerospace, automotive, electronics, and medical sectors, especially when it is challenging to achieve similar results via die casting or machining. Its extensive applications include moulding and machining parts from plastic, metal, or ceramic materials, offering a broad material selection based on usage requirements such as strength, durability, sterilisation, weight, and thermal properties. Materials range from light alloys and steels to superalloys and high-alloy composites, including aluminium, cobalt, chromium, nickel alloys, stainless steels, titanium alloys, and copper alloys.



Within direct metal laser sintering technology, variations exist based on applied energy, resulting in selective laser melting (SLM) or selective laser sintering (SLS). SLM yields fully dense parts akin to bulk material but may pose control challenges compared to SLS, where additional treatments may be necessary for superior mechanical properties. However, SLM can induce residual stress and distortion in final components due to the high energy input and complete melting of metal powders.



Blown powder processes, differing from powder bed fusion, offer greater geometric flexibility in fabricating parts without constraints of build platform size. These processes involve laser or plasma interaction with a powder feedstock, melting the particles before deposition onto a substrate, whether an initial surface, prepared workpiece, or repaired component.



These laser deposition processes are known by various names, such as laser metal deposition (DMD), direct metal deposition (DMD), direct energy deposition (DED), laser engineered array modelling (LENS), laser plating, laser deposition welding, and fusion welding of metal powders. The flexibility of these systems allows multi-material deposition, enabling localised chemical composition adjustments for desired component properties. DED’s versatility spans new component production, repair, or restoration of damaged parts, with applications in steam turbine blade coatings or cost-effective material usage by employing special materials only on functional surfaces. While offering a wide material range, the deposited material’s microstructure, akin to weldments, often requires subsequent heat treatment for improved mechanical properties.



DED’s applications encompass laser repair technology (LRT), used for local repairs of damaged components, laser plating technology (LCT), for restoring worn surfaces with thinner layers, and freeform laser manufacturing technology (LFMT), a versatile technique spanning various repair and restoration tasks. The third type of application of DED processes is to create new components with complex shapes. This technology enables the fabrication of parts with free forms based on a 3D computer model [9]. This technology can be used for prototyping or producing unique special components. The material produced by LFMT is almost 100% dense and has properties like forged material. The minimum thicknesses used to obtain the wall of free forms are generally 1.5 mm. The process of metal carbide deposition with a laser is used for producing prototypes or tools and has a wide range of applications, such as the following:



Mould repairs for reuse—downtime costs can increase rapidly when cracks or wear appear in the mould cavity area or even on the mould surface. The laser deposition process is the only existing process by which the existing part can be repaired or even reconfigured, allowing material compatible with the material from which the base piece is made to be added (e.g., Figure 1 where a CNC component is repaired using compatible material) [10,11,12].



Another advantage of laser deposition is that much more diversified cooling channels can be produced for injection moulds or moulds for pouring aluminium into their cavities, so the life of the products will be much longer.



Prototyping workshops can produce metal parts much faster, replacing parts made of plastic resins by stereolithography. Using the laser deposition process, fully functional components can be produced directly from the CAD model [13].



Through the laser deposition process, surface modifications of components or even metal carbide coatings can be made, which leads to significant improvements in product durability by creating stiffening ribs (often used in strengthening castings, for example, generating ribs to stiffen gearbox crankcases), high corrosion resistance, and heat control on surfaces that must withstand high temperatures (application of carbides to brake disc surfaces to increase the thermal resistance of stressed surfaces during operation).



Additive powder manufacturing produces components from materials with excellent mechanical properties, but they often require further processing. This is due to their geometry and properties. In additive powder processes, there is a partial or complete local melting and a subsequent rapid cooling caused by the high conductivity of the metal and the large volume of material compared to the melt size. This leads, in most cases, to lower properties than those of bulk materials. Therefore, a heat or thermomechanical treatment can enhance the mechanical properties of the component and remove residual stresses from additive processes.



The surface of components made by additive powder processes is usually rough, with visible layers or marks from the supporting structures needed for the geometry during additive processes. Hence, additional processing is often necessary, either for the dimensions or the surface quality of the products. When the surface has a special, decorative, or functional role, sandblasting, sanding, and polishing operations can be used to achieve the desired quality of the final surface. For high-precision parts, machining is unavoidable to obtain the required geometric tolerances. The surface after additive processes can also be uneven because of thermal stresses during the process, which can cause small distortions of component geometry [14]. For a better insight of the differences between additive manufacturing and traditional subtractive methods, Table 1 presents a SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis which offers a comparative analysis of both manufacturing technologies.





2. Materials and Method


To assure that the parts obtained by the DED process were in conformity with the requirements of the parts to be repaired, we compared the mechanical properties of specimens made using subtractive processes and parts manufactured using DED process.



2.1. Specimens Fabrication


To determine the purpose of the research, two sets of specimens were made according to the ASTM standard E8-E8M-2016a [16]. The geometric shape of the specimens made is of plate-type, having the dimensions represented in the technical drawing from Figure 2.



