General introduction

Selective Laser Melting (SLM) technique, as a popular additive manufacturing technology for producing metallic components during these years, has been widely promoted and applied in various industrial domains. During the metal SLM manufacturing process, firstly, a three-dimensional geometric model of a designed target part is made up of a large number of slices about 20-100 µm provided by standard industrial STL format. Then, upon high-energy laser beam irradiation driven by Computer Aided Design (CAD) data loaded into the 3D software, the pre-set metallic powder on the platform is selectively melted and a large number of micromolten pools are formed subsequently. When the molten pools were rapidly solidified, the consolidated metallic material with good metallurgical interface to adjacent paths gradually forms the target component in a layer-by-layer manufacturing manner. In fact, the SLM process can be regarded as a superposition of multiple micro-welding processes. Therefore, one of the vital factors to consider in the SLM fabrication procedure is weldability.

It is worth noting that martensitic precipitation hardening stainless steel (PHSS) is more suitable for SLM manufacturing than many types of alloy steels owing to the low carbon content (ω(C) ≤ 0.07 %). Because of this characteristic, the martensite matrix formed at an extremely rapid cooling rate (10 3 -10 5 K/s) from elevated temperature is not completely hardened. Moreover, driven by other unique features (such as, low crack sensitivity, good weldability and formability), martensitic PHSS with adequate hardness and strength can be perfectly fabricated by using SLM technology. With the demand and growth of the SLM manufacturing advanced materials, fabrication using the SLM with high-quality martensitic PHSS has emerged as an up-andcoming approach for industrial production. Thus, in order to adapt to the unique features of the SLM process (i.e., rapidly fabricating hard-to-manufacture components with complicated geometry structure), developping a novel martensitic PHSS powder suitable for industrial applications is becoming an imminent trend.

Currently, CX stainless steel powder, a type of martensitic PHSS powder, has been announced and commercialized by EOS GmbH. CX stainless steel is deemed to be a fitting material for producing moulding tools and other key components that have specific demands for mechanical performances. However, how to improve the overall performance of CX stainless steel through post-treatment methods, especially the mechanical properties, has not yet been systematically studied. Furthermore, microstructural evolution of SLM CX stainless steel under different post-treatments is also worthy of in-depth study. Therefore, this project aims to conduct a detailed study of this newly developed CX stainless steel manufactured by SLM via advanced materials characterization.

Aim of the thesis is to primarily focus on the three aspects as below. This research work will principally discuss the microstructural evolution after a series of heat treatments of SLM CX steel and their effects on the material properties of the as-built samples. Then, pre-mixed TiC/CX steel powders and samples were manufactured so as to promote the mechanical properties of the SLM CX steel. Furthermore, to satisfy the special requirements of the material surface, laser cladding (LC) and surface mechanical attrition treatment (SMAT) technology are utilized for surface modification on the surface of the SLM CX steel.

Chapter I reviews the state of the art of additive manufacturing (AM) technologies and SLM technique. Specifically, research progress of the SLM martensitic PHSS and related surface modification methods are summarized. Raw materials, experiment apparatus and manufacturing procedures utilized in this project are reported in Chapter II.

In Chapter III, the effect of heat treatment on the phase transformation, microstructure characteristics and material properties of the SLM CX steel samples is evaluated so as to provide theoretical basis and experimental support for related industrial applications.

Chapter IV introduces the adoption of TiC/CX steel powders to manufacture tailored SLM TiC/CX steel samples to further ameliorate their microstructure and performance.

Chapter V discusses how to use surface modification methods to enhance hardness and wear resistance of the SLM CX steel. This section is the first attempt to use LC technology and SMAT process to enhance the surface quality of the SLM CX steel.

The conclusions and prospects for future work are reported in Chapter VI. 
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Chapter I

State of the art

Chapter I primarily introduced the current research progress of selective laser melting (SLM) technology to produce iron-based materials. First of all, a state of art review on the additive manufacturing (AM) technology, especially the working principle and advantages of SLM was presented. Then an up-to-date discussion of innovations and progress in the production of alloy materials and composite materials were provided. Finally, surface modification techniques suitable for SLM as-built parts were introduced.

Laser Additive Manufacturing (LAM) technology

Introduction

Recently, additive manufacturing (AM) technology has gradually emerged due to its layered manufacturing, simple process and digital advantages. With its cutting-edge, leading and revolutionary characteristics, AM technology is widely utilized in electronic products, automotive, aerospace, medical, military and other fields, bringing profound changes to traditional processing technologies and traditional production methods [1][2][3][4][5]. This technology is regarded by experts and scholars as a disruptive technology in the "Third Industrial Revolution" [6,7].

Laser additive manufacturing (LAM) process, one of the AM technologies, is also called laser rapid prototyping technology and laser 3D printing technology [8][9][10]. It is an integrated manufacturing technology that takes into account the requirements of precise forming of high-performance materials and complex structures. LAM technology has attracted widespread attention thanks to the short production cycle, high material utilization rate, and tool-free design of sophisticated components. Figure 1.1 presents the design and manufacturing flow chart of LAM process [11]. Before fabricating, a three-dimensional numerical model is designed in computer-aided design (CAD) software. Then, the model is sliced horizontally into numerous layers in layered slicing software. A high-power laser beam is used to melt the material subsequently. Finally, the target part through accumulating materials in a layer-by-layer manner is successfully produced [12,13]. Compared with the "subtractive manufacturing" process, it is a bottom-up, data-driven manufacturing approach. slice model into the 3D printing system; (e) laser additive manufacturing; (f) finished parts [11].

Outstanding features of LAM technology can be summarized as follows [14][15][16]: 1) Direct forming: Less material waste, no need to cut or grind off part of the original metal parts. Near net shape manufacturing of metal increases the use rate of raw materials and is environmentally friendly. 2) Shortening the product development and production cycle: 3D printing has a short process from design to production and requires fewer raw materials.

3) No assembly required: In the process of layer-by-layer manufacturing, not only metal parts, but also interlocking structures can be fabricated, such as planar linkage chains, porous structures, universal joints. It greatly reduces the use of processing and assembly equipment, effectively shortening the supply chain and production costs. 4) Suitable for the production of parts with complex geometries: The more complex the components in traditional manufacturing, the higher the production and processing costs. However, there is almost no difference in the time, technology, and cost of 3D printing for components with different levels of complexity. 5) Low threshold for personalized customization: Only need to consider the design to produce small volume products without caring about the molds. 6) Comparatively low cost: Despite relatively high prices of the current 3D printing systems and related raw materials, however, in terms of the fabrication of the personalized products, the cost is quite low. 7) Diversity of materials: 3D printing system can often achieve manufacturing of different type of materials to meet the needs of different fields. 8) High precision: At present, the precision of 3D printing equipment can basically be controlled below 0.3 mm. On the basis of the raw materials feeding methods, LAM technology can be divided into Laser Solid Forming (LSF) technology [17] and Selective Laser Melting (SLM) technology [18]. LSF technology is a type of flexible design and manufacturing method under coaxial powder feeding. The mechanical properties of the manufactured parts are comparable to the quality of wrought counterparts. SLM technology is to fabricate complex structures with better mechanical properties than casting counterparts through the powder bed melting process. Commonly used materials for these technologies include titanium alloys [19,20], steel [21][22][23], nickel-based superalloys [24], aluminum alloys [25], copper alloys [26,27], amorphous alloys [28,29], etc. Among these materials, the process system for manufacturing titanium alloys is the most mature. Notably, the materials applicable for SLM technology are far less mature than those for LSF technology. Therefore, a detailed understanding of the manufacturing principles, pros and cons, and applications of these two LAM technologies has become the key to this project.

Laser Solid Forming (LSF) technology

Generally, a high-power laser with large spot size is utilized in the LSF process, thereby leading to the high forming efficiency and controllable microstructures. The processing characteristics of the coaxial powder feeding dominate its excellent formation capability of nearly unlimited size. In addition, multi-material composite manufacturing or gradient manufacturing on the same component can be conducted, and highperformance repair of damaged components can also be realized [30,31]. In the development process, this forming technology is named by various research institutions with different professional names, such as direct metal deposition (DMD) [32], laser engineered near net forming (LENS) [33], laser melting deposition (LMD) [34,35] and laser rapid forming (LRF) [36] in various research institutions. The manufacturing principle of LSF technology can be revealed in Figure 1.2 [37]. In 1979, the idea of laser cladding technology was proposed and patented by United Technologies Corporation [38]. In the 1990s, the development of LSF technology was extremely fast. In 1992, research on LSF technology of titanium alloys, nickel-based superalloys, and steels was successively carried out by Sandia National Laboratories, Los Alamos National Laboratory, GE Company, etc. in the United States. Besides, research and development of the processing parameters have been verified by these institutes [39,40]. In 1998, the AeroMet Industries, Inc. was established in United States, so as to realize the applications of LSF forming titanium alloys in the fields of aviation manufacturing and so on. In 2002, the United States adopted LSF technology for the first time to achieve the manufacture of small-sized, sub-load-bearing titanium alloy structures and apply them on F/A-18 fighter jets [41,42]. Thus, the breakthrough of this achievement announced that AeroMet became the first company in the world to master LSF manufacturing titanium alloy parts and successfully installed them. Since entering the 21st century, Tsinghua University, Xi'an Jiaotong University, Northwestern Polytechnical University, Beijing University of Aeronautics and Astronautics and Huazhong University of Science and Technology have all achieved remarkable results in promoting LSF technology research and development. Nowadays, the LSF research and parameter control systems of titanium alloy, nickel-based superalloys and 316L stainless steel are quite mature relative to other materials. Under appropriate processing parameters, the tensile strength of titanium alloy parts fabricated via LSF process can reach their wrought standard [43]. However, deformation and cracking of large components due to stress concentration is one of the key issues that hinder the large-scale application of LSF technology [44,45].

LSF technology is a type of LAM technologies by integrating the advantages of laser cladding technology and rapid prototyping technology. Hence, different from the other LAM technologies, main advantages of LSF technology can be listed as follows:

1) Versatile materials with functional structures can be fabricated in any way. Thanks to the point-bypoint manufacturing characteristics, in principle, the composition and microstructure of each part can be arbitrarily modified according to the actual needs of the components during the manufacturing process to achieve the best combination of materials and performance. 2) Broad prospects for low processing cost. Laser equipment and its operating costs continue to decrease.

Technologies of the industrial high-power solid-state lasers are mature. Furthermore, semiconductor and fiber lasers have higher energy conversion efficiency and lower operating costs. With the further advancement of digitization, intelligence and parallelization, the labor cost will be continuously reduced. 3) Superior three-dimensional repair function of metal parts. Due to the point-by-point manufacturing characteristics of LSF technology, as long as the defective part is regarded as a special substrate, the shape of the part can be repaired by LSF technology according to the shape of the damaged part. The mechanical properties of repaired parts can still reach the level of wrought counterparts. On the basis of the aforementioned pros, LSF technology has widespread promotion in various industrial fields, such as aerospace, medical, automotive, molds and so on. As shown in Figure 1.3a-b, AeroMet Industries was working with military aircraft manufacturers such as Boeing and Lockheed Martin Corporations to carry out research on LSF fabricating titanium alloy complex structural parts of aircraft fuselage under the funding of the US military [46]. Then, AeroMet began producing LSF Ti-based alloy aircraft parts for Boeing in 2001. As presented in Figure 1.3c-d, in 2009, a certain type of aircraft Ti6Al4V wing ribs [47] and aircraft window frame parts [48] were successfully fabricated using LSF technology by Commercial Aircraft Corporation of China, Ltd. (COMAC) and Northwestern Polytechnical University. After testing, these components can perfectly meet the delivery requirements. In addition to manufacturing high-performance metallic components, LSF technology also proves its unique potential in repairing parts. Figure 1.3e-f exhibit the aeroengine fan blades repaired using LSF technology. The LSF repairing work can greatly reduce the manufacturing cost of the parts. Moreover, the size and performance of the repaired parts are equivalent to the original parts [49,50]. process [51]. LSF technology is particularly suitable for rapid manufacturing and trial production of molds due to its characteristics of mold-free designing, on-the-spot forming, short cycle time and low cost. As revealed in Figure 1.5a-b, Wood et al. [40] used LSF technology to design and manufacture injection molds, which contained small-sized cavities and groove structures. Among them, the width of the mold groove in Figure 1.5b is only 0.76 mm, and the groove depth is 25.4 mm. Moreover, as exhibited in Figure 1.5c-d, Mazumder et al. [52] utilized LSF technology to manufacture a type of injection molds with water-cooled copper channels. The substrate material of the mold was H13 tool steel, and the groove wall of the conformal cooling channels was made of pure copper. Theoretical calculations showed that this design can shorten the working cycle of the mold by 40 %. Although LSF technology has received widespread attention, however, it still faces severe challenges:

1) The types of materials for additive manufacturing need to be expanded. Up to now, there are not many types of materials suitable for LSF technology, far less than those applicable for traditional manufacturing technology, limiting the development of LSF technology in research and application fields. 2) LSF technology needs to pay more attention to quality control in the fabricating process. The purpose of LSF technology is to produce high-performance components to satisfy the industrial requirements. However, defects such as pores and cracks formed during the manufacturing process will significantly weaken the performance of the parts. 3) Design the matching principle of material selection for LSF technology is urgently needed. A relational database of metallurgical parameters, thermal properties, and forming quality between heterogeneous materials should be established. Then, the appropriate combination between the dissimilar materials can be selected based on the matching principle of materials and corresponding relational database.

Selective Laser Melting (SLM) technology

Selective Laser melting (SLM) technology is another typical type of LAM technology. It employs a highenergy laser beam to scan the pre-set metal powders to melt it according to a predetermined scanning strategy. Owing to the ultra-low thickness of each layer (generally 30 to 60 µm), the SLM technology has favorable forming accuracy and excellent surface quality. The manufacturing principle of SLM can be plotted in Figure 1.6 [53]. SLM technology is actually a LAM technology developed on the basis of selective laser sintering (SLS) technology. SLS technology was first proposed by Professor Deckard of the University of Texas at Austin [START_REF] Deckard | Method and apparatus for producing parts by selective sintering[END_REF]. However, in the SLS manufacturing process, it has been plagued by the low adhesive strength between the neighboring layers. To solve this problem, Meiners et al. [START_REF] Meiners | Shaped body especially prototype or replacement part production[END_REF] of Fraunhofer Institute for Laser Technology ILT from Germany and Abe et al. [START_REF] Abe | A study of laser prototyping for direct manufacturing of dies from metallic powders[END_REF] of Osaka University from Japan put forward the concept of selective laser melting technology based on metal powder bed fusion. Subsequently, in 1999, Meiners together with Fockle and Schwarz developed the first SLM equipment based on the stainless steel powder bed. Since then, researchers in many countries have carried out a large quantity of studies on SLM technology. Nowadays, the research on SLM technology mainly focuses on the development of SLM equipment and high-performance parts forming process.