The materials used to manufacture the four sets of specimens were equivalent in terms of composition. In the case of the first specimen set, representing parts made by subtractive processes, the specimens were made of laminated sheet, while for the sets of specimens fabricated with hybrid manufacturing technology (DED and CNC milling), the material was X2CrNiMo17-13-2 as metal powder from Sandvik Osprey® powders.



For the specimens fabricated with subtractive processes, a set of 5 specimens was made and an extra one was made for machine calibration and fixture validation. The specimens were cut from a single stainless steel sheet with 2 mm thickness using a 1800 W laser.



In the case of the specimens manufactured with hybrid technology, the additive manufacturing process consisted of a DED process using X2CrNiMo17-13-2 metal powder. The equipment used for the hybrid manufacturing process was a DMG Lasertec 65 DED hybrid machine with a COAX 14-coaxial nozzle technology installed at Compa S.A. Sibiu, Romania. The nozzle assembly is depicted in Figure 3.



The flow of metal powder is distributed through holes placed at the base of the cone and the laser beam exits through the central hole. The DED additive manufacturing parameters are shown in Table 2.



Considering that the laser deposition process creates a rough, uneven surface with low geometrical precision [17], to obtain the right dimensions for the specimens, the 3D DED specimen was fabricated with a 2 mm offset on all the part’s faces surfaces, which was removed using CNC manufacturing to obtain a precise geometry in conformity with the ASTM standard [16,18]. Moreover, to study the influence of the height of the DED process on the mechanical properties of the final part, the specimens were fabricated one on top of the other in stacks of 3, as detailed in Figure 4. Considering that we have 3 specimens with an offset of 0.15 mm between them and the base and an addition of 2 mm on top, the total height of the stack is 8.45 mm.



For the DED process, a nozzle with a diameter of 3 mm and a 13 mm offset between the printed layer and the nozzle were used. As for the powder carrier gas, argon was chosen. The initial laser power was set to 1800 W to aid the bounding of the first layer to the support plate. Progressively, the laser power was decreased by 100 W at each layer until a deposition power of 1400 W was reached. The layer height was 0.9 mm, and the specimens were printed on an S235JR metal plate with a thickness of 18 mm. To obtain the required geometrical and dimensional precision, the stack of specimens was milled on the upper surface and on the contour. The fabrication process is detailed in Figure 5.



After the hybrid manufacturing process, the specimens (Figure 6) were removed from the metal plate using an electrical discharge machining process which also sliced the specimen stack to single specimens with a 2 mm thickness. The electrical discharge process used a 0.15 mm wire to separate the specimens.




2.2. Encountered Issues


During the specimen’s fabrication using the hybrid technology, several issues were encountered due to positional errors of the base plate in the machine’s vice. Due to the residual material, which is splashed on the base plate’s surface, angular positional inaccuracies are developed if the base plate is not cleaned before reuse [19].



The 3D printing process requires careful control of the laser power to avoid damaging the base plate and the nozzle. If the laser power is too high (e.g., 1800 W for the entire stack of specimens), the base plate can warp due to thermal expansion and cause cracks on the printed parts [20]. Moreover, the nozzle can also suffer from thermal shock and permanent damage if the temperature rises too quickly [21]. Moreover, if the distance from the base material is not optimal, residual material splashes can affect the nozzle as depicted in Figure 7. Therefore, it is important to use a face milling finishing operation to clean the base plate and to adjust the laser power according to the material and thickness of the specimens.




2.3. Experimental Procedure


The specimens were subjected to tension tests until failure according to the ASTM E8/E8M standard [15] using a Galdabini Quasar 25 material testing machine to determine their mechanical properties. A 3D-printed mould was used to ensure a consistent placement of the specimens in the machine’s grips, as shown in Figure 8, and to position the axis of the test specimen coincidently with the centre line of the heads of the testing machine in order to minimise bending stresses which could affect the results. The 3D-printed mould did not affect the experimental results as it is thinner and weaker than the specimens and made of plastic material. The crosshead speed used for the tests was set to 0.5 mm/min.





3. Results


The experiment involved testing five conventional specimens and five hybrid stacks, each consisting of three specimens produced by DED processes. The DED specimens are further referred to with the following codes: DED Level 1 (DED L1), the specimen from the top level of the stack; DED Level 2 (DED L2), the specimen from the middle level of the stack; and DED Level 3 (DED L3), the specimen from the bottom level of the stack which is deposited on the S235JR base plate. All specimens were subjected to tensile loading until they failed. The purpose of this experiment is to demonstrate that the parts made by DED methods have superior mechanical properties compared to the stainless steel used for making forging tools and moulds.



The tensile tests conducted on specimens produced by subtractive processes (laser-cut stainless steel) and hybrid manufacturing (DED process) revealed notable differences in mechanical properties, as can be seen in the boxplot for each specimen from Figure 9.



The maximum tensile strengths obtained from the tests exhibit distinct patterns between the different specimen groups, as detailed in Table 3.



Since the test values of each specimen set are consistent (Figure 9) with their counterparts, no outliers were identified among the specimens. Therefore, to highlight the differences between the types of specimens, the mean value for each set of specimens was calculated and compared.