Thanks to the superior features, primary advantages of the SLM technology unlike other AM technologies can be summarized as follows [START_REF] Kruth | Consolidation phenomena in laser and powder-bed based layered manufacturing[END_REF]58]:

1) Refractory materials and metal matrix composite materials can be used as raw materials. Since SLM uses an extremely high energy laser beam as its energy input source, even high melting point refractory metal materials such as tungsten, molybdenum, tantalum, etc. can be selected as its raw materials. 2) Surface quality of the finished parts is quite high. Due to the use of finely focused laser beams to produce metal parts, the precision of the formed components is extremely high. Therefore, the surface only needs to be polished, sandblasted and other simple post-treatments to fulfill the accuracy requirements for use. 3) Mechanical properties of the formed parts are superb. The general tensile properties can exceed casting standard and reach the level of wrought standard. 4) Suitable for manufacturing structural parts with extremely sophisticated geometry. Owing to the point-by-point forming and layer-by-layer manufacturing characteristics of SLM technology, it is particularly suitable for manufacturing parts with complex internal structures. 5) Since the powders can be recycled, the wastage of raw materials can be negligible. Owing to the aforementioned advantages, SLM technology has been promoted and popularized in various industrial applications like aerospace, biomedical, automotive, molds, etc. As revealed in Figure 1.7a, GE Additive used the SLM process to complete the near-net shape forming of the Leap fuel nozzle, integrating over 20 parts into a single part for manufacturing and hence reducing weight by 25 % [START_REF] Kellner | How 3D Printing Will Change Manufacturing[END_REF]. Additionally, GE Additive has successfully produced 30000 pieces of these products, which has become one of the most successful application cases [START_REF] Ge Additive | New manufacturing milestone: 30,000 additive fuel nozzles[END_REF]. The company also completed the manufacture of the power door opening system (PDOS) brackets (Figure 1.7b), which reduced the weight by 10 % and reduced the wastage of raw materials by 90 % [START_REF] Ge Additive | First additive manufactured part to be installed on GEnx commercial airline engines[END_REF]. Furthermore, a titanium cabin bracket [START_REF] Laser | Concept Laser: In-situ Quality Assurance with QMmeltpool 3D Coaxial Inspection with QMmeltpool 3D[END_REF] fabricated by GE Additive for the Airbus A350 XWB is displayed in Figure 1.7c. As shown in Figure 1.7d, SLM is also being used by SpaceX to fabricate components for the SuperDraco thruster engine [START_REF] Thryft | SpaceX Launches 3D-Printed Part to Space, Creates Printed Engine Chamber[END_REF]. Moreover, in biomedical applications, especially implant prostheses, it is necessary to manufacture customized prostheses with intricate internal structures according to the specific requirements and damaged parts of the individual patient [START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF]. Actually, the specific requirements of the biomedical fields fit the unique characteristics of SLM technology very well. Today, with the help of high-precision diagnosis and image processing methods, SLM technology has been applied to manufacture a variety of remarkable biomedical products. Figure 1.8a presents the SLM fabricated revision acetabular cup was developed and manufacturing using Ti6Al4V alloy. As for the individual patient with severe bone defects, X-ray computer tomography (XCT) method can be adopted for the customized design and a personalized implant is then fabricated via SLM process, as exhibited in Figure 1.8b. The presented approach is extremely suitable for senior patients [START_REF] Fan | Surgical management of pelvic Ewing's sarcoma in children and adolescents[END_REF][START_REF] Emmelmann | Laser Additive Manufacturing of Modified Implant Surfaces with Osseointegrataive Characteristics[END_REF]. Aiming at the problem of excessive surface roughness of parts produced by SLM, Yan et al. [20] customized a process plan to reduce surface roughness and improve fatigue strength. Tailored medical implants such as acetabular cups and crowns were produced through SLM (see Figure 1.8c-d). In these products, the microporous structures are similar to the trabecular structures of human bone, therefore, effectively promoting postoperative stability and improving osseointegration. Moreover, reconstruction and replacement of clavicle and scapula implants is always a thorny problem in a clinical context. Fortunately, with the assistance of SLM technology, personalized upper extremity replacements of the clavicle and scapula can be successfully manufactured via SLM process [START_REF] Rudert | Partial pelvic resection (internal hemipelvectomy) and endoprosthetic replacement in periacetabular tumors[END_REF]. A report about scaphoid scapula and strip-like scapula reconstruction surgery using Ti6Al4V alloy has being developed in Xi'an, China (Figure 1.8e-f) [START_REF] Haefeli | Titanium template for scaphoid reconstruction[END_REF]. SLM is also expected to deliver considerable assistance in the mold industries, due to its ability to produce sophisticated molds with internal conformal cooling channels at high efficiency. Dimla et al. [START_REF] Dimla | Design and optimisation of conformal cooling channels in injection moulding tools[END_REF] conducted a design and optimization of a type of injection-moulded component with conformal channels. As revealed in Figure 1.9a-b, their simulation results proved that the optimization and prediction of the best location for such channels can be extremely reduce the cooling times when compared to straight-drilled channels. The research group of Shi et al. [START_REF] Song | Differences in microstructure and properties between selective laser melting and traditional manufacturing for fabrication of metal parts: A review[END_REF] from Huazhong University of Science and Technology designed and manufactured injection molds with conformal cooling channels using SLM technology (see Figure 1.9c-d). After comparing the cooling performance of the molds fabricated by SLM method with the traditional counterparts, Mitterlehner et al. [START_REF] Mitterlehner | A comparison between additively and conventionally manufactured injection moulding inserts[END_REF] demonstrated that the mold produced using SLM process has better capacity of heat transmission than the traditional ones (see Figure 1.9e). Although SLM technology has aroused the attention of engineering community in various application fields, SLM technology still undergoes the following severe challenges.

1) SLM equipment: economical and efficient equipment is the basis for the widespread promotion and development of the SLM technology. As presented in Table 1.1, with the popularity of high-power lasers and the continuous improvement of powder feeding efficiency, the processing efficiency of SLM has been significantly improved. However, the manufacturing efficiency of large-scale parts still remains a low level, and the price of the SLM equipment is much expensive. Hence, it is of great significance to further improve the processing efficiency of the equipment while reducing the cost of the equipment. 

2) Raw materials: for SLM technology, the overall properties of metal powders will directly affect the final quality of formed parts. Nonetheless, there is currently no standard metallic powder materials produced specifically for SLM process. The metallic powders utilized in the current SLM process are powders for thermal spraying processes, which are manufactured by gas or water atomization. Indicators of the produced powders, such as particle size, sphericity, oxygen content and other parameters, will have a great effect on the forming quality of the finished parts. 3) Processing parameters: though the combination properties of metal parts fabricated via SLM technology have been significantly improved, the micro-defects still remain within the finished products. Tiny pores or micro-cracks existed in the products will have a severely effect on the toughness and mechanical properties of the formed part. Additionally, SLM technology has poor process stability and strong dependence upon the manufactured equipment. As such, even the same processing parameters will result in different forming quality in different equipment. In summary, not only using SLM technology to produce high-performance parts without manufacturing defects, but also fabricating large-scale products with excellent process stability and low costs will also become an emerging trend in the future.

Precipitation hardening stainless steels (PHSSs)

As one of the most widely used, most consumed, and relatively inexpensive materials in industrial fields today, steel has attracted widespread attention in researcher community. Recently, steel materials principally including tool steels [START_REF] Wang | A short review on selective laser melting of H13 steel[END_REF], stainless steels [START_REF] Kurzynowski | Correlation between process parameters, microstructure and properties of 316 L stainless steel processed by selective laser melting[END_REF], and high-strength steels [START_REF] Li | Heterogeneously tempered martensitic high strength steel by selective laser melting and its micro-lattice: Processing, microstructure, superior performance and mechanisms[END_REF] are often applied in the SLM fabrication. With the increasing demands for high-efficiency manufacturing, environmental protection, and product performance, more harsh challenges are posed to the SLM-produced steels. Amongst them, manufacturing defects such as micro pores, tiny cracks, balling phenomenon and residual stress existed within the as-fabricated SLM parts have become the chief factors hindering the rapid development of SLM steels. Notably, as a category of high-strength steels, precipitation hardening stainless steels (PHSSs) applicable for SLM processing has also collected more and more attention. Consequently, it is of great necessity to have a detailed understanding of commonly used precipitation hardening steel types, manufacturing processes, typical microstructures, strengthening mechanisms, material properties and their related applications.

Status and progress

High-strength steel is a new type of structural material with high specific strength developed to meet the special requirements of steel [START_REF] Pellissier | Effects of microstructure on the fracture toughness of ultrahigh-strength steels[END_REF]. It is customary to define structural steel with an ultimate tensile strength of more than 1400 MPa and a yield strength of more than 1300 MPa as high-strength steel. Compared to other steels, high-strength steel has unique characteristics such as remarkable strength, favorable plasticity and toughness, lower notch sensitivity and excellent fatigue strength. With help of the aforementioned advantages, this material has been widely used in various industrial applications, like automobile parts, aircraft components, high-strength molds, high-pressure vessels and so on [START_REF] Tomita | Development of fracture toughness of ultrahigh strength, medium carbon, low alloy steels for aerospace applications[END_REF].

According to alloy content, high-strength steels are classified into low-alloy high-strength steels, mediumalloy high-strength steels, and high-alloy high-strength steels (including maraging steels and precipitation hardening stainless steels [START_REF] Jones | Mechanical stability of ultrahigh strength steels[END_REF][START_REF] Kagan | The mechanical properties of stainless maraging steels[END_REF][START_REF] Tech | The influence of deformation quenched austenite upon the properties of steel after hardening[END_REF][START_REF] Steigerwald | Plane strain fracture toughness of high strength materials[END_REF]), as presented in Figure 1.10. With continuous progress of scientific research, more novel advanced high-strength steels have emerged recently, providing a direction for the development of high-strength steels. High-alloy high-strength steels include maraging steels (MSs) and precipitation hardening stainless steels (PHSSs), which are a class of materials with an alloy content greater than 10 wt.%. In 1934, Foley Company of the United States published the first PHSS patent, which was widely promoted in various industrial fields 10 years later [START_REF] Foley | Hardened alloy steel and process of hardening same[END_REF]. After more than 20 years of development, PHSSs have gradually been serialized and standardized, forming a complete product system. On the other hand, International Nickel Company (INCO Limited) has successfully exploited MSs, which greatly promoted the strength and toughness of PHSSs, and also boosted the development of high-strength stainless steel [START_REF] Decker R F | The First 30 Years[END_REF]. High-strength stainless steels are majorly divided into several categories from the strengthening methods: cold hardened stainless steels, PHSSs, maraging stainless steels, ferritic stainless steel, etc. Amongst them, PHSSs have been extensively applied thanks to their excellent strength and distinguished corrosion resistance.

Notably, martensitic PHSSs are a significant series of high-strength stainless steels, which inherit the high strength and good toughness characteristics of PHSSs. Since martensitic PHSSs are principally enhanced by intermetallic compounds instead of carbides, resulting in their relatively high corrosion resistance. Additionally, the martensite starting point (Ms) of the martensitic PHSSs cannot be too low; otherwise they need to be cryogenically treated. Meanwhile, moderate carbon and molybdenum contents within martensitic PHSSs are also indispensable. Therefore, the applications of martensitic PHSSs in highly corrosive media are limited to a certain extent. Notably, due to the similar strengthening mechanisms of maraging stainless steels and martensitic PHSSs, no specific distinction will be announced between these two types of steels in this thesis. To better understand the material characteristics of the martensitic PHSSs, Table 1.2 exhibits the comparison of the material properties between the different types of martensitic PHSSs. In 1948, a type of martensitic PHSS, i.e., 17-4 PH, was introduced by Armco Steel Corporation [START_REF] Ludwigson | The physical metallurgy of precipitation-hardenable stainless steels[END_REF]. Typical martensitic PHSS is represented by 17-4 PH, which is strengthened by the copper-rich phases precipitated and dispersed in the martensite matrix. This steel grade is famous for its superb tensile strength (>1350 MPa), simple heat treatment process, excellent weldability and good corrosion resistance. However, in its solution state, poor ductility cannot meet the requirements of the deep drawing process, and thus it is generally not utilized for the production of sheet materials. Furthermore, due to the higher chromium content, a certain amount of δ-ferrite often existed within the 17-4 PH steel, leading to a reduction of its transverse mechanical properties [START_REF] Murthy | Role of Alloy Additions on Srengthening in 17-4 PH Stainless Steel[END_REF]. Therefore, on the basis of 17-4 PH steel, by reducing the chromium content, the δ-ferrite content in the steel was controlled, and hence another type of martensitic PHSS, i.e., 15-5 PH steel, was successfully developed. Excellent strength-to-toughness ratio and corrosion resistance are outstanding features of 15-5 PH steel. Notably, thanks to the ultra-low carbon content (<0.05 wt.%), high chromium, and high copper of the 15-5PH steel, its corrosion resistance is better than typical martensitic stainless steels such as 1Cr13, 9Cr18 and so on. Furthermore, due to the favorable weldability, high welding efficiency (>90 %), and basically unchanged mechanical properties after welding, 15-5 PH steel has been accepted in a broad range of industrial applications below 400 °C.

PH 13-8 Mo steel is a second-generation martensitic PHSS, and its tensile strength is greater than 1600 MPa. Compared with martensitic stainless steel, it has numerous characteristics, such as, good combination of strength and toughness, excellent workability, brilliant weldability, and remarkable low-temperature toughness, etc. Furthermore, compared with semi-austenitic precipitation hardening stainless steel, the heat treatment process is simple, and a good strength-to-toughness ratio can be achieved without additional local heat treatments. Compared with austenitic precipitation hardening stainless steel, it not only has almost doubled the strength, but also has superb ductility. Owing to its low aging temperature, short heat treatment cycles, and appropriate medium temperature performance, it is suitable for thin strip production and cold processing.

In general, the composition of martensitic PHSSs is characterized by extremely low carbon content and ultra-high purity. In order to ameliorate their overall performance, a large amount of metallic elements including Mo, Al, Ti, Cu and so on, are introduced to obtain a good strength-to-toughness ratio and favorable corrosion resistance by generating numerous nanoprecipitates on the martensite matrix. Thus, martensitic PHSSs can be widely utilized in the marine engineering, such as wear-resistant drill bits, marine propellers and other components.

Heat treatment process

Heat treatment process is a series of effective methods to improve the mechanical properties by changing the matrix structures of the steel. The heat treatment of steel is heating, holding and cooling at a reasonable temperature to obtain the desired microstructures and performances. As exhibited in Figure 1.11, common heat treatment processes include annealing, normalizing, quenching and tempering processes [START_REF] Thelning | Steel and its heat treatment[END_REF]. Annealing process is a method of heating the material to a specific temperature at an appropriate heating rate, keeping it at the temperature for a long enough time, and then cooling it at a certain cooling rate. This treatment can effectively reduce the hardness of the steels and enhance the machinability of steel materials. Furthermore, internal residual stress of the steels can be eliminated, so as to reduce the tendency of material deformation and the formation of cracks. Meanwhile, micro-defects generated during the manufacturing process also can be ameliorated, resulting in a uniform microstructure and composition.

Normalizing process refers to the method of heating the steel to a temperature of 30 °C-50 °C above the temperature of A3 or Acm (i.e., ~727 °C-912 °C in Figure 1.11), holding it for a period of time, and then using water or air to cool it. After normalizing treatment, the material can achieve the purpose of grain refinement, uniform carbide distribution and elimination of internal residual stress.

As revealed in Figure 1.11, quenching process is to heat the steel to above the hypoeutectoid temperature (A3) or the hypereutectoid temperature (A1), hold time for promoting ferrite to austenite transformation, and then rapidly cools it to below Ms to obtain martensite or bainite structures. Since quenching process promotes a large amount of alloying elements to be dissolved in martensite, it is also called solution treatment in the field of high-strength martensitic PHSSs.

Tempering treatment is a process of heating the quenched material to an appropriate temperature (below the critical temperature A1 in Figure 1.11), and then cooling the material to room temperature at a slow cooling (air) way or rapid cooling (oil, water) means. Tempering treatment can be regarded an excellent way to eliminate the internal stress of the quenched material, reduce its hardness or strength, and greatly improve its toughness. According to the tempering temperature, tempering process can be divided into 3 types, namely high-temperature tempering (i.e., 500 °C-650 °C), medium-temperature tempering (i.e., 300 °C-450 °C) and low-temperature tempering (i.e., 150 °C-250 °C). For high-strength martensitic PHSSs, high-temperature tempering treatment often leads to a large amount of nanoprecipitates generated within the martensitic matrix, so this treatment is also called aging treatment.

With the continuous development of high-strength steel types, new heat treatment processes such as thermomechanical treatment [START_REF] Maki | Stainless steel: progress in thermomechanical treatment[END_REF], quenching-partitioning process [START_REF] Zhang | Work hardening behaviors of a low carbon Nb-microalloyed Si -Mn quenchingpartitioning steel with different cooling styles after partitioning[END_REF] and austempering treatment [START_REF] Chakraborty | Austempering of bearing steel for improved mechanical properties[END_REF] have also emerged. Birth of the new heat treatment processes not only reduce the production cost of high-strength steels, but also enhance the overall mechanical properties of them. However, solution treatment and aging treatment are still two common heat treatment methods to enhance the microstructure and mechanical properties of martensitic PHSSs.

Typical microstructure

Typical microstructure of high-strength steel is divided into martensite structure, bainite structure, heterogeneous structure, etc. according to the different heat treatment processes.

Martensite structure

Martensite structure is the most common in high-strength steels, mainly in medium-carbon low-alloy steels or low-carbon low-alloy steels. The formation of martensite structure is affected by alloy composition, phase transformation conditions and heat treatment process. By increasing the Ms point of steels, lath-like martensite with high dislocation density can be obtained. The lath-like martensite plates of the same size will constitute a large quantity of structural units forming oriented and parallel martensite strips. The interior of these strips is composed of plentiful high-density screw dislocations, which will further entangle each other to form dislocation cells [START_REF] Sandvik | Characteristics of Lath Martensite : Part I. Crystallographic and Substructural Features[END_REF][START_REF] Maki | Effect of coherent precipitates in austenite on the martensite substructure in an Fe-Ni-Ti-C alloy[END_REF][START_REF] Sandvik | Characteristics of Lath Martensite : Part II. The Martensite-Austenite Interface[END_REF][START_REF] Sandvik | Characteristics of Lath Martensite Part III. Some Theoretical Considerations[END_REF]. Substructure of martensite is mainly consisted of twins and retained austenite (i.e., γ-Fe phase). Twins are produced during low-temperature austenitization transformation of low-alloy highstrength steels. With increase of the austenitizing temperature, the content of twins will gradually decrease [START_REF] Lai | The Effect of Austenitizing Temperature on the Microstructure and Mechanical Properties of As-Quenched 4340 Steel[END_REF], and the degree of segregation of carbon atoms will also decrease, giving a raise of the Ms point. Thus, numerous high-density dislocation substructures can be also generated [START_REF] Imao | First JIM International Symposium, "New-aspects of Martensitic Transformation[END_REF]. During the low-temperature tempering process of the low-alloy high-strength steel, C atoms will be precipitated out of solid solution in the form of carbides. With the progress of the tempering treatment, the carbide particles will slowly grow up [START_REF] Yi | Effects of Tempering Temperature and Mo / Ni on Microstructures and Properties of Lath Martensitic Wear-Resistant Steels[END_REF]. However, when the carbon content is less than 0.25 wt.%, the number of carbides precipitated within the steel matrix is quite low. Furthermore, the content of alloying elements in the steels plays a significant role on the formation and decomposition of martensite structures. Elements such as Cr, Nb, Mo, V, Si, etc., can effectively slow down and delay the decomposition of martensite structures, and hence obtain the stable tempered martensite structures. Figure 1.12 presents the morphology diagram of martensite structures in a type of martensitic steel [START_REF] Long | Effect of quenching temperature on martensite multi-level microstructures and properties of strength and toughness in 20CrNi2Mo steel[END_REF]. The martensite transformation produced during the quenching process is an effective approach to enhance the strength of steels. Due to the existence of the twin substructures, the steels are prone to generate microcracks during the deformation process. Martensite formed during the quenching process will lead to a significant increase in strength, while the plasticity and toughness will be sharply deteriorated. Improvement of the plasticity of steel can be achieved by refining martensite grains and carrying out the austenite to martensite shear transformation. Kelly and Nuttying [START_REF] Kelly | The martensite transformation in carbon steels[END_REF] believed that the solid solution strengthening caused by carbon atom pinning dislocations and the strengthening aroused by the twin substructures can greatly boost the strength of martensitic steels. Speich et al. [START_REF] Speich | Improved Rapid-Quenching Hot Stage for Metallography[END_REF] thought that the yield strength of martensitic steel has a linear relationship with the square root of the carbon content. Magee et al. considered that the strength of martensite is related to the structure of martensite and its deformation means [START_REF] Magee | The structure, deformation and strength of ferrous martensites[END_REF]. In a word, the strength of low-alloy high-strength martensitic steel is affected by a variety of strengthening mechanisms, including solid solution strengthening, precipitation strengthening, martensitic substructures and other strengthening methods. Dislocation martensite existed in low-carbon steel has a good strength-to-toughness ratio. Twinned martensite within high-carbon steel has high strength but poor toughness. Therefore, the alloy optimization of high-carbon steel and the design of the heat treatment processes are the keys to ensure a good combination of strength and toughness.

Bainite structure

Bainitic steel is a novel type of steel developed in the 1980s [START_REF] Yang | The development of ultra-low-carbon bainitic steels[END_REF]. Bainite steel has excellent plasticity and favorable weldingability, and is widely promoted in many fields such as construction machinery, heavyduty vehicles, ships, and pressure vessels. The bainitic steel is designed on the basis of the "Fortiweld" steel successfully developed in Swinden Laboratories. Irvine and Pickering pointed out that the strength of bainitic steel can be ameliorated via controlling the transformation temperature of austenite to bainite [START_REF] Garwood | Physical Properties of Martensite and Bainite[END_REF].

The bainitic microstructure was first observed after a series of isothermal transformation experiments by Davenport and Bain [START_REF] Shirzadi | Structural alloys for power plants: Operational challenges and high-temperature materials[END_REF]. They reported the discovery of an "acicular, dark etching aggregate" formed after isothermal holding between the temperatures for pearlite and martensite formation. Different from the microstructures of martensite or pearlite identified in the same steel, bainite was found to be represented through its own "C-curve" in the time-temperature transformation (TTT). Thus, they suggested that the new microstructure "forms much in the manner of martensite but is subsequently more and less tempered and succeeds in precipitating carbon".

The reduction of carbon content and the addition of microalloying elements such as Nb, Ti, B, Cu, etc., are beneficial to enhance the overall mechanical properties of the bainitic steel [START_REF] Garcia | Ultra-low carbon bainitic plate steels: processing, microstructure and properties[END_REF][START_REF] Suzuki | Weldability of Modern Structural Steels in Japan[END_REF]. Accordingly, bainite structure can be obtained in a wide range of cooling rates. Furthermore, adding a small amount of B element can significantly improve the hardenability of bainite steel. Notably, while adding a small amount of B, a bit of Ti element must be added to fix the N element within the alloy, so as to avoid the metallurgical reactions between B and N elements. B element can also promote the precipitation of fine Nb(C, N) to further enhance the strength of bainitic steel [START_REF] Garwood | Physical Properties of Martensite and Bainite[END_REF].

Heterogeneous structures

The discovery of heterogeneous structures within the high-strength steel is one of the major advances in toughness research. Kunitake et al. [START_REF] Kunitake | The toughness of micro-duplex structure in steels[END_REF] found that the mechanical properties of certain low-alloy steels with heterogeneous structures, especially the strength and toughness, are much higher than that of the steels with only a single structure. As known to all, after undergoing a quenching process, a single martensite structure or lower bainite structure cannot be fully obtained within the steels. A small amount of retained austenite structure will also be produced. However, since the generated retained austenite (i.e., tough phase) is discontinuously distributed within the matrix, the toughness of the steels cannot be adequately improved. The common heterogeneous structures include ferrite/bainite structures, ferrite/granular cementite structures, martensite/bainite structures and so on.

The main purpose of the heterogeneous structures is introducing a small amount of toughness phase on the basis of the high-hardness martensite structure, so as to enhance the overall performance of the steel. Cracks will form between the adjacent high-hardness and high-brittle martensite blocks, and continue to propagate through cleavage planes, leading to a drastic deterioration in the toughness of the steel. However, the presence of a small amount of tough phase makes the martensite matrix becomes discontinuous, thereby improving the ability to resist crack formation and propagation. The changes in the direction and propagation path of cracks lead to the increase of the energy required for material failure. Therefore, the toughness of steel can be extremely enhanced. Tomita et al. [START_REF] Tomita | Improved Lower Temperature Fracture Toughness of Ultrahigh Strength 4340 Steel Through Modified Heat Treatment[END_REF][START_REF] Tomita | Mechanical properties of 0.40 pct C-Ni-Cr-Mo high strength steel having a mixed structure of martensite and bainite[END_REF] reported that the strength-to-toughness ratio of the high-strength steel with martensite/lower bainite structures is quite higher than that of the steel with a single martensite structure. When 4340 steel contains 10 vol.%-25 vol.% bainite, its fracture toughness increases from 54 MPa•m 1/2 to 78 MPa•m 1/2 [START_REF] Tomita | Mechanical properties of 0.40 pct C-Ni-Cr-Mo high strength steel having a mixed structure of martensite and bainite[END_REF]. Therefore, the existence of heterogeneous structures is much significant to enhance the toughness of the high-strength steels.

Strengthening mechanisms and static mechanical properties

Strength is the first criterion for high-strength steel design. From the current materials with high strengthto-toughness ratio, the strengthening method is basically based on the precipitation of high-density nanoparticles on the matrix of dislocation martensite. Dislocation martensite is formed by prior-austenite undergoing a shear deformation during the cooling process, resulting in a hierarchical structure composed of martensite packets, blocks, coarse and fine laths [START_REF]Predicting microstructure and strength of maraging steels: Elemental optimisation[END_REF]. This shear deformation process is completed under the synergistic effect of phase transition and dislocation formation. High-strength steel after phase transformation has a large number of movable dislocation densities (up to ~10 15 m -2 ). Furthermore, high content of Ni, Co and other elements existed within the solid solution can significantly enhance the stacking fault energy of the steel, thereby resulting in a good plasticity. Martensite matrix contributes half of the total strength of the steel due to dislocation strengthening and grain refinement strengthening mechanisms (about 800 MPa). The calculation formula is shown below [START_REF]Predicting microstructure and strength of maraging steels: Elemental optimisation[END_REF]:

σ Mart = 300 √d block + 0.25Mμb√ρ (1-1)
where σMart is yield strength of the martensite, dblock is the width of the martensite coarse laths, M is the Taylor orientation factor, µ is the shear modulus, b is the Burgers vector, ρ is the dislocation density. The high strength of martensite is mainly derived from dislocation strengthening, which can provide a contribution of about 600 MPa. The effective grain size of martensite produced by grain refinement strengthening depends on the thickness of the coarse laths. Although the size of austenite blocks and martensite coarse laths is proportional to the size of the prior-austenite grains, however, the width of the laths is not clearly related to them. Therefore, the contribution of refined grains to the yield strength of the martensite structure is limited.

After aging the supersaturated solid solution formed by quenching at an appropriate temperature, a large quantity of nano-scale second phase particles will be obtained. These nanoprecipitates will hinder the movement of dislocations and produce a precipitation strengthening mechanism. The precipitation strengthening effect is not only related to the distribution characteristics of the nanoparticles, but also affected by the interaction between the particles themselves and the dislocation lines. When the dislocation lines encounter the nanoparticles, the bending phenomenon of the dislocation lines occurs first. If the slip stress exerted by the nanoparticles can be greater than or equal to the maximum reaction force generated by the dislocation bending. The maximum reaction force (Fb) is exhibited by equation (1-2) [START_REF] Blankenship | Predicting slip behavior in alloys containing shearable and strong particles[END_REF]:

F b ≈ Gb 2 (1-2)
where G is the shear modulus of martensite matrix. The yield strength increment of the nanoparticles to the material is due to the Orowan dislocation bypassing mechanism. On the contrary, if the slip stress generated by the nanoparticles is lower than the maximum force, the nanoparticles will be cut through, that is, a particlecutting mechanism will be produced [START_REF] Blankenship | Predicting slip behavior in alloys containing shearable and strong particles[END_REF]. The slip stress of nanoparticles to hinder the movement of dislocations is mainly derived from the high-energy antiphase boundaries (APB) formed after the nanoparticles are cut and the coherent distortion caused by the different crystalline lattice structures between the nanoparticles and the matrix. Both of the above-mentioned effects will gradually become significant as the size of the nanoparticles increases.

Taking coherent interface within steel enhanced by an order strengthening as an example, the slip stress can be expressed by the following formula:

F O ≈ γd (1-3) where γ is the high-energy APB, d is the diameter of nanoparticles. Thus, there will be a critical size of nanoparticles resulting in Fb≈FO, namely formula (1-4):

d c = Gb 2 r
(1-4) As presented in Figure 1.14, when the size of nanoparticles in the aging process is smaller than the critical value (i.e., dc), a particle-cutting mechanism will be a dominant strengthening mechanism for the material. Once the size of the nanoparticles is larger than this critical value, the Orowan dislocation bypassing mechanism will be an significant strengthening mechanism [START_REF] Hornbogen | Distribution of plastic strain in alloys containing small particles[END_REF]. Considering the distribution of nanoparticles, the strengthening effect of the Orowan dislocation bypassing mechanism is determined by the strong nanoparticles spacing (λ). Therefore, the contribution to the overall strength can be expressed by equation (1)(2)(3)(4)(5):

∆σ Orowan = 𝐺𝑏 𝜆

(1-5) Therefore, reducing the strong nanoparticle size or increasing the volume of nanoparticles can increase the strength of the high-strength steels.