The scatter plot (Figure 10) showcases a comparative view of stress in [MPa] against the percentage of elongation for each specimen group’s mean value. Elongation (%) or reduction in area (%) represents the tensile ductility. The equation of determining elongation (%) was calculated by the testing machine using Equation (1), where L0 is the initial length of the sample and ΔL is the difference between the initial length and the elongated final length.


  Elongation   ( % ) =   Δ L    L 0    × 100 %  



(1)







This graphical representation provides valuable insights into the material behaviour under tension for both subtractive and hybrid manufacturing methods.



Subtractive (laser-cut stainless steel) specimens exhibit a higher elongation at lower stress levels, suggesting a more ductile behaviour in response to tension. In contrast, specimens produced through the DED process exhibit a notably different pattern on the scatter plot. They portray a higher stress and lower elongation tendency, particularly influenced by the layer level of the DED deposition. The specimens produced through the DED process demonstrate a behaviour linked to the layer level of deposition. The highest level (DED L1) exhibits the lowest tensile strength, indicating decreased strength, but the highest elongation percentage, indicative of a more ductile behaviour. The initial DED level (DED L3) displays the highest tensile strength but also a more brittle nature. The middle specimens (DED L2) exhibit a moderate tensile strength compared to the initial and final specimens but show a reduced elongation. This behaviour leans towards brittleness, likely attributed to the middle layers retaining heat for an extended duration during the deposition process. Heat dissipation dynamics differ for these layers, with the base level dissipating heat into the metal base plate and the final level dissipating heat into the atmosphere.



Using Minitab 20 software, a regression analysis (Figure 11) conducted for each specimen group’s stress and % elongation scatter plot enabled the creation of prediction plots, offering an empirical representation of the material behaviours under tension. The prediction plots contain the stress–strain curve for the mean of each specimen group, visually presenting the relationship between stress and % elongation.



The red line within each prediction plot represents the predicted X and Y values, offering a trend line that highlights the anticipated material behaviour based on the regression analysis. An essential aspect of these plots is the inclusion of a 95% prediction interval. This interval denotes a range within which 95% of the observed data points are expected to fall, illustrating the uncertainty associated with the predictions. These prediction plots hold significant implications for material engineers and manufacturers in selecting suitable materials and manufacturing methods for specific applications. The curves highlight the expected behaviours and the associated uncertainty, aiding in informed decision-making.



Observations from the tests indicate a clear resilience in specimens produced through the DED hybrid process compared to those obtained via conventional methods. Especially, specimens closer to the deposition base exhibit increased strength, a factor significantly influenced by material specifications. Specifically, the initial laser power set at 1800 W gradually decreased by 100 W per layer until reaching 1400 W, contributing to this observed trend [21,22,23,24].



Tensile Strength vs. Ductility in DED Components


The layering strategy in DED plays an essential role in determining mechanical properties. Lower layers closer to the substrate (base material) may experience enhanced tensile strength due to rapid cooling, grain refinement, and dislocation density increase. However, this rapid cooling might compromise ductility by inducing micro-fissures or a non-uniform microstructure [25]. Extending our analysis to additional case studies, we consider the example of DED-produced turbine blades [26,27]. For this type of component, the outer layers, subjected to higher stress, demand increased strength to withstand forces during operation. Therefore, these outer layers could be designed with a focus on higher tensile strength, achieved by optimising cooling rates, controlling deposition parameters, and sacrificing some ductility. Similarly, inner layers could prioritise ductility to withstand dynamic loading conditions. Control parameters like laser power, deposition speed, and layer thickness significantly impact this balance. A higher laser power might enhance strength but at the expense of ductility due to rapid solidification, while slower cooling rates could improve ductility but might reduce overall strength.



The selection of alloy compositions in DED also influences this balance. For instance, nickel-based superalloys might prioritise strength over ductility due to their high-temperature applications, whereas certain steel alloys might aim for a balance between the two properties.



This expanded discussion demonstrates the compromises and strategic considerations involved in balancing tensile strength and ductility in DED-produced components across various industries and applications.





4. Metal Forging Tools and Moulds Recondition Case Studies


Repair processes for metal forging tools and moulds using DED involve the application of additive manufacturing techniques to restore, modify, or enhance these critical components used in metal forging processes [28].



The first step involves a thorough assessment of the damaged or worn-out forging tools or moulds. This includes identifying areas of erosion, cracks, wear, or any other structural issues. Utilising digital models and Siemens NX 12 CAD software, the repair strategy is designed. This involves planning the deposition paths and identifying the areas needing repair or modification. Selecting suitable materials compatible with the original component and capable of withstanding the high temperatures and stresses involved in forging operations is a critical phase of the repair process.



The DED process involves precisely depositing material layer by layer onto the damaged areas of the tool or mould. This could involve the addition of compatible metals or specialised alloys to restore lost material or reinforce weak sections. After the deposition process, finishing steps like milling or machining are required to achieve the desired surface quality, accuracy, and tolerances.



4.1. Case Study 1—Forging Mould Repair


The mould consisted of two semi-moulds which are used in hot forging processes to manufacture the rough stock for future products.