As for the particle-cutting mechanism, the strengthening effect of nanoparticles can be attributed from the following aspects [START_REF] Ardell | Precipitation hardening[END_REF]:

1) When the dislocation line cuts through the nanoparticles, the surface area of the nanoparticles will be enlarged, thus resulting in an increment in the surface energy of the nanoparticles. 2) If the nanoparticles cut by the dislocation lines are the ordered phases, high-energy antiphase boundary (APB) will be generated between the two surfaces of the cut nanoparticles, leading to an increment in material strength.

3) The lattice parameters between the nanoparticles and the matrix are different, producing an elastic stress field near the interface, which hinders the movement of dislocations. 4) The elastic modulus between the nanoparticles and the matrix is different, which affects the distribution of the applied stress between the matrix and the nanoparticles, thereby increasing the strength of the material. 5) After the dislocation lines cut through the nanoparticles, the difference in stacking fault energy between the nanoparticles and the matrix will affect the movement of the dislocation.

Figure 1.15 presents a typical stress-strain curve of the high-strength steel [START_REF] Ooi | Effect of retained austenite and high temperature Laves phase on the work hardening of an experimental maraging steel[END_REF]. High-strength steel has extremely high yield strength and favorable total elongation. However, the yield-tensile ratio is quite low, and the uniform elongation is almost zero. The aforementioned phenomenon can be principally attributed to the following three reasons. First of all, due to the semi-coherent distribution at the interface between the nanoparticles and the matrix, the stresses on the different parts of the microstructure are uneven. Thus, it is easy to produce stress concentration during the tensile process [START_REF]Predicting microstructure and strength of maraging steels: Elemental optimisation[END_REF]. Furthermore, the intrinsic strength of semi-coherent nanoparticles is closely related to their size. High strength of the steel can be ascribed to the significantly increased particle size and the corresponding dislocation bypassing mechanism, whereas leading to a poor ductility [START_REF]Making steel strong and cheap[END_REF]. Finally, in the high-nickel martensite matrix, the interaction of high-density dislocations and semi-coherent stress field is also not conducive to uniform plastic deformation of the steel. Although it is possible to introduce retained austenite or reverse transformed austenite to improve toughness, however, austenite has a weakening effect on the yield strength and fatigue strength of the material [START_REF] Yuan | Nanoscale austenite reversion through partitioning , segregation and kinetic freezing : Example of a ductile 2 GPa Fe -Cr -C steel[END_REF][START_REF] Sha | Phase Chemistry and Precipitation Reactions in Maraging Steels: Part I. Introduction and Study of Co-Containing C-300 Steel[END_REF]. In short, the improvement in material strength is formed under the cooperative work of many enhancement mechanisms.

Figure 1.15: Typical engineering stress-strain curve of the high-strength steel [START_REF] Ooi | Effect of retained austenite and high temperature Laves phase on the work hardening of an experimental maraging steel[END_REF].

The precipitation strengthening of martensitic PHSSs is also a synergistic effect of multiple intermetallic compounds. Table 1.3 lists the common nanoprecipitates and related structural information in the martensitic PHSSs [START_REF] Tewari | Precipitation in 18 wt% Ni maraging steel of grade 350[END_REF][START_REF] Chang | Thermodynamics and defect structure of intermetallic phases with the B2 (CsCl) structure[END_REF]. Combining the above heat treatment approaches and strengthening mechanisms, for martensitic PHSSs, the commonly used strengthening method is to increase the type and volume density of nanoparticles via solution-aging or aging treatments, thereby promoting the strength of the material. Zhang et al. [START_REF] Zhang | A nanoscale co-precipitation approach for property enhancement of Fe-base alloys[END_REF] studied the structure information of a Fe-2.5Cu-2.1Al-1.5Mn steel aged at 500 °C for 10 hours. Through advanced material characterization methods, it can be determined that the Cu-rich phase and NiAl phase in the alloy are precipitated at the same location. Figure 1.16 displays the morphology and structure information of the Curich phase and NiAl phase. With the extension of the aging time, the Cu-rich phase and the NiAl phase formed a type of nanoscale co-precipitates. The Cu-rich phase is the core and the NiAl phase is the shell. 

SLM-produced precipitation hardening stainless steels

On the basis of the above analysis, unique characteristics such as ultra-low carbon content, excellent weldability, remarkable workability, favorable corrosion resistance and excellent in-situ precipitation hardening effect make martensitic PHSSs quite suitable for SLM processing. As such, in combination with the high flexibility of the SLM process, developing novel martensitic PHSS materials and manufacturing the highperformance martensitic PHSSs with intricate internal structures and excellent strength-to-toughness ratio have arouse considerable interests within engineering and research communities. This section reviews the processing parameters, macroscopic quality, post-treatment, microstructural evolution, mechanical properties, corrosion resistance and strengthening mechanisms of SLM-produced martensitic PHSSs in detail.

Influence of processing parameters on macroscopic quality

Selection of processing parameters has a profound effect on the macroscopic quality, microstructure and material properties of SLM-produced parts. Consequently, choosing the best process parameters is the key to ensuring good forming quality of the parts [START_REF] Meier | Experimental studies on selective laser melting of metallic parts[END_REF][START_REF] Abe | Influence of forming conditions on the titanium model in rapid prototyping with the selective laser melting process[END_REF]. The most commonly studied processing parameters within SLM field are laser power, scanning speed, hatch space, pre-heat temperature, and layer thickness, etc. The reasonable combination of these process parameters will have a significant impact on the macroscopic quality of SLM PHSS parts. Laser energy density (LED) is the best choice comprehensively considering the effects of the above factors on the macroscopic quality. However, different researchers have their own selection criteria for the LED.

Yang et al. [START_REF] Yang | Laser powder bed fusion of AlSi10Mg : In fl uence of energy intensities on spatter and porosity evolution , microstructure and mechanical properties[END_REF] reported the effect of the LED (i.e., linear energy density and volumetric energy density) on pore characteristics of SLM-fabricated AlSi10Mg parts. In terms of the SLM AlSi10Mg samples with volumetric energy densities of 111.1 J/cm 3 , the quantities of micro pores reduced with a decrease in linear energy density from 0.2 J/mm to 0.15 J/mm. Cui et al. [START_REF] Cui | Additive manufacturing of 24CrNiMo low alloy steel by selective laser melting : Influence of volumetric energy density on densification , microstructure and hardness[END_REF] only considered the impact of the volumetric energy density on the densification behavior of the SLM-produced 24CrNiMo low alloy steel samples. The results displayed that the densification value of the as-fabricated specimens was greatly improved with increasing the volumetric energy density. Different from the other researches, Gasalino et al. [START_REF] Casalino | Experimental investigation and statistical optimisation of the selective laser melting process of a maraging steel[END_REF] considered the surface energy density on relative density of the SLM-produced 18Ni300 maraging steel. SLM parts with relative density higher than 99 % can be obtained after a series of explorations. Table 1.4 summarizes the calculation criteria for LEDs by different researchers and the maximum relative density of the finished parts.

Table 1.4: Definition for the LED and the macroscopic quality of the corresponding SLM-produced parts by different researchers.

Materials

LED calculation criteria Maximum relative density (%) Ref.

AlSi10Mg alloy P v >99.5 [START_REF] Yang | Laser powder bed fusion of AlSi10Mg : In fl uence of energy intensities on spatter and porosity evolution , microstructure and mechanical properties[END_REF] 24CrNiMo low alloy steel P hvt >98.0 [START_REF] Cui | Additive manufacturing of 24CrNiMo low alloy steel by selective laser melting : Influence of volumetric energy density on densification , microstructure and hardness[END_REF] 18Ni300 maraging steel P vd >99.0 [START_REF] Casalino | Experimental investigation and statistical optimisation of the selective laser melting process of a maraging steel[END_REF] 316L stainless steel

4P πd 2 v (1 + ε) + E a >99.5 [135]
316L stainless steel Pθ htd PD 99.62 [START_REF] Cherry | Investigation into the effect of process parameters on microstructural and physical properties of 316L stainless steel parts by selective laser melting[END_REF] * P: laser power; v: laser scanning speed; h: hatch space; t: powder layer thickness; θ: exposure time; dPD: point distance; ε: heat accumulation factor of multi-track; Ea: heat building-up value.

As for the SLM-fabricated martensitic PHSSs or maraging steels, Yasa et al. [START_REF]Microstructure and mechanical properties of maraging steel 300 after selective laser melting[END_REF] and Kempen et al. [START_REF] Kempen | Microstructure and mechanical properties of Selective Laser Melted[END_REF] studied the effect of the different layer thicknesses on the surface roughness and relative density of SLM 18Ni300 samples. They found that a lower layer thickness (i.e., 30 μm) is more conducive to obtaining a smooth surface and high relative density. After conducting a series of experimental explorations, they believed that compared with the parameters recommended by the equipment manufacturer, the parts produced by the optimal processing parameters have a higher relative density. Furthermore, laser remelting can slightly increase the sample density (i.e., from 99.15 % to 99.48 %).

Aiming at the porosity problem, Gu et al. [START_REF] Gu | Influences of energy density on porosity and microstructure of selective laser melted 17-4PH stainless steel[END_REF] systematically optimized the SLM processing parameters of fabricating 17-4 PH steel. Under the processing parameters of energy density of 41 J/mm 3 , laser power of 195 W, and scanning speed of 700 mm/s, the relative density of SLM 17-4 PH parts can reach the highest value. Hu et al. [START_REF] Hu | Optics & Laser Technology Experimental investigation on selective laser melting of 17-4PH stainless steel[END_REF] investigated the effect of separate processing parameters on the relative density and defects of the SLM 17-4 PH steel. The outcomes of this study exhibited that scanning speed and powder layer thickness play a vital role on the relative density and the pore characteristics of the SLM-produced parts. Sagar et al. [START_REF] Sagar | Temperature-dependent Charpy impact property of 3D printed 15-5 PH stainless steel[END_REF] researched the impact property of SLM-fabricated 15-5 PH stainless steel under different temperatures. They successfully established a finite element model and predicted impact energies of the SLM samples. Roberts et al. [START_REF] Roberts | FULL RESEARCH ARTICLE A comparative study of microstructure and high-temperature mechanical properties of 15-5 PH stainless steel processed via additive manufacturing and traditional manufacturing[END_REF] proved that using the SLM parameters recommended by the manufacturer can attain almost the same relative density as wrought 15-5 PHSS samples (i.e., relative density=7.8 g/cm 3 ).

CX steel, a type of newly developed tooling grade steels by EOS GmbH, was successfully fabricated via SLM process [START_REF] Asgari | Microstructure and mechanical properties of stainless steel CX manufactured by Direct Metal Laser Sintering[END_REF]. A nearly fully dense sample with ultra-low porosity (i.e., 0.32±0.05 %) can be obtained. To further improve the forming quality of the SLM CX steel, a series of process optimization experiments were conducted by Dong et al. [21]. After a systematically study, SLM CX steel sample with best surface roughness (Ra=4.05±1.8 μm) and relative density (Rd=99.72±0.22 %) under the optimal linear density (η=245 J/m) can be manufactured. In order to facilitate the understanding of the influence of processing parameters on the macroscopic quality of the SLM-produced PHSS samples, detailed SLM parameters and the forming quality of the finished samples were summarized in Table 1.5. 

Effect of processing parameters on mechanical properties

In addition to the macroscopic quality, the mechanical properties of PHSS materials fabricated via SLM are one of the indicators worthy of attention. In order to satisfy the actual needs of a variety of industrial applications, SLM as-built samples still need to be post-heat treated. Furthermore, due to the inherent nature of the SLM method, SLM PHSS samples processed in different building directions often have unique mechanical properties. Therefore, this section mainly discusses the effect of different heat treatment conditions and SLM building directions on the mechanical properties of the SLM PHSS materials.

After conducting a series of experiments (Figure 1.17a), Mutua et al. [START_REF] Mutua | Optimization of selective laser melting parameters and in fluence of post heat treatment on microstructure and mechanical properties of maraging steel[END_REF] constructed a process map of the SLM 18Ni300 steel. Solution treatment at 820 °C for 1 h and aging at 460 °C for 5 h were applied to ameliorate the overall mechanical properties of the SLM samples. After experiencing the solution-aged treatment, maximum ultimate tensile strength of the heat-treated samples was 2033 MPa, while the tensile ductility decreased from 10.38 % to 5.27 % (Figure 1.17b). Aiming to study the effects of heat treatment parameters on SLM 18Ni300 steel, Yin et al. [START_REF] Yin | The influence of aging temperature and aging time on the mechanical and tribological properties of selective laser melted maraging 18Ni-300 steel[END_REF] studied the influence of different aging temperatures and time on the mechanical properties of SLM-produced samples. They found that the best aging process is 3 hours at 490 ºC. Aging temperatures below 390 ºC and above 590 ºC would lead to under-aging and over-aging phenomena, respectively. Over-aging phenomenon would cause the decomposition of the precipitated phases and the increase of austenite content, thereby leading to a sharp deterioration of the mechanical properties of the SLM 18Ni300 steel. As for the SLM 17-4 PH parts, solution-aged treatment would significantly improve the yield strength of the SLM 17-4 PH samples from 652.5 MPa to about 1029.74 MPa, while the total elongation was slightly sacrificed [START_REF] Hu | Optics & Laser Technology Experimental investigation on selective laser melting of 17-4PH stainless steel[END_REF]. Yadollahi et al. [START_REF] Yadollahi | Mechanical and Microstructural Properties of Selective Laser Melted 17-4 PH Stainless Steel[END_REF] focused on the effects of different building orientations and post heat treatments (i.e., solution and aging) on the mechanical properties of SLM 17-4 PH samples. The strength of the SLM-produced 17-4 PH samples in this study was detected to be remarkably lower than that of the wrought counterparts (H900 condition). This phenomenon can be attributed to the differences in volume fraction of martensite and retained austenite phases in SLM specimens and wrought samples.

Rafi et al. [START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF] successfully manufactured the SLM 15-5 PH samples with excellent mechanical properties, whose strength is significantly higher than that of the wrought counterparts. To further enhance the properties of the SLM 15-5 PH stainless steel, Lee et al. [START_REF] Lee | Materials Characterization Effects of building direction and heat treatment on the local mechanical properties of direct metal laser sintered 15-5 PH stainless steel[END_REF] conducted a series of heat treatments to study the impact of post heat treatments on the material performance. They found that an aging treatment at 482 ºC for 1 h can largely boost the increase in its hardness.

In terms of SLM CX stainless steel, Yan et al. [START_REF] Yan | Study of the microstructure and mechanical performance of C-X stainless steel processed by selective laser melting (SLM)[END_REF] utilized different heat treatment processes to enhance the ultimate tensile strength of the SLM CX stainless steel parts from 1043 MPa in the as-built state to 1601 MPa in the solution-aged state. However, the total impact energy of the SLM CX stainless steel parts decreased from 83.8 J in the as-built condition to 5.3 J in the solution-aged condition [21,22]. To better compare the mechanical properties of the SLM PHSS samples before and after post heat treatment, the common mechanical performances of the martensitic SLM PHSS samples are listed in Table 1.6 in detail. As presented in Figure 1.18, building direction is another vital factor to alter the mechanical properties of the SLM PHSS samples. Suryawanshi et al. [START_REF] Suryawanshi | Tensile, fracture, and fatigue crack growth properties of a 3D printed maraging steel through selective laser melting[END_REF] evaluated the mechanical properties of SLM 18Ni300 samples in two different orientations (with respect to the build direction) so as to examine the anisotropy in properties. They found that no significant anisotropy in the mechanical properties was detected. Furthermore, the strength of the SLM sample formed parallel to the building direction in the as-built state is higher than that of the SLM sample fabricated vertical to the building direction, while the opposite situations appeared after the aging heat treatment. Similarly, the results of Mooney et al. [START_REF] Mooney | Process phenomena influencing the tensile and anisotropic characteristics of additively manufactured maraging steel[END_REF] also showed that the building direction didn't have a significant effect on the hardness and tensile strength. However, as shown in Table 1.7, the total elongation of the SLM 45º sample is only 6.8 %, which is significantly lower than the other SLM 0º and SLM 90º samples (i.e., 15.7 % and 13.8 %). Furthermore, this anisotropy of elongation can be eliminated by post heat treatment. As exhibited in Table 1.7, the aging treatment at 490 °C for 8 hours can extremely improve the strength of the material. The yield strength of the three types of SLM samples can reach 1900 MPa, and the elongation can reach about 5 %. However, as for the SLM 17-4 PH samples, Yadollahi et al. [START_REF] Yadollahi | Mechanical and Microstructural Properties of Selective Laser Melted 17-4 PH Stainless Steel[END_REF] found that anisotropy plays an important role in mechanical properties. As listed in Table 1.7, both the strength and ductility of the SLM sample fabricated vertical to the building direction in the as-built state are higher than those of the SLM sample manufactured parallel to the building direction. Notably, post heat treatments cannot ameliorate this characteristic. Similarly, Rafi et al. [START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF] and Lee et al. [START_REF] Lee | Materials Characterization Effects of building direction and heat treatment on the local mechanical properties of direct metal laser sintered 15-5 PH stainless steel[END_REF] found that the YS and microhardness of the horizontally fabricated samples are higher than those of the vertically manufactured counterparts but the UTS remains almost the same for both building directions.

Moreover, as exhibited in Table 1.7, although microhardness of the SLM CX steel fabricated vertical to the building orientation is slightly higher than that of the SLM CX steel built parallel to the building orientation, the difference between the two is almost negligible after post heat treatment. Hence, though anisotropy may affect the mechanical properties of the SLM martensitic PHSS samples, post heat treatments can conquer this obstacle well. 

Impact of processing parameters on corrosion resistance

Except for the mechanical properties, corrosion resistance, a quite significant indicator of stainless steel applied in various industrial applications, has also attracted extensive attention from research community. Due to the Cr-free characteristics, research on the corrosion resistance of SLM 18Ni300 steel is quite rare.

Unlike the 18Ni300 steel, high Cr content (i.e., 15.5-17.5 wt.%) lays an excellent foundation for the favorable corrosion resistance of SLM 17-4 PH steel. The study of Schaller et al. [START_REF] Schaller | Corrosion properties of powder bed fusion additively manufactured 17-4 PH stainless steel[END_REF] found that the corrosion resistance of SLM 17-4 PH steel was reduced compared with the wrought counterpart. This result can be ascribed to the high porosity within the SLM 17-4 PH stainless steel samples. Particularly, in the same voltage range, the anodic polarization of the region with large pores (d >50 μm) presented an active corrosion behavior, meanwhile the current density increased significantly. The phenomenon is in contrast to the passive behavior of the wrought counterparts detected in areas with small pores (d <10 μm). Paradoxically, Stoudt et al. [START_REF] Stoudt | Influence of Postbuild Microstructure on the Electrochemical Behavior of Additively Manufactured 17-4 PH Stainless Steel[END_REF] pointed out that the average pitting potential of the 17-4 PH steel samples produced by SLM is lower than that of the wrought counterparts, demonstrating a higher corrosion resistance. First of all, the distribution of elements within the microstructure of the SLM-produced samples is more uniform than the wrought parts, thereby leading to a favorable resistant to localized attack in the corrosive media. Secondly, during the SLM manufacturing process, the N element will be absorbed by the SLM 17-4 PH steel samples to form a stable passivation film. As such, corrosion resistance of SLM 17-4 PH steel is better than that of the wrought samples.

Furthermore, various processing parameters including laser processing parameters and post heat treatments also exert a significant role in the corrosion resistance of the SLM 17-4 PH steel. Irrinki et al. [START_REF] Irrinki | Effects of powder characteristics and processing conditions on the corrosion performance of 17-4 PH stainless steel fabricated by laser-powder bed fusion[END_REF] explored the corrosion behavior of the SLM 17-4 PH steel parts manufactured at different energy density. The corrosion current of the SLM 17-4 PH steel samples (0.1-0.8 μA) is slightly lower than that of the wrought samples (0.9±0.1 μA), indicating a favorable corrosion resistance. However, due to different SLM manufacturing parameters, parts with a density below ~97 % exhibit much worse corrosion resistance than that of the wrought counterparts. The phenomenon can be attributed to the long-term stagnation of the sodium chloride solution in the micro-pore areas on the surface of the SLM samples, resulting in a breakdown of the passive Cr2O3 layer. Alnajjar et al. [START_REF] Alnajjar | Influence of microstructure and manganese sulfides on corrosion resistance of selective laser melted 17-4 PH stainless steel in acidic chloride medium[END_REF] compared the corrosion resistance between the SLM 17-4 PH steel samples under different heat-treated states. SLM as-built samples and SLM samples in re-austenitized state had the same general corrosion resistance owing to the similar chemical composition. However, SLM samples in re-austenitized state had superior general corrosion behavior than that of the wrought counterparts due to the nearly absence of MnS inclusions within the SLM re-austenitized samples.

Similar to the 17-4 PH steel, 15-5 PH stainless steel also has a high Cr content (i.e., 14-15.5 wt.%), thereby leading to a passive Cr2O3 layer generated on the surface of the steel. Thus, exploring the corrosion resistance of the SLM 15-5 PH steel in different heat-treated states is an attracting topic. Wang et al. [START_REF] Wang | Enhancing the corrosion resistance of selective laser melted 15-5PH martensite stainless steel via heat treatment[END_REF] proposed a series of heat treatment processes for SLM 15-5 PH stainless steel to improve its corrosion resistance. Samples in aged state obtained a higher pitting potential and more stable passive film than the samples in solution-aged states due to the higher potential of austenite.

However, different from other martensitic PHSS materials, Shariari et al. [START_REF] Shahriari | Corrosion resistance of 13wt .% Cr martensitic stainless steels : Additively manufactured CX versus wrought Nicontaining AISI 420[END_REF][START_REF] Shahriari | Microstructure and corrosion behavior of a novel additively manufactured maraging stainless steel[END_REF] found that corrosion potential of the SLM CX steel in solution-aged state is much lower that of the SLM CX steel in as-built state, indicating a higher corrosion rate for the as-built samples. They attributed this phenomenon to the large quantity of nanoprecipitates generated during the solution-aged process, which weakened its corrosion resistance. To better compare the corrosion resistance of the aforementioned martensitic PHSS steels, key corrosion properties of the SLM martensitic PHSSs in the different states are summarized in Table 1 

Microstructural evolution, precipitation behavior and strengthening mechanisms

Due to the special microstructure and uniform distribution of nanoprecipitates, the SLM martensitic PHSS materials have the favorable mechanical properties and excellent corrosion resistance as mentioned above.

As shown in Figure 1.19, Jägle et al. [START_REF] Jägle | Precipitation and austenite reversion behavior of a maraging steel produced by selective laser melting[END_REF][START_REF] Jägle | Precipitation Reactions in Age-Hardenable Alloys During Laser Additive Manufacturing[END_REF] utilized atom-probe tomography (APT) to observe the precipitation behavior of SLM Fe-18Ni-9Co-3.4Mo-1.2Ti steel during the aging process. After experiencing an aging treatment at 480 °C for 5 hours, three types of typical nanoprecipitates can be detected within the samples, namely (Fe, Ni, Co)3(Ti, Mo), (Fe, Ni, Co)3(Mo, Ti), and (Fe, Ni, Co)7Mo6 (µ phase) as well as martensite-to-austenite reversion around regions of the retained austenite. Furthermore, since the movement rate of Ti atoms is significantly greater than that of Mo atoms, the Ni3Ti precipitates will be formed first and may become the nucleation sites for subsequent nanoprecipitates. In the study of Kürnsteiner et al. [START_REF] Kürnsteiner | Massive nanoprecipitation in an Fe-19Ni-xAl maraging steel triggered by the intrinsic heat treatment during laser metal deposition[END_REF], the "intrinsic heat treatment (IHT)" was exploited to induce the precipitation of NiAl nanoparticles in a Fe-19Ni-xAl (at. %) model maraging steel during the laser metal deposition process. As detected in Figure 1.20, the number density of precipitates was calculated to be 5×10 24 particles/m 3 and 1.2×10 25 particles/m 3 for 8 and 9 at. % Al, respectively. Microstructure and mechanical properties of SLM 18Ni-300 steel were studied by Kemen et al. [START_REF] Kempen | Microstructure and mechanical properties of selective laser melted 18Ni-300 steel[END_REF]. The solidification process was determined as a "cellular-dendritic growth mechanism", leading to a quite small intercellular spacing (<1 μm) within the matrix. Therefore, remarkable tensile strength and microhardness can be achieved in both as-built and aged conditions. Moreover, after an aging treatment process (i.e.,480 ºC for 5 h), numerous nanoprecipitates evenly distributed within the martensitic matrix greatly boosted the elastic modulus of the SLM 18Ni-300 steel parts (up to 189 GPa). Similarly, ultra-fine cellular solidification structures were also observed in the SLM 18Ni-300 steel as-built samples by Casati et al [START_REF] Casati | Aging behaviour and mechanical performance of 18-Ni 300 steel processed by selective laser melting[END_REF]. The evidence of the epitaxial growth across the different track boundaries of the as-built samples was also identified via high magnification micrographs. Combined the results of the advanced material characterizations, they believed that the tensile strength and ductility were primarily governed by the nano dispersoids. The reverted austenite (i.e., γ-Fe phase) produced in the aging treatment only play a minor role in the mechanical properties. After systematically comparing the precipitation behavior of the laser additively manufactured maraging steel specimens with the wrought one, Jägle et al. [START_REF] Jägle | Comparison of maraging steel microand nanostructure produced conventionally and by laser additive manufacturing[END_REF] announced that the strengthening mechanisms of them are basically the same. Furthermore, the austenite formation lines within the LAM 18Ni-300 steel were caused by the microsegeration phenomenon during the rapid solidification process, which led to a slightly decrease in microhardness than the wrought one.

In short, generating uniformly distributed high-density nanoprecipitates and a large quantity of highenergy dislocations within the martensite matrix have become a significant approach to boost the strength of SLM martensitic PHSS materials.

SLM-produced precipitation hardening stainless steel matrix composites 1.4.1 Background and significance

Lightweight, high-strength, multi-functional advanced metal matrix composites (MMCs) with excellent mechanical properties can fulfill the specification and requirements of structure-function design. It is a type of irreplaceable key materials for the development of high-tech fields such as aerospace, automotive, electrical and electronics, and mold industries [START_REF] Yan | Selective laser melting of WC reinforced maraging steel 300: Microstructure characterization and tribological performance[END_REF][START_REF] Yan | Additive manufacturing of WC reinforced maraging steel 300 composites by cold spraying and selective laser melting[END_REF]. In order to reduce the weight of structural parts and further ameliorate the overall mechanical properties of materials, development and fabrication of lightweight steels is quite necessary. However, it is an extremely time-consuming and labor-intensive method to use elemental composition to perform detailed calculations before developing new materials. Moreover, a series of complicated post-heat treatments are also required to achieve the expected performance of the materials [START_REF] Lee | Coupled strengthening in a medium manganese lightweight steel with an inhomogeneously grained structure of austenite[END_REF][START_REF] Lee | Precipitation and dissolution behavior of κ-carbide during continuous heating in Fe-9.3Mn-5.6Al-0.16C lightweight steel[END_REF]. Therefore, in order to overcome the above challenges, adding an appropriate amount of lightweight ceramic particles to the advanced steels to form novel MMCs is an up-to-date integrated design methodology. The fabricated MMCs not only have favorable corrosion resistance and low density, but also have excellent overall mechanical properties. Notably, due to the large quantity of ceramic particles existed within the traditional MMCs, the problem of increased hardness but severe deterioration of ductility will occur. As such, to break through the bottleneck problem of the strength and toughness mismatch in traditional MMCs, rational selection of ceramic materials and Fe-based materials has become the top priority of new ceramic reinforced Fe-based MMCs.

As presented in Table 1.9, amongst ceramic reinforced materials, titanium carbide (TiC) has received more and more attention due to its good thermal stability and excellent mechanical properties, such as high hardness, favorable modulus and remarkable wear resistance [START_REF] Song | Investigation of Ti3AlC2 in the in situ TiC-Al composite prepared by the exothermic reaction process in liquid aluminum[END_REF]. High volume fraction TiC reinforced steel composite materials are often fabricated by powder metallurgy (PM) due to the high TiC content [START_REF] Wang | Fabrication and properties of the TiC reinforced highstrength steel matrix composite[END_REF]. However, since PM is only a mechanical bonding process, the manufactured MMCs have low density and poor strength-to-toughness ratio. The manufactured materials are not suitable for applications requiring high overall mechanical properties. In order to overcome the aforementioned challenges, liquid pressing infiltration (LPI) method is utilized to ameliorate the limitations of PM technology [START_REF] Lee | Microstructure and mechanical properties of lightweight TiC-steel composite prepared by liquid pressing infiltration process[END_REF]. However, low bonding strength, simple structures, and difficulty in subsequent machining are still the bottleneck problems of this type of technology. Consequently, it is not favorable for manufacturing parts with intricate structures and excellent overall mechanical properties. In summary, free forming of MMCs with complex structures has become an urgent need to be solved in the fabrication of high-performance parts. As one of the representatives of LAM processing technology, with the assistance of data-driven laser beams, SLM technology can realize the rapid manufacturing of parts with multiple materials, complex structures and high precision [START_REF] Yan | Effect of heat treatment on the phase transformation and mechanical properties of Ti6Al4V fabricated by selective laser melting[END_REF]. Compared with conventional manufacturing methods (such as casting, forging or PM), high processing flexibility and low material wastage of SLM solves manufacturing problem of high-performance parts with intricate internal structures [START_REF] Yan | Heat treatment on the corrosion resistance behavior of selective laser melted Ti6Al4V ELI[END_REF]. Ultra-high cooling rate (around 10 5 -10 7 K/s [START_REF] Yan | Fatigue strength improvement of selective laser melted Ti6Al4V using ultrasonic surface mechanical attrition[END_REF]) introduced by the high-energy laser beam promotes the generation of fine microstructures within SLM parts [START_REF] Zhang | Biomechanical influence of structural variation strategies on functionally graded scaffolds constructed with triply periodic minimal surface[END_REF]. Accordingly, SLM has become one of the best choices for the preparation of high-performance Fe-based MMCs [START_REF] Gu | Laser additive manufacturing of metallic components: Materials, processes and mechanisms[END_REF]. However, potential of SLM in the design and fabrication of composite materials has not yet been fully exploited. As such, use of SLM technology to manufacture high-strength Fe-based MMCs has high research value and great application significance. Particularly, design and development SLMproduced martensitic PHSS MMCs still requires extensive attention from research and engineering communities.