4.1.1. Problem Description


Following the hot forging process, the semi-moulds encounter wear and tear, especially along the rounded edges defining the cavity of the resulting product (e.g., rough stock). Additionally, material removal during the forging process causes pitting, damaging the active surface of the mould cavity and rendering it unusable, as detailed in Figure 12.




4.1.2. Analysis of Mould Repair Processes (Conventional vs. Hybrid)


Mould repairs are classified based on the extent of damage: routine maintenance is conducted within the mould’s wear limits and comprehensive repairs address significant damage. Comprehensive repairs typically involve two approaches: conventional methods utilising manual welding and mechanical machining or hybrid processes combining metal powder deposition with subsequent mechanical machining.



Conventional repair techniques involve an initial measurement of the damaged area, followed by manual filling using welding material and CNC-based re-machining. However, for this scenario, the mould’s extensive damage necessitated a hybrid repair approach, ensuring improved reliability for high-stress mass production. This hybrid method fuses directed energy deposition (DED) with CNC machining. Beginning with a precise measurement of the damaged area, the process involves depositing metal powder onto the affected region and utilising CNC technology to restore the mould to its original dimensions and shape.




4.1.3. Design and Simulation of the Repair Process


In the NX software, designing the Computer-Aided Manufacturing (CAM) process for repairing the forging mould involved the initial removal of the damaged area (Figure 13), necessitating measurements to determine the depth of wear and pitting on the active surface of the mould cavity and its rounded edges. Subsequently, a CAD model was created, guiding the repair strategy based on an original CAD model of the mould and the required material for the DED process.



The CAM process started with a face milling operation aimed at restoring the top surface of the mould by eliminating imperfections. Following this, specific areas of the mould were milled as per the CAD data, ensuring precision and adherence of the repair design (Figure 14).



Continuing the process, the mould was prepared for DED deposition. An angled surface for deposition was chosen to enhance the strength of the rounded edges, necessitating a contour milling operation. Additionally, the active surfaces within the mould cavity underwent rough milling to ensure precise parts production (Figure 15).



Upon completion of the preparation milling operations, the DED process simulation was initiated, depositing layers onto the previously angled surfaces in accordance with the original mould 3D model (Figure 16).



Post-deposition, rough milling, semi-finishing, and finishing milling operations were performed on both the cavity surfaces and the previously deposited material layers (Figure 17). These operations continued until the mould cavity reached the prescribed tolerances, ensuring the final mould matched the original 3D model and the required specifications.




4.1.4. Execution of the Repair Process


Within the hybrid technology, the mould underwent fixation and precise orientation within the CNC machine work offset. Utilising the precision “Renishaw” 3D probe, the mould was meticulously measured. This tool facilitates the palpation of critical areas within the mould, establishing the part’s origin or work offset (Figure 18a).



Once the workpiece’s origin was determined, a precise machining, in conformity with the CAM simulation, was performed on the affected mould areas, involving milling processes to rectify cavity irregularities caused by wear (Figure 18b). This step is essential, particularly in creating a smooth, straight surface and an inclined edge corresponding to the active edge of the mould. This preparation phase is crucial for the subsequent DED process to create a new active round edge. The DED process parameters align closely with the technical documentation provided by the material manufacturer. This comprehensive documentation contains essential details such as chemical composition, particle size, powder handling guidelines, metallographic structure, and parameters vital in obtaining optimal material strength and hardness as depicted in Figure 19.



During the DED process, various deposition parameters, including nozzle type, focus size, nozzle distance, laser specifications, carrier gas, power adjustments per layer, layer dimensions, and tracking speed, were meticulously adjusted according to the technical guidelines.



After the completion of roughing, semi-finishing, and final CNC machining operations on the mould cavity (Figure 20), the precision of the active surface area was measured using a Coordinate Measuring Machine (CMM). This meticulous measurement ensures the forging mould meets the prescribed standards, rendering it ready for the hot forging operations.





4.2. Case Study 2—Forging Tool Reconstruction and Optimisation


A forging tool is a device that shapes hot material by applying pressure and transferring the imprint of its active surface to a workpiece under controlled conditions. A forging tool assembly consists of a forging tool and a forging mould that fit together to form the desired shape of the material.



4.2.1. Problem Description


After approximately 9000 parts were produced through forging processes, cracks and wear became evident on the active surface of the forging tool (Figure 21), impacting the precision of the finished products.




4.2.2. Design and Simulation of the Repair Process


Repairing the active surface of the forging tool often involves face milling or, in some instances, frontal or contour turning methods to remove the worn surface. Hybrid machines with integrated lasers on lathes often employ these turning processes. Circular milling around the base of the active surface can also be used in the case of hybrid milling machines.



In this case, the forging tool repair process was designed in a CAM simulation, which fixes the tool directly onto the Lasertec 65 hybrid machine. The initial profile milling toolpaths were simulated with the aim of creating an optimal base surface for the DED process (Figure 22).



Initially, the DED process simulation focused on depositing material on the cylindrical area of the forging tool. Subsequently, new material was added to build layers on the frontal area, reconstructing the active surface (Figure 23).