Status and progress

With the help of SLM process, ex-situ or in-situ manufacturing of reinforced MMCs is now two common approaches. The external introduction of ceramic particles is to add strengthened powders or particles directly to the metal matrix so as to generate ex-situ reinforced MMCs [START_REF] Wang | In situ fabrication of Al3 Ti particle reinforced aluminium alloy metal-matrix composites[END_REF]. As exhibited in Figure 1.21a, Zhang et al. [START_REF] Zhang | Microhardness and microstructure evolution of TiB2 reinforced Inconel 625/TiB2 composite produced by selective laser melting[END_REF] produced TiB2-reinforced Ni-based alloys through the SLM process. The research results showed that under the effect of laser processing parameters, thin Ti-and Mo-rich layers exist around TiB2 particles, which is beneficial to the improvement of material hardness and elastic modulus. Gu et al. [START_REF] Jia | Selective laser melting additive manufacturing of TiC/Inconel 718 bulk-form nanocomposites: Densification, microstructure, and performance[END_REF] successfully fabricated TiC reinforced Inconel 718 alloys via SLM method. As replayed in Figure 1.21b, with increasing laser energy density, mechanical properties of SLM TiC/Inconel 718 alloy would be also changed. After a systematical process optimization, SLM TiC/Inconel 718 composite parts can be obtained with optimal mechanical properties.

However, in the SLM ex-situ reinforced MMCs, the mismatch interface between the ceramic particles and the metal matrix is the main source of components failure due to the different thermal expansion coefficients. Furthermore, before fabricating, an ultra-thin oxide film may be generated on the surface of the ceramic particles, resulting in a poor bonding strength between the ceramic particles and the metal matrix. Consequently, micro pores or cracks are prone to be formed in the above-mentioned positions, thereby reducing the mechanical properties of the MMCs [START_REF] Wang | In situ synthesis of TiC/Mg composites in molten magnesium[END_REF]. To conquer this challenge, many researchers have added intermediate compounds or intermediate elements to facilitate the formation of in-situ strengthening phases during the manufacturing process. Choi et al. [START_REF] Choi | Non-equilibrium synthesis of Fe-Cr-C-W alloy by laser cladding[END_REF] manufactured a new type of wear-resistant alloy, in-situ reinforced Fe-Cr-C-W composite material, utilizing the LAM technology. By adjusting the pre-heat temperature, power density and scanning speed, the composition and volume fraction of carbides synthesized in the finished samples can be controlled. Borkar et al. [START_REF] Borkar | Laser-deposited in situ TiCreinforced nickel matrix composites: 3D microstructure and tribological properties[END_REF] manufactured TiC in-situ reinforced Ni-based composites using LAM method, and the tribological properties of the MMCs were greatly improved. As detected in Figure 1.21c, Zhong et al. [START_REF] Zhong | Laser synthesizing NiAl intermetallic and TiC reinforced NiAl intermetallic matrix composite[END_REF] fabricated in-situ TiC particles reinforced NiAl intermetallic by laser metal deposition method. The average microhardness of the finished samples is 538 HV0.1. Gu et al. [START_REF] Gu | In-situ TiC particle reinforced Ti-Al matrix composites: Powder preparation by mechanical alloying and Selective Laser Melting behavior[END_REF] developed in-situ TiC particle-reinforced Ti-Al alloy powders through mechanical alloying method. Then, TiCp/(TiAl3+Ti3AlC2) composites were successfully fabricated via SLM process, and the formation mechanism of in-situ ceramic particles can be plotted in Figure 1.21d. The in-situ manufacturing method can form the desired hard particles during the metallurgical reactions and enhance them uniformly distributed within the alloy samples. However, due to the inherent characteristics of the SLM process, such as extremely small molten pool (80-120 μm), ultra-high cooling rate (10 5 -10 7 K/s), and quite short existence of the molten pool (<4 ms), the metallurgical reactions cannot be fully carried out. Therefore, the desired reinforcing particles cannot be obtained in the final product. Additionally, since the raw materials added in the SLM process often exist in the form of elemental powder or metastable intermetallic compounds, unfavorable microstructure such as segregation may be formed within the SLM parts. In a word, the ex-situ manufacturing of enhanced MMCs using SLM technology is still an attractive method for researchers.

Role of ceramic particles in SLM-produced MMCs

Physical and mechanical properties of ceramic particles and metal matrix are quite different. Therefore, the addition of ceramic particles can produce a significant second-phase strengthening of MMC parts. Specifically, Orowan dislocation bypassing, grain refinement strengthening and load transfer strengthening can be regarded as the dominant strengthening mechanisms within the MMC parts [START_REF] Casati | Metal Matrix Composites Reinforced by Nano-Particles-A Review[END_REF][START_REF] Chen | Load transfer strengthening in carbon nanotubes reinforced metal matrix composites via in-situ tensile tests[END_REF][START_REF] Chen | Processing and properties of magnesium containing a dense uniform dispersion of nanoparticles[END_REF]. Accordingly, based on the processing characteristics of SLM, researchers have conducted a lot of studies on SLM fabricating Fe-, Al-and Ni-based composite materials. Yan et al. [START_REF] Yan | Additive manufacturing of WC reinforced maraging steel 300 composites by cold spraying and selective laser melting[END_REF] successfully fabricated WC-reinforced 18Ni300 composites using SLM process. Compared with the SLM 18Ni300 samples, the microhardness and wear properties of the prepared SLM WC/18Ni300 material have been significantly improved. As shown in Figure 1.22a-b, Dadbakhsh et al. [START_REF] Dadbakhsh | Experimental investigation on selective laser melting behaviour and processing windows of in situ reacted Al/Fe 2O 3 powder mixture[END_REF] prepared the Fe2O3 particles in-situ reinforced pure aluminum composites via SLM method. The influence of processing parameters on the microstructural evolution and microhardness of SLM MMC parts was discussed in detail. In view of the influence of powder particle size and powder flow behavior on SLM manufacturing Ni-based composites, as exhibited in Figure 1.22c-d, Gu et al. [START_REF] Gu | On the role of powder flow behavior in fluid thermodynamics and laser processability of Ni-based composites by selective laser melting[END_REF] simulated and analyzed the melting/solidification behavior within the SLM molten pool using discrete element method (DEM) and finite volume method (FVM) methods. They believed that low density, discontinuous and loose powder bed reduces the surface quality of the SLM parts, leading to the formation of tiny pores and micro cracks within the SLM nickel-based composites. Furthermore, the addition of ceramic particles also promotes the laser absorption rate of the raw materials. Table 1.10 presents the physical properties of common metal and typical ceramic particles and their absorptivity under different wavelength lasers. Under the irradiation of a Nd-YAG fiber laser with a wavelength of 1.06 μm, the laser absorption rate of carbide ceramics and TiB2 is significantly higher than that of the metal materials.

Table 1.10: Physical properties and laser absorption rate of the common metal materials and typical ceramics particles [START_REF] Tolochko | Absorptance of powder materials suitable for laser sintering[END_REF][START_REF] Trapp | In situ absorptivity measurements of metallic powders during laser powder-bed fusion additive manufacturing[END_REF][START_REF] Kainer | Metal Matrix Composites Custom-made Materials for Automotive and Aerospace Engineering[END_REF]. Li et al. [START_REF] Li | Selective laser melting of nano-TiB2decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF] used electrostatic self-assembly method to fabricate nano-TiB2 surface-modified AlSi10Mg powders. The ultimate tensile strength and total elongation of TiB2/AlSi10Mg alloy samples fabricated via SLM process can reach 530 MPa and 15.5 %, respectively. Furthermore, since SiC particles can improve the laser absorption rate, Simchi [START_REF] Simchi | Effect of SiC particles on the laser sintering of Al-7Si-0.3 Mg alloy[END_REF] proved that the density of Al-7Si-0.3Mg parts manufactured by direct laser sintering process has been significantly ameliorated. Notably, the addition of ceramic particles is also conducive to improving the forming quality of SLM parts. Song et al. [START_REF] Song | Microstructure and tensile behavior of hybrid nano-micro SiC reinforced iron matrix composites paroduced by selective laser melting[END_REF] successfully prepared nano/micron-sized SiC-reinforced Fe-based composites using SLM technology. Since SiC particles improve the stability of the molten pool and reduces the viscosity of the liquid metal alloy, the obvious liquid front is difficult to be observed.

Materials

In summary, the current research on SLM fabrication of metal matrix composites mainly focuses on the process optimization, microstructure characterization and mechanical properties. However, influence of the content and distribution of ceramic particles on the strength and toughness of SLM MMC samples has not been systematically studied.

Surface modification technology

Through the above-mentioned literature analysis, it can be concluded that post heat treatments and fabrication of metal matrix composites are both processing methods to improve the overall performance of martensitic PHSS materials. However, damage and failure of metal materials (such as corrosion, wear, fracture and so on) usually start from the surface. As such, according to different application requirements, changing the surface structure of the material is an effective way to enhance the surface performance and extend the service life of the metal materials. Surface modification technologies such as thermal spraying technology [START_REF] Liu | Corrosion behavior of plasma sprayed ceramic and metallic coatings on carbon steel in simulated seawater[END_REF], electroplating technology [START_REF] Chen | Sol-enhanced electroplating of nanostructured Ni-TiO2 composite coatings -The effects of sol concentration on the mechanical and corrosion properties[END_REF], physical vapor deposition [START_REF] Er | The corrosion protection ability of TiAlN coatings produced with CA-PVD under superimposed pulse bias[END_REF], chemical vapor deposition [START_REF] Zhang | Microstructure and corrosion behavior of TiC/Ti(CN)/TiN multilayer CVD coatings on high strength steels[END_REF], laser cladding technology [START_REF] Li | Microstructure and properties of Ti/TiBCN coating on 7075 aluminum alloy by laser cladding[END_REF], and surface self-nanocrystallization technology [START_REF] Olumide | Nano Materials Science Literature review on the mechanical properties of materials after surface mechanical attrition treatment (SMAT)[END_REF] are gradually becoming the significant means to ameliorate the surface quality of martensitic PHSS materials.

Laser Cladding (LC) technology

Laser cladding technology (LC) is an advanced material surface modification technology. The earliest patent application was filed by Gnanamuthu in 1974 [203], and it was widely promoted in the 1980s. With the development of laser technology and the demand for resource saving, basic research and industrial application of LC technology have received extensive attention. As presented in Figure 1.23, LC technology uses a laser as the heat source to quickly fuse the raw materials (i.e., powder, wire or sheet) and the surface of the substrate together. Finally, a metallurgical bond layer is formed on the surface of the substrate, thereby significantly improving its expected surface properties including wear resistance, corrosion resistance, heat resistance and oxidation resistance [START_REF] Weng | Research status of laser cladding on titanium and its alloys : A review[END_REF]. This technology can strengthen and repair the surface of the target areas to extend their service life, which is beneficial to reducing costs, improving efficiency, and saving valuable and rare materials. LC technology has aroused great interest in engineering and academia, becoming one of the current research trends and hotspots. Compared with other surface modification technologies, main characteristics of LC technology can be concluded as follows [START_REF] Weng | Research status of laser cladding on titanium and its alloys : A review[END_REF][START_REF] Feng | Effect of Al content on wear and corrosion resistance of Ni-based alloy coatings by laser cladding[END_REF][START_REF] Siddiqui | Recent trends in laser cladding and surface alloying[END_REF]:

1) High laser energy density leads to a fast heating rate of the molten pool. Less energy input on the substrate results in a small heat-affected zone and insignificant thermal deformation. 2) Rapid cooling rate of the molten pool (up to 10 6 K/s) leads to the formation of fine grains and dense microstructure in the finished coatings. 3) Low dilution rate and metallurgical bonding between the coatings and the substrate results in a high bonding strength at the coatings/substrate interface. 4) Raw materials can be selected in a wide range, such as metal materials, ceramic materials and composite materials. 5) LC technology is highly automated and environmentally friendly. Accordingly, this technology has broad application prospects in aerospace, mining machinery, petrochemicals, automobiles, molds, railways and other fields.

Research on LC technology principally focuses on process parameters, microstructure and material properties. Ansari et al. [START_REF] Ansari | Laser directed energy deposition of water-atomized iron powder : Process optimization and microstructure of single-tracks[END_REF] established a regression model using response surface methodology, and obtained the cladding layer with the lowest dilution rate after systematic process optimization. Li et al. [START_REF] Li | Numerical simulation and experimental study of cladding Fe60 on an ASTM 1045 substrate by laser cladding[END_REF] established a multi-field coupled three-dimensional mathematical model, and obtained the distribution of temperature field and velocity field in the LC process. Furthermore, in order to further enhance the quality of the cladding layer, Farahmand et al. [START_REF] Farahmand | Laser cladding assisted by induction heating of Ni -WC composite enhanced by nano-WC and La2O3[END_REF] fabricated a Ni-WC composite coating using a laser cladding assisted by induction heating method. They found that with the assistance of induction heating, a composite coating without cracks and pores can be obtained.

In summary, LC process method can be customized to design and prepare high-performance coatings to achieve the purpose of enhancing wear resistance and corrosion resistance of the coatings. However, research on the LC surface modification of SLM parts is relatively rare.

Surface Self-nanocrystallization (SNC) technology

Surface self-nanocrystallization (SNC) of metallic materials is a concept first proposed by Lu et al. in 1999 [START_REF] Lu | Surface Nanocrystallization (SNC) of Metallic Materials-Presentation of the Concept behind a New Approach[END_REF]. The SNC technology of metal materials adopts non-equilibrium treatment methods to generate a certain thickness of nanocrystalline structure layer on the surface of metal materials. After the material being processed using surface SNC technology, the surface layer of the material can spatially present a gradient nanostructure that varies from nanometer to micrometer. This gradient nanostructure can effectively improve the overall properties of metallic materials, such as wear resistance [START_REF] Olumide | Nano Materials Science Literature review on the mechanical properties of materials after surface mechanical attrition treatment (SMAT)[END_REF], fatigue resistance [START_REF] Yan | Fatigue strength improvement of selective laser melted Ti6Al4V using ultrasonic surface mechanical attrition[END_REF], corrosion resistance [START_REF] Prabu | Investigations on the influence of surface mechanical attrition treatment on the corrosion behaviour of friction stir welded NiTi shape memory alloy[END_REF], thermal stability [START_REF] Bena | In fluence of Surface Mechanical Attrition Treatment on the oxidation behaviour of 316L stainless steel[END_REF] and so on so as to increase the service life of the metal products. This technology realizes a great enhancement of the surface properties of metal materials and effectively overcomes the difficulty of nanofabrication of bulk metal materials. Therefore, it is an emerging technology with strong application potential.

Currently, methods commonly used to fabricate the surface gradient nanostructure are primarily surface mechanical processing techniques. Due to the simple processing procedures and relatively low cost, shot peening (SP) process, as one of the surface mechanical processing technologies, is often applied to manufacture nanostructure layers on the surface of metallic materials. The SP device and processing principle are shown in Figure 1.24. Based on the selected vibration frequency and shot size during the SP process, surface mechanical processing techniques can be divided into three types, namely, surface mechanical attrition treatment (SMAT) [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF], high energy shot peening (HESP) [START_REF] Liu | Low carbon steel with nanostructured surface layer induced by highenergy shot peening[END_REF], and ultrasonic shot peening (USSP) [START_REF] Pandey | Low Cycle Fatigue behavior of AA7075 with surface gradient structure produced by Ultrasonic Shot Peening[END_REF]. Amongst them, SMAT is quite different from other SP treatments. The shots utilized in this treatment is relatively large (i.e., 0.2-1 mm in diameter), while the velocity of the shots is slightly low (i.e., 1-20 m/s in speed). According to the analysis of manufacturing principles of SP process, the advantages of SNC technology can be summarized as follows [START_REF] Olumide | Nano Materials Science Literature review on the mechanical properties of materials after surface mechanical attrition treatment (SMAT)[END_REF][START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF][START_REF] Liu | Low carbon steel with nanostructured surface layer induced by highenergy shot peening[END_REF][START_REF] Pandey | Low Cycle Fatigue behavior of AA7075 with surface gradient structure produced by Ultrasonic Shot Peening[END_REF]:

1) The manufacturing process is simple and easy to realize.

2) Compared with other surface nanotechnology, this method does not need to introduce other chemicals.

3) There is a good bonding strength at the interface of the nanostructure layer/metallic matrix.

4) It can be utilized on the surface of irregular shape or large area metallic materials with high processing efficiency. Depending on the aforementioned advantages, SP processes have been extensively applied to strengthen the surface of a variety of metallic materials. Zhang et al. [START_REF] Zhang Junbao | Study on the friction and wear properties of the surface nanocrystallized 1.0C-1.5Cr steel induced by the surface mechanical attrition treatment[END_REF] performed SMAT on the surface of 1.0C-1.5Cr steel and studied its tribological properties. The results show that the grain size of the processed surface can reach the nanometer level. After 15 minutes of SMAT process, the average particle size of the sample is 10-20 nm, and the minimum coefficient of friction can reach 0.27. When the SMAT treatment time is 15-30 min, the wear resistance of 1.0C-1.5Cr steel has been greatly enhanced. Xia et al. [START_REF] Xia | Effect of Surface Mechanical Attrition Treatment on Tribological Behavior of the AZ31 Alloy[END_REF] fabricated a gradient nanostructure layer on the surface of AZ31 magnesium alloy by SMAT process, and conducted a systematic study on the tribological behavior of the AZ31 alloy. The results show that the hardness of SMATed AZ31 magnesium alloy is about 1.5 times that of the untreated samples. When the load is set to 10 N, 30 N, 50 N, and the sliding speed is 0.5 m/s, the wear rate of SMATed AZ31 magnesium alloy decreases by 49.9 %, 59.9 %, and 58.1 %, respectively, compared with the untreated wear samples. Liu et al. [START_REF] Liu | Wear behavior of nanocrystalline structured magnesium alloy induced by surface mechanical attrition treatment[END_REF] utilized the SMAT method to treat GW63K magnesium alloy and studied the wear properties of the treated samples. However, the results show that compared to untreated GW63K magnesium alloy samples, SMATed magnesium alloy wear samples have poorer wear resistance. This phenomenon can be attributed to the different wear mechanisms at various sliding speeds. When the sliding speed is 0.05 m/s, the main wear mechanism is abrasive wear. Due to the poor toughness and ductility of the nanostructured layer, the SMATed wear samples were damaged during the wear process, thereby greatly reducing their wear resistance.

Although SNC technology, especially the SMAT process, has been successfully applied to the surface of multiple types of metallic materials, the research on the surface modification of SLM martensitic PHSS parts via SMAT process is still relatively rare.

Conclusions

With the explosive demand for martensitic PHSS in the automotive, molds, chemical industrials, the development of new martensitic PHSS materials with good overall performance and corrosion resistance has become a current research issue worthy of considerable attention. Notably, rapid manufacturing highperformance customized parts poses severe challenges to a variety of applications in the above-mentioned fields. Combining the ultra-low carbon and excellent weldability of high-performance martensitic PHSS materials, a novel martensitic PHSS material, CX stainless steel, developed by EOS GmbH has aroused a wide range of interest in research and engineering communities.

Therefore, a series of research interests emerged: 1) What are the design principles of SLM CX steel and the performance indicators of the finished parts?

2) What is the strengthening mechanism of the SLM CX steel under different post-treated states?

3) Is it feasible to strengthen SLM CX steel in whole or in part for some special working environment?

In short, analysis of the literature indicates a lack of systematic methods to study the mechanical properties and corrosion resistance of the SLM CX steel. Furthermore, many current studies merely focus on certain aspects of SLM CX steel. As such, systematic and detailed study on SLM CX steel should be conducted.

Objectives

A detailed literature review of the SLM martensitic PHSS has been performed as mentioned in the previous sections. The objective of the work presented in this thesis is to systematically study the microstructural evolution and the mechanical properties of the SLM CX steel. Effect of TiC content on the microstructure and properties of the SLM TiC/CX steel metal matrix composites are also explored comprehensively. Moreover, after comparing the influence of different surface modification methods on the mechanical performance, an effective way to improve the surface quality of CX steel is proposed. The successful completion of this subject provides detailed experimental data and theoretical support for basic research and industrial applications of SLM CX steel.

As exhibited in Figure 1.25, this work is mainly divided into the following parts: 1) CX steel powder was utilized as the raw material for the present work. SLM optimization parameters were established for producing fully dense parts. Macroscopic morphology, microstructural evolution, mechanical properties, corrosion resistance, etc., of SLM CX steel under different heat-treated states were characterized and analyzed. 2) TiC/CX steel powder was selected as the raw material. In order to improve the overall performance of SLM CX steel, the effects of different TiC content on the macroscopic quality, microstructure characteristics, phase transformation, material properties and so on of SLM TiC/CX steel were studied. 3) Surface modification methods such as laser cladding technology and surface mechanical attrition treatment were utilized on the surface of SLM CX steel so as to enhance its surface quality. 

Titanium carbide (TiC) ceramic particles

High-purity (99.9 %) irregular titanium carbide (TiC) ceramic particles with a particle size of 1-10 μm produced by Shanghai ST-NANO Science & Technology Co., LTD were selected as the reinforced materials for fabricating SLM TiC/CX steel metal matrix composites (MMCs). The powder morphology and elements distribution are displayed in Figure 2.2a. TiC/CX steel powder in different TiC contents are mixed using a planetary ball miller (QM-3SP4, Nanjing University Instrument Plant, Jiangsu, China) for 2 h and the rotation velocity was set to 150 rpm. 

WC/NiCrBSi-WC powder

Gas-atomized NiCrBSi-WC powder (Nangong Jing Rui Alloy Products Ltd., China) and spherical WC particles (Figure 2.3c) with a purity of 99.9 % was applied as the raw material to conduct the surface modification experiments using laser cladding (LC) technology. Macroscopic morphology of the NiCrBSi-WC powder and the cross-sectional view of a single particle are revealed in Figure 2 

Sample fabrication

Fabrication details

In this work, SLM CX steel samples were manufactured in an EOS M290 (powder bed) SLM system (EOS GmbH, Krailling, Germany) equipped with a maximum rated power of 400 W and a fiber laser with a wavelength of 1.06 μm. The laser energy input is a mode of Gaussian energy distribution (1/e 2 value) with a spot diameter of 100 μm. The equipment exterior of the EOS M290 SLM system used is displayed in Figure 2.4a. To prevent oxidation of the SLM specimens, atmosphere of high-purity argon (99 wt. %) was maintained in the SLM working chamber during the fabricating process. The metallic substrate, stainless steel grade 316L, was preheated to 80 °C during the SLM processing. A bidirectional scanning trajectory with a rotation angle of 67º between consecutive layers was applied in these experiments to reduce the anisotropy of the SLM samples. Note that only this scanning strategy, a conventional contour-hatch method recommended by EOS GmbH, was employed in this study. SLM manufacturing process can be observed in Figure 2.4b, and the schematic diagram of the SLM fabrication process is presented in Figure 2.4c. After the fabrication, SLM CX steel samples were removed from the 316L stainless steel platform using the wire electrical discharge machining (WEDM) method. More detail information can be seen in Yan et al [3]. diagram of the SLM process with the optimal parameters for fabricating SLM CX steel samples [4].

As one of the effective surface modification methods, LC technology was used to produce the enhanced surface coatings on SLM CX steel. In this research, LC manufacturing process was performed using a laser metal deposition system (TRUMPF GmbH, Grmany) equipped with a TruDisk 6006 laser head with a maximum power of 6 kW and a spot diameter of 4 mm. The equipment exterior of the laser metal deposition system employed is displayed in Figure 2.5a. Parts of SLM CX steel samples in as-built state with a thickness of 20 mm were selected as the substrate material, as revealed in Figure 2.5b. During the LC process, highpurity argon (99.9 %) was selected as the powder feeding gas and the shielding gas. As described in Figure 2.5c, the coatings were fabricated by a zigzag scanning method with a rotation angle of 90° between the neighbouring coatings. The schematic of the LC process was also drawn in Figure 2.5c. 

Laser processing parameters

After conducting a series of experiments, the optimized laser processing parameters of the optimal parameters of the SLM CX steel samples, SLM TiC/CX steel samples and laser cladded WC/NiCrBSi-WC coatings can be listed in Table 2.3. The detailed parameter optimization process will be illustrated in followed chapters. 

Vacuum heat treatments

In order to explore the effect of heat treatments on the microstructure and properties of SLM CX steel, SLM CX steel samples were post treated with different heat treatments. Phase transformation temperature of SLM CX steel samples were measured by means of high-temperature differential scanning calorimetry (DSC) method (STA409PC, NETZSCH, Germany). Then, post heat treatments were conducted in an ultra-high vacuum resistance furnace (SKY Technology Development Co., Ltd, Shenyang, China), as can be seen in Figure 2.6a. The rated working temperature was 1600 °C and the maximum vacuum degree was 9×10 -8 MPa. The heating rate can be adjusted from 1 °C to 100 °C/min. 4 workstations in a diameter of 100 mm can be used to place samples. Parts of the SLM CX as-built samples were experiencing a series of heat treatments. As revealed in Figure 2.6b, the detailed heat treatment plans can be listed as follows:

Type I: solution treatment at 900 °C for 60 min; Type II: aging treatment at 530 °C for 180 min; Type III: solution treatment at 900 °C for 60 min followed by aging treatment at 530 °C for 180 min. All heat-treated SLM samples were argon-cooled to room temperature (i.e., 25 °C) after being removed from the vacuum electric resistance furnace. The processed SLM samples of different categories are marked as SLM CX steel as-built samples (i.e., as-built state), SLM CX steel aged samples (i.e., vacuum aging state), SLM CX steel solution samples (i.e., vacuum solution state) and SLM CX steel solution-aged samples (i.e., vacuum solution-aged state), respectively. 

Surface mechanical attrition treatment (SMAT)

In order to research the effect of surface mechanical attrition treatment (SMAT) on the microstructure and properties of the SLM CX steel, two types of the SLM CX steel samples, i.e., SLM CX steel as-built samples and SLM CX steel solution-aged samples, were post treated with different SMAT parameters. Figure 2.7a presents the exterior of the SMAT machine used in this study. Additionally, the working chamber is mainly constituted of the test samples, plastic holders and ultrasonic vibration generator. The working principle of the SMAT process can be plotted in Figure 2 

Material characterization 2.3.1 Macro morphology and relative density test

After completing the SLM manufacturing process, all SLM CX samples were removed from the surface of the substrate along the XY plane perpendicular to the building direction (Z axis), as depicted in Figure 2.4c. Three-dimensional (3D) surface topography information of the top surface of these SLM samples (i.e., XY plane) was collected applying a DektakXT Stylus profiler instrument (Bruker, USA), as demonstrated in Figure 2.8. Relative density of these samples was calculated based on Archimedes principle employing the following formula (2-1):

ρ SLM ρ s = ρ w •m SLM-a ρ s •(m SLM-a -m SLM-w ) (2-1)
where ρSLM is the density of SLM samples; ρS is the standard density of the CX steel [2]; mSLM-a is the average mass of the SLM samples in air; mSLM-w is the mean mass value of the SLM specimens in water; ρw is the density of water. Mass of the SLM specimens was evaluated using an analytical balance (ABZ 200C, PCE instruments, Germany) and the average mass value of each sample was calculated after conducting three measurements. Three samples were tested and averaged to determine the relative density.

Microstructure characterization

Before microstructure characterization, all specimens were polished employing SiC grinding papers according to a standard metallographic procedure with the final polishing step using a 0.06 μm colloidal silica solution. The defects distributions of these samples were characterized using an optical microscope (OM, Leica Dmi5000m, Germany), as shown in Figure 2.9a. Then, each SLM sample was etched using an aqua regia solution of 100 mL HNO3 and 300 mL HCl for 30-50 s for OM detection. As revealed in Figure 2.9b, the microstructure features were characterized via a scanning electron microscopy (SEM, FEI NovaTEM NanoSEM 450, USA) equipped with an energy-dispersive X-ray spectroscopy (EDS, EDAX XLT TEM-SDD, USA). Generally, at least two samples under different states were fabricated for the electron back-scattering diffraction (EBSD) test. After polishing these EBSD samples using 400 grit to 3000 grit SiC (silicon carbide) grinding papers, the Stuers TegraMin-25 machine were utilized to further polished using the diamond suspensions with 0.5 um. Then, these samples were milled using the Cross Section Polisher IB-19510 equipment and the detailed parameters is 6 kV for 2 h within the high vacuum atmosphere. Furthermore, fine milled also conducted in this chamber at 4 kV for 30 min. So, the surface of the EBSD samples is good enough to be observed without other cleaning steps. Texture and crystallographic orientations of SLM specimens were observed by electron back-scattering diffraction (EBSD) spectrometer (NordlysMax 3 , Oxford Instruments, UK) with a step size of 0.15 μm and analyzed using Channel 5 software. The samples used for TEM observation were fabricated by firstly grinding the laminate sample slice to a thickness of 20-50 μm, followed by milling to 60 nm using a Focused Ion Beam (FIB, FEI Scios TM , USA) device with an ultra-high resolution analytical DualBeam TM system. Equipment exterior of FIB system can be observed in Figure 2.9c. Then, a 200 kV field emission gun high resolution and analytical transmission electron microscope (TEM, Tecnai G 2 F20, USA) was used to study the distribution of precipitates, as displayed in Figure 2.9d. Selected area electron diffraction (SAED) patterns and scanning transmission electron microscopy (STEM) were used to identify the microstructure and nanostructure evolution after various heat treatments. Note that both XY plane and XZ plane of the OM, SEM, EBSD and TEM samples under different conditions have been observed. Effects of the texture are not the main topic of this study, so, only microstructural characteristics in the XY plane of the samples was presented in the current research. 