After the DED material deposition process, the active surface of the tool underwent rough, semi-finished, and finishing milling phases, ensuring restoration and optimal finishing (Figure 24).




4.2.3. Execution of the Repair Process


The initial step involved securing the forging tool onto the machine table, followed by precise measurements using the “Renishaw” 3D probe to determine its position and axis (Figure 25a). The CNC program work offset was aligned with the bottom of the forging tool.



During the next stage, a front milling operation was conducted to establish the deposition base. The depth of this milling may vary based on the extent of wear and damage observed on the active profile of the forging tool. After the creation of the deposition base, a measurement and verification process ensured precision in the DED process. The succeeding laser deposition process was executed, and once the material was cooled to ambient temperature, mechanical operations involving roughing, semi-finishing, and finishing were applied. These operations are mandatory in achieving the desired final profile of the repaired forging tool (Figure 25b).





4.3. Repair Process Results and Discussion


The original forging tool demonstrated a lifespan of approximately 9000 parts before necessitating refurbishment, which was achievable solely by finishing the original tool within its wear limit. Post this refurbishment process, the tool’s production capability reduced to around 4000 parts, eventually requiring complete repair. Opting for conventional welding technology (e.g., TIG welding) extended its usability by another 3000 parts. Contrariwise, utilising DED in the repair process increased the tool’s lifespan to approximately 13,500 parts before requiring a total overhaul, as depicted in Figure 26a.



In the case of the forging mould, utilised solely for prototyping, it initially managed around 60 parts before needing maintenance within the wear interval. Following this initial maintenance, the mould sustained usability for an additional 25 to 30 parts before necessitating a complete overhaul. However, after undergoing repair via the DED process, the mould showcased enhanced performance, being capable of producing approximately 80 parts before requiring maintenance within the wear limit (Figure 26b).



The findings of this research can be extended to various repair procedures involving components enduring torsion and bending loads, which differ from the stress experienced by forging tools and moulds. For instance, consider the repair process of a sheared drive axle coupling zone (Figure 27a). Initially, a thorough analysis of the damaged region was conducted to develop suitable repair strategies.



Once the optimal repair method was determined, careful removal of affected areas containing potential micro fissures was executed, ensuring a compliant repair process without risking the dissipation of cracks in the future deposit base. To prepare the base for deposition, a flat surface was milled. The DED process was utilised, employing a material with close mechanical properties of the shaft while considering the stresses the product will encounter. Upon material deposition and cooling, a comprehensive quality check was performed. This evaluation involves a visual inspection for potential process-induced cracks and any deformations on the deposition base (Figure 27b). In the subsequent phase, mechanical milling operations were employed on the shaft’s front to create its external thread and bore, resulting in the finalised repaired part (Figure 27c).




4.4. Encountered Challenges


The repair process for moulds encountered issues primarily linked to cracks that manifested post the DED process stage [29]. Key factors contributing to these challenges include the choice of material and the parameters of the deposition process.



Among the deposition parameters, the greatest influence is attributed to the parameters defining the dimensions of the deposited layer. If they are not selected according to the specifications proposed by the manufacturer, cracks appear after material deposition. At the same time, cracks can also occur due to selecting a much too high initial laser power (during the deposition of the first layer, which is in contact with the material that makes the base surface) [30,31]. Excessive initial laser power, especially during the deposition of the initial layer interfacing with the base material, can elevate the temperature excessively, inducing thermal expansion and subsequent cracking during cooldown due to different thermal expansion coefficients (Figure 28 and Figure 29a). Moreover, improper laser power settings across the layers or inconsistent settings can result in suboptimal material deposition, increasing the likelihood of cracks. Variations in layer height or irregular nozzle movement speeds may lead to surface irregularities, necessitating the removal of previously deposited material and initiating a new deposition process at an optimal speed.



The problems that emerged during the repair process included cracks developed after cooling. They are due to non-observed deposition parameters or the sudden cooling of the deposited material. Incompatibility of the additive material can lead to poor adhesion, resulting in deposition errors or even collisions during the process. Notably, excessive initial power settings could deform the base material, visible through a bluish tint in the base material (Figure 29).





5. Discussion


Based on the results obtained from the mechanical tests and case studies, Table 4 presents a comparative analysis between DED and conventional repair methods, highlighting their respective strengths and weaknesses.



5.1. Layering Strategy


Through this research, it was found that different layering strategies applied for parts repaired using DED hybrid manufacturing can significantly influence the mechanical properties, particularly tensile strength and ductility, of the manufactured components. First, the thickness of each deposited layer plays a crucial role. Thinner layers tend to create finer microstructures, which can enhance mechanical properties like tensile strength due to reduced porosity and improved grain structure [32]. However, excessively thin layers might lead to increased heat accumulation and potential interlayer defects. Excessive heat accumulation involves localised melting and rapid solidification, which can increase the brittleness of the parts and in extreme cases can cause cracks and even delamination of the DED layers. Layer deposition strategies can impact the width and depth of the heat-affected zone in the substrate material, which ultimately impacts the grain growth and microstructure, affecting both strength and ductility. Proper deposition strategy can enhance the bond strength between layers, positively impacting tensile strength. Moreover, rapid cooling after deposition may lead to a higher number of dislocations and grain refinement, potentially enhancing strength but possibly compromising ductility, while slower cooling rates could allow for a more uniform microstructure and better ductility but might negatively impact strength. This behaviour was notably observed in parts manufactured during different ambient temperature conditions—during winter, characterised by lower ambient temperatures in the vicinity of the DED hybrid manufacturing machine, micro fissures were observed in the repaired sections of parts. In contrast, during summer, when the ambient temperature significantly rose, micro fissures were absent in the DED-repaired parts. However, the increased humidity levels during summer led to a quicker onset of rusting for the DED-refurbished parts.