Phase composition analysis

Phase transformation temperature of SLM CX steel samples were measured by means of hightemperature Differential Scanning Calorimetry (DSC) method (STA409PC, NETZSCH, Germany). Phase composition was detected by X-ray diffraction (XRD) using a D8 Discover (Bruker, USA) with a copper anticathode (λ=1.54056 Å, V=40 kV and I=40 mA) in a 2θ range of 25-95° with a scanning step size of 0.02° and scanning speed of 6 s per step. All of sample surface for XRD detection was carefully polished and cleaned following the standard OM procedure as mentioned in the section 2.3.2.

Micro-CT observation

As presented in Figure 2.10a, the µ-focus X ray computer tomography (XCT, GE Phoenix V|tome|x System, Germany) with a 180 kV/20 W high-power nanofocus X-ray tube and a 240 kV/320 W microfocus Xray tube was used to detect the pore defects of the samples. As displayed in Figure 2.10b, a sample 2 × 2 × 2 mm 3 was placed on the 360° rotating stage of the X ray tomography machine. Inside this specimen, a volume of 1100 × 1100 × 1100 μm 3 was scanned and researched with a precision of 1.5 μm/voxel. The threedimensional volume was then reconstructed using Amira-Avizo software (FEI Visualization Sciences Group, 3D Visualization & Analysis Software, Germany). Then, the mean value of the porosity was calculated and recorded automatically by the equipment. 

Mechanical and chemical properties 2.4.1 Microhardness test

As displayed in Figure 2.11, Vickers microhardness tests were performed at the polished surface of the SLM samples (Ra below 0.15 μm) using a hardness tester (EmcoTest Dura Scan 70G5, Austria) with a load of 200 g and an indentation time of 20 s. 36 measurements were conducted on each SLM sample with a distance of 0.1 mm between adjacent measuring locations. Microhardness contour maps of each type of SLM samples were plotted using Origin software. Furthermore, indentations were carried out at different surfaces on each type of SLM sample and the average of 10 measurements was recorded. 

Static tensile test

Tensile tests were carried out at room temperature according to the ASTM E 8M standard at a displacement rate of 1 mm/min. The morphology of tensile testing equipment was displayed in Figure 2.12a. Mechanical properties including ultimate tensile strength (UTS), yield strength (YS) and fracture strain were read directly from the INSTRON tensile tester. The elongation at break (EL) was measured based on the guidance of ASTM E 111 standard. The strain-to-failure was evaluated through strain gauges and electronic extensometers with a range of 10 mm that were mounted on the gauge section of the test samples. For each experimental group, three samples were tested, and the averaged values were calculated. All tensile samples were fabricated parallel to the 316 L platform and removed from the platform along the XY plane using the WDEM means, as depicted in Figure 2.4c. Macro morphology of the polished tensile samples with a gauge length of 25 mm, a width of 3 mm and a thickness of 3.5 mm for mechanical properties test, was shown in Figure 2.12b. The fracture surfaces of the tensile samples were then studied by SEM. 

Charpy impact test

Befort testing, each sample surface was carefully polished. A NI300A instrumented impact testing machine (NCS Testing Technology Ltd., China) was carried out for determining the impact toughness of the SLM CX as-built samples and the different post heat-treated samples. Charpy impact parts with V-notch were manufactured in accordance to ASTM E23 standard [8]. The detailed dimensions and building direction of the SLM samples and can be described in Figure 2.13. 

Wear test

Cylindrical specimens (15 mm in diameter and 6 mm in height) were used for the wear test. Before the wear tests, surface roughness of the wear test samples should be polished less 0.15 µm. As shown in Figure 2.14, ball-on-disk wear tests were applied to evaluate the tribological performance of the wear samples via a MS-T3000 test rig (Lanzhou, China). Si3N4 balls (4 mm in diameter) were chosen as the counterpart in these wear tests. A testing load of 1000 g, a rotation radius of 5 mm, a rotational velocity of 209.4 mm/s and a sliding distance of 754 m were selected as the wear test conditions. In the wear test process, Coefficient of Friction (COF) values were automatically recorded through the instrument. Surface morphology of the worn tracks was measured via SEM with an EDS kit and a 3D surface profilometer. Wear rate (ω, mm 3 /(N•m)) of the wear test samples was calculated via function (2-2) as follows [9]:

ω = 2πrS W×L (2-2)
where r is the radius of the wear track, mm; S is the cross-sectional area of the worn tracks, mm 2 ; W is the testing load, N; L is the sliding distance, m. Average wear rate of each wear sample can be obtained after three measurements and calculations. 

Electrochemical corrosion test

As observed in Figure 2.15, the SLM samples were tested with conventional three-electrode method using a commercial electrochemical workstation (CorrTest-CS350H, Wuhan Corrtest Instruments Corp., Ltd., China) to obtain the potentiodynamic polarization (PDP) curves of the samples. The working electrode was sealed in a small epoxy column with a nickel wire welded at the backside and then tightly mounted to a horizontal orifice of 0.785 cm 2 . A platinum sheet with in a dimension of 15 mm × 15 mm × 0.1 mm was employed as counter electrode and was parallel placed at approximately 1 cm above the working electrode. The Hg/HgO reference electrode was closely placed to the edge of the working electrode to diminish the potential noise induced by bubbles which were possibly produced during the test. Before electrochemical measurements, the SLM samples were polished by SiC grinding papers (Ra ≤ 0.05 μm) and cleaned with alcohol. All electrodes were installed in a plexiglass cylinder and completely immersed into the 1 M KOH solution (PH=14). The PDP measurement was then performed with a potential scanning range of -1.0-1.5 V at scanning rate of 1 mV/s. Finally, three PDP curves were obtained in succession. Chapter III mainly studied the effects of the process parameters and heat treatment regimes on the microstructural evolution, phase composition, static mechanical properties and electrochemical corrosion performance of the SLM CX precipitation hardening stainless steel (PHSS). The microstructure characteristics of SLM CX steels in the as-built and heat-treated conditions were systematically studied using advanced material characterization methods such as scanning electron microscope (SEM), X-ray diffraction (XRD), electron backscatter diffraction (EBSD) and transmission electron microscope (TEM). Based on the systematic study, the SLM CX steel sample with best surface roughness (Ra=4.05±1.8 μm) and relative density (Rd=99.72±0.22 %) under the optimal linear density (η=245 J/m) can be obtained. The XRD spectrum reveals that solution treatment resulted in the formation of a complete martensite (α'-Fe phase), and a reverted austenite (γ-Fe phase) formed after aging treatment. Furthermore, the microhardness of the SLM CX stainless steel parts was found to significantly improve from 350 HV0.2 in the as-built state to 510 HV0.2 in the solutionaged state. The ultimate tensile strength (UTS) of the SLM CX steel parts also increased from 1043 MPa in the as-built state to 1601 MPa after solution-aging heat treatment. On the contrary, the total impact energy (Wt) of the SLM CX steel parts decreased from 83.8 J in the as-built condition to 5.3 J in the solution-aged condition. Moreover, the coefficient of friction (COF) and wear rate of the SLM CX steel samples decreased from 0.58 and 16.1±3.1×10 -5 mm 3 /(N•m) in the as-built state to 0.49 and 8.1±3.3×10 -5 mm 3 /(N•m) in the solution-aged state, respectively. The corrosion resistance of the SLM CX steel sample in the solution-aged state is best with the Ecorr of -0.41±0.03 V and Jcorr of 3.69 μA/cm 2 among the different types of the SLM CX steel samples. This part of work was completed in cooperation with Guangdong Institute of New Materials, Guangdong Academy of Sciences, China.

Introduction

Steels are of high interest in the field of industrial applications owing to their excellent properties (e.g., high strength and toughness, good machinability) [1]. However, it is typically difficult to produce certain types of steels with a high fraction of carbon content due to the high probability of the formation of pores and cracks. Therefore, low carbon steels and stainless steels with excellent weldability and low reflectivity were introduced as a replacement of high carbon steels within the various industrial applications [2].

Among the many alloys of steel used, stainless steels are particularly suitable for SLM manufacturing. Within the stainless steel family, PHSSs are particularly important due to their superior mechanical properties when compared to other stainless steels. This is due to the precipitation of a variety of intermetallic compounds, such as NiAl [3,4]; Cu-rich particles [5]; G-phase (Fe6Ni16Si7) [6]; chromium-rich α' precipitates; and manganese-, nickel-, and silicon-rich phases [7] which will be generated during the hardening heat treatment of PHSSs. PHSSs typically have low carbon content and excellent weldability, which determines them particularly suitable for SLM processing. It has been reported that lath martensite with high dislocation densities can be formed in SLM PHSSs due to the high heating/cooling rate (10 5 K/s) and solidification rate (up to 30 m/s) within the molten pool, which significantly influences the properties of the SLM PHSSs [8,9].

It is known that PHSSs are principally developed by adding high Cr content (10-17 wt. %) to improve corrosion resistance [10]. Conventional PHSSs have a high Ni content (usually about 18 wt. %) combined with other alloying elements, such as Co element (8-13 wt. %) and Mo element (3-5 wt. %) [11,12]. However, a disadvantage of high Ni content PHSSs is the instability of martensite at high temperature and the formation of reverted austenite [13]. To solve this problem, the development of low Ni content PHSS (approximately 8-10 wt. %) is of great need.

Recently, CX stainless steel powder was successfully developed and commercially provided by EOS GmbH [14]. CX stainless steel is considered as an ideal material for fabricating moulds, tooling parts, chemical products and other key components that have specific requirements on both mechanical properties and corrosion resistance performance [15]. To date, a systematic investigation into the processing, microstructure, properties and heat treatments of SLM CX stainless steel has not been reported. Therefore, this section aims to provide an in-depth study into this newly developed CX stainless steel when fabricated using SLM through advanced materials characterizations. Based on the analysis above, to ensure that the CX steel powders can be completely melted, the minimal energy absorbed by a unit volume of CX stainless steel powders should exceed the calculated critical value above, i.e., Qn=7.11×10 9 J/m 3 . Thus, investigation and calculation of the laser input energy during the SLM process is our next studying part. The heat transfer process around the molten pool is depicted in Figure 3.1a. As mentioned before, the energy distribution mode of the input laser energy can be regarded as a Gaussian energy distribution. Therefore, the laser input energy flux [qin(r), W/m 2 ] can be deducted by equation (3-2) [19]:

q in (r) = 2𝛼𝑃 𝜋𝑟 𝑙 2 exp (- 2𝑟 2 𝑟 𝑙 2 ) (3-2)
where α is the laser absorptivity ratio of the spherical stainless steel powders, P is the laser power, rl is the radius of the laser spot, and r is the distance from the calculated point to the center of the laser spot, as shown in Figure 3.1b. Integrating equation (3-2) from 0 to rl, the total laser input energy (Qt, W) can be described by equation :

Q t = ∫ 2𝜋𝑟𝑞 𝑖𝑛 (𝑟) 𝑟 𝑙 0 dr = αP(1 - 1 𝑒 2 ) (3-3)
Then, after averaging the total laser input energy on the surface of the molten pool, the average laser energy flux qa (W/m 2 ) can be obtained by equation (3)(4):

q a = αP 𝜋𝑟 𝑙 2 (1 - 1 𝑒 2 ) (3-4)
Generally, as depicted in Figure 3.1a, the effective energy absorbed by CX steel powder bed is principally controlled by the input laser energy and the energy loss caused by the phenomenon such as convection, radiation and evaporation. About 10 % of the heat is dissipated due to convection and radiation in laser processing stainless steel powders as reported by Wang et al. [20], while the heat loss owing to evaporation is quite small [19]. Therefore, the effective laser energy flux (qe, W/m 2 ) to melt the CX steel powders can be described as equation (3)(4)(5):

q e = 90% • 𝑞 𝑎 (3-5) Combining equation 3-4 and 3-5, the effective laser energy flux through the surface of the molten pool can be obtained. Moreover, the laser energy absorbed by CX steel powders per unit volume (Qv, J/m 3 ) during the existence of the molten pool can be calculated by equation (3)(4)(5)(6):

Q v = πr 𝑙 2 •𝑞 𝑒 •𝑡 𝑉 𝑒 (3-6)
where Ve is the effective volume of molten pool, and t is the existence time of the molten pool. The value of t can be calculated according to the formula, i.e., t = 2𝑟 𝑙 𝑣 , in which 2rl is the laser spot diameter and v is the laser scanning speed. In order to simplify the calculation process, as revealed in Figure 3.1b, the effective volume of molten pool (Ve, m 3 ) can be assumed as a part of an equivalent sphere, i.e., a spherical cap. The Ve hence can be estimated by equation (3)(4)(5)(6)(7) as follows:

V e ≅ π𝐻 2 (R - 1 3 𝐻) (3-7)
where R is the radius of the equivalent sphere, and H is the effective penetration depth of laser in the CX steel powder bed, as illustrated in Figure 3.1b. After substituting equations 3-4, 3-5 and 3-7 into equation 3-6, the laser energy absorbed by CX steel powders per unit volume (Qv, J/m 3 ) can be described by equation (3)(4)(5)(6)(7)(8):

Q v = 9 5 • 𝛼•(1- 1 𝑒 2 )•𝑟 𝑙 π𝐻 2 (R- 1 3 𝐻) • 𝑃 𝑣 = 9 5 • 𝛼•(1- 1 𝑒 2 )•𝑟 𝑙 π𝐻 2 (R- 1 3 𝐻) • 𝜂 (3-8)
where η (J/m) is the linear energy density.

To solve equation 3-8, the related parameters and the corresponding explanation are listed in Table 3.2 and Figure 3.1, respectively. After conducting a number of single-track experiments, a typical continuous single track with uniform width is shown in Figure 3.1b. Thus, the values of radius of the equivalent sphere (R, m) and the effective penetration depth (H, m) measured and used in our present study are 1.6×10 4 m and 4.5×10 5 m, respectively. After solving equation 3-8 based on the data in Table 3.2 and Figure 3.1b, we can find that only the requirement is satisfied, i.e., Qv≥Qn (Qn=7.11 J/m 3 ), the input laser energy will theoretically melt a unit volume of CX stainless steel powders and produce a continuous laser track. Therefore, to meet the above condition, the minimum linear energy density (η, J/m) can be determined to be 141 J/m. Consequently, to make sure that the above requirement can be satisfied, the value of η obtained from all SLM manufacturing parameters in our experiments is higher than 141 J/m. Finally, main SLM processing parameters ranges (P, v and η) can be determined as 200-350 W, 800-1200 mm/s (as shown in Table 3.1), and 167-438 J/m, respectively. 

Surface roughness

As shown in Figure 3.2, in order to explore the effect of linear energy density on the macro morphology of SLM CX samples, the top surface roughness (Ra, μm) of SLM CX specimens within the above-mentioned range of linear energy