Adequate bonding between layers is also critical. Incomplete fusion or poor bonding can create discontinuities, reducing overall strength. Optimising parameters like laser power, deposition speed, and overlap between successive layers can enhance interlayer bonding, influencing both tensile strength and ductility. Layering also influences the grain orientation and growth. A uniform, fine-grained microstructure generally improves mechanical properties. However, uncontrolled grain growth or orientation due to improper layering strategies might compromise both strength and ductility.



Varying layering strategies can result in different residual stresses within the manufactured component. Controlling these stresses is crucial, as excessive residual stress can lead to cracking or reduced ductility. Strategies like controlled cooling rates or post-processing treatments may diminish these effects.




5.2. Material Compatibility


Material compatibility is a critical aspect when using DED for repairing and optimising existing components. Ensuring that the material used for repair matches the base material is crucial. Differences in material composition, thermal expansion coefficients, or mechanical properties between the base material and the additive material can lead to poor adhesion, cracking, or compromised structural integrity. Selecting the appropriate alloy or material for the DED process becomes a challenge, especially when dealing with a wide range of materials used in forging tools and moulds. The repair material must possess similar characteristics (mechanical, thermal, and chemical) as the original material to maintain the tool’s performance and durability. Material incompatibility can induce thermal stresses during the DED process, causing cracking or delamination between layers or at the interface with the base material. Mismatched thermal properties may result in residual stresses, leading to material failure.



Achieving uniform microstructural properties across the repaired area is necessary, as variations in cooling rates or heat-affected zones during the deposition process might lead to differences in grain structure, which can affect the mechanical properties of the repaired component. DED involves controlling various parameters like laser power, deposition speed, and material feed rate. Material selection influences these parameters, and using materials with significantly different characteristics may require adjustments that affect the overall deposition process and quality.



Considering that material selection and compatibility profoundly impact the repair process, here are most important phases needed for a successful DED repair:




	
Pre-repair assessment, where a comprehensive material analysis of the base material is made. This is crucial to understand its composition, structure, and mechanical properties. This information guides the selection of compatible repair materials and helps in defining optimal DED processing parameters.



	
Choosing the optimal process parameters is carried out based on the chosen material for repair; the DED process parameters need fine-tuning to ensure proper fusion and adhesion and minimal thermal stress. Parameter adjustments may include laser power, deposition strategy, and deposition speed, among others.



	
Continuous monitoring and quality checks during the deposition process and post-repair inspections are critical. Non-destructive testing techniques can help identify any material inconsistencies or structural flaws that might compromise the repaired tool or mould.



	
The manufacturing environment (e.g., ambiance temperature and humidity) is an important factor for a successful DED repair process. Thus, despite meticulous planning, some degree of trial and error might be necessary, especially when dealing with novel materials or complex geometries. Iterative testing and adjustments may be required to achieve the desired material compatibility and quality.








Overall, material selection and compatibility heavily influence the success of the repair process using DED.





6. Limitations


This study presents the impact of different heights and build levels on the mechanical properties of DED-manufactured specimens. However, the orientation of these specimens remains unexplored. Acknowledging the significance of build orientation in additive manufacturing processes [33], this study, focused on layer-specific effects, did not encompass the influence of specimen orientation on the mechanical attributes. Future investigations considering specimens’ build orientation could offer a more comprehensive understanding of DED-manufactured part properties.



Utilising a diverse range of materials is fundamental in evaluating DED’s efficiency across various metal types. This study, conducted within an industrial site and focused on specific case studies, utilised X2CrNiMo17-13-2 metal powder exclusively for experimentation. Expanding material variations would improve the analysis of DED’s performance across different alloys and metals. However, the limited accessibility to multiple materials within the industrial context constrained the exploration to a single alloy which was compatible with the base material.



While the study primarily emphasises tensile properties, future investigations could encompass a broader range of mechanical tests. Including tests such as flexural and compression tests would offer a more complete analysis of how layering affects the mechanical attributes of DED-manufactured parts. These additional tests could provide insights into the behaviour of DED components under various loading conditions.



The constraints in material diversity, orientation analysis, and the need for a wider range of mechanical tests are recognised as limitations in this study. Addressing these aspects in future research could contribute significantly to a more complete understanding of DED manufacturing and its mechanical implications across diverse scenarios and materials.




7. Conclusions


This study investigates the implications of employing directed energy deposition (DED) processes for repairing forging tools and moulds. The comparison between specimens fabricated through conventional sheet metal and those formed via DED processes was conducted to establish the superior mechanical properties offered by the latter. This experimental study of the mechanical properties of materials manufactured by subtractive and hybrid processes yielded crucial insights. Subtractive processes, exemplified by laser-cut stainless steel, exhibited higher elongation at lower stress levels, indicating a more ductile nature under tension. Conversely, specimens produced via the DED process displayed a distinct pattern, showing higher stress and lower strain, highly influenced by the layer level of the DED deposition.



The scatter plot’s observed trends in stress and % strain highlight distinct mechanical properties between subtractive and hybrid manufacturing specimens. The DED process showcased layer-dependent behaviours associated with different deposition levels. While the highest level (DED L1) demonstrated lower tensile strength but higher elongation, indicative of enhanced ductility, the initial level (DED L3) displayed the highest tensile strength but exhibited a more brittle nature. Notably, the middle layers (DED L2), enduring the most prolonged exposure to heat, demonstrated median tensile strength but relatively lower elongation, indicating a brittle behaviour influenced by prolonged heat retention. This analysis highlights the crucial influence of DED’s layering levels on resultant material properties, emphasising the compromise between strength and ductility.



In the context of repairing metal forging tools and moulds, the hybrid repair approach, merging DED and CNC machining, served as a reliable solution for severe damage. This method not only restored critical components for mass production and high-stress applications, but also ensured precision and reliability, outperforming conventional repair methods.



However, encountered issues during the repair process highlighted the significance of meticulous parameter control in the DED process. Factors such as initial laser power, layer dimensions, and material compatibility played pivotal roles. Deviations from optimal parameters often led to crack formations post-cooling, emphasising the criticality of adhering to manufacturer specifications for successful material deposition.



Ultimately, this study underscores the potential of hybrid repair methods in repairing damaged forging tools and moulds for extended operational lifespans. However, a comprehensive understanding of deposition parameters remains essential in justifying post-process issues and ensuring the optimal performance of repaired components.
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Figure 1. CNC component repair by laser deposition. 
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Figure 2. Specimen dimensions with respect to ASTM standard. 
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Figure 3. COAX 14 nozzle used in the metal powders deposition. 
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Figure 4. Stack of 3 specimens prepared for DED hybrid manufacturing. 
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Figure 5. Specimen fabrication: (a) 3D model of the specimen stack; (b) specimen fabrication using DED; (c) specimen finishing process simulation using CNC milling; (d) specimen stack after finishing. 
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Figure 6. Subtractive manufactured (left) and hybrid manufactured (right) specimen sets. 
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Figure 7. Nozzle damage due to excessive laser power and residual material splashes. 
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Figure 8. Orientation device (a) and attachment of a specimen to the testing machine (b). 
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Figure 9. Boxplot of the stress values resulting from the tensile loading for each specimen. 
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Figure 10. Stress–strain curve for the mean values of each specimen set. 
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Figure 11. Prediction plot for mean values of stress and % strain based on experimental results for each specimen set. 
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Figure 12. Affected areas of the mould after the forging cycle. 
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Figure 13. Affected mould after the initial removal of the damaged area. 
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Figure 14. Affected initial simulation process: face milling (a) and guidance milling (b). 
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Figure 15. CNC machining before DED process: cavity milling (a) and border milling (b). 
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Figure 16. DED process: CAM simulation (a) and printed layers (b). 
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Figure 17. CNC finishing process: cavity rough and rounded edges milling, (a) cavity finishing (b). 
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Figure 18. (a) Establishing the new machining origin after front milling; (b) cavity roughing milling. 
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Figure 19. Mould result after the DED process. 
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Figure 20. Moulds after the repair process—final product. 
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Figure 21. Wear on active surface of the forging tool. 
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Figure 22. Preparation process for DED deposition: face milling (a) and circular milling (b). 
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Figure 23. DED simulation process: radial deposition (a) and active surface deposition (b). 
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Figure 24. CNC finishing process: roughing, (a) semi-finishing, (b) finishing (c). 
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Figure 25. (a) Work offset coordinate system measurement; (b) forging tool after the reprofiling process (finished product). 
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Figure 26. (a) Number of parts produced at each stage of the forging tool’s lifecycle; (b) number of parts produced at each stage of the forging mould lifecycle. 
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Figure 27. (a) Damaged drive shaft; (b) damaged part after DED process; (c) drive shaft after the milling process (finished product). 
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Figure 28. Cracks after cooling on mould’s active surface cavity. 
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Figure 29. Cracks arising after cooling: (a) delamination of first layer; (b) cracks of layers. 






Figure 29. Cracks arising after cooling: (a) delamination of first layer; (b) cracks of layers.



[image: Applsci 14 00567 g029]







 





Table 1. SWOT analysis of additive manufacturing compared to subtractive manufacturing [15].
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Additive Manufacturing

	
Advantages

	
Disadvantages




	
Generation of complex geometries.

Reduction of materials by minimum material deposition.

Reducing the number of operations.

Combining several geometrical entities into a single component (retaining the functional role).

Use of multiple materials to produce a single part.

Produces little waste.

	
High manufacturing costs.

The need of creating support structures (in certain cases).

Highly trained personnel with advanced experience and skills in this domain.

The need for a CAM postprocessor.

Poor surface finish.




	
Strengths

	
Weaknesses




	
Manufacture of parts with a high degree of complexity.

Reduction of manufacturing times.

Optimal use of materials.

High accuracy for complex geometries.

Reduction of the assembly components.

	
Personnel training costs.

High manufacturing costs.

High material costs.

Difficult procurement of materials.

Incompatibility problems in the NC code and occurrence of NC errors.

Incompatibility of used materials.




	
Subtractive Manufacturing

	
Advantages

	
Disadvantages




	
Mass production capability.

Lower tool cost.

Possibility to manufacture without a personalised postprocessor.

High degree of automation.

Personnel do not require a superior qualification.

High competitiveness.

Simple manufacturing processes.

Low production costs.

	
Lower flexibility in manufacturing.

Complex manufacturing technologies.

Low research development capability.

Impossibility of creating complex geometries.

Precise technological instructions.

Blanks vary in shape and size.

Can produce a lot of waste.




	
Strengths

	
Weaknesses




	
Existence of manual labour.

Affordable technology.

Superior avoidance of programming errors.

Low staff training costs.

	
More machines needed for a single product.

Much higher processing errors.

Large losses of material because of processing.











 





Table 2. DED manufacturing parameters.
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	Nozzle Type
	Nozzle

Diameter
	Calculated Working

Distance
	Adjusted Working

Distance
	Printing

Federate
	Layer Height





	COAX 14
	3 mm
	13 mm
	13 mm
	1000 mm/m
	0.9 mm










 





Table 3. Specimens’ mechanical parameters.
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	Specimen Group
	Tensile Strength [MPa]
	Group
	Tensile Strength [MPa]



	DED Level 1 S1
	480.89
	DED Level 2 S1
	528.31



	DED Level 1 S2
	464.95
	DED Level 2 S2
	514.24



	DED Level 1 S3
	478.49
	DED Level 2 S3
	523.05



	DED Level 1 S4
	475.93
	DED Level 2 S4
	522.53



	DED Level 1 S5
	458.37
	DED Level 2 S5
	506.75



	Specimen Group
	Tensile strength [MPa]
	Group
	Tensile strength [MPa]



	DED Level 3 S1
	633.56
	Laser cut S1
	423.08



	DED Level 3 S2
	618.75
	Laser cut S2
	405



	DED Level 3 S3
	629.68
	Laser cut S3
	403.89



	DED Level 3 S4
	628.11
	Laser cut S4
	399.96



	DED Level 3 S5
	611.91
	Laser cut S5
	421.09










 





Table 4. Comparative analysis between conventional repair and DED-based repair methods.
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Directed Energy

Deposition Repair

Methods

	
Strengths

	
Weaknesses




	
Precision repair: DED allows for precise material deposition, enabling targeted repairs on damaged areas with minimal material wastage. It offers high accuracy in restoring complex geometries.

Material efficiency: by adding material only where needed, DED reduces material waste compared to traditional methods that may involve machining away substantial volumes.

Customisation and adaptability: DED permits the use of various materials and alloys, providing flexibility in repairing different types of tools and moulds. It adapts well to various base materials and allows for customisation based on specific requirements.

Reduced lead times: the ability to repair components on-site or quickly fabricate replacement parts reduces downtime.

Cost-effectiveness: while initial setup costs might be high, DED can be more cost-effective for intricate repairs or producing low-volume, high-value components compared to traditional methods that involve extensive machining and reworking.

	
Surface finish: post-processing machining is often necessary to achieve the desired surface finish and required tolerances, adding time and cost to the process.

Complexity: optimising parameters for DED requires expertise and iterative adjustments, making it complex for inexperienced operators.

Quality assurance: ensuring uniform material properties across the repaired area might be challenging due to factors like inter-layer adhesion and microstructural variations.

Material compatibility: limited material compatibility might be a constraint, particularly when repairing diverse materials or for specific industrial applications.

Post-repair inspection: verifying the integrity and quality of the repaired parts might be more complicated compared to conventional repairs due to the layering nature of DED.




	
Conventional Repair

Methods

	
Strengths

	
Weaknesses




	
Established techniques: techniques like welding, milling, and manual machining are well established, making them easier to adopt and execute.

Surface finish: conventional methods often provide superior surface finishes directly after repair, reducing or eliminating the need for extensive post-processing.

Material familiarity: technicians are often experienced in traditional repair methods, facilitating easier implementation without the need for specialised training.

	
Material removal: conventional methods might involve substantial material removal, leading to material wastage and potentially weakening the repaired component.

Limited precision: achieving precision in complex repairs might be challenging, especially for intricate geometries or hard-to-reach areas.

Extended lead times: time-consuming setup and machining processes might result in longer lead times for repair and component replacement, impacting operational timelines.

Cost inefficiency: material wastage and the need for extensive machining can make conventional repair methods more costly, especially for complex repairs or low-volume production.
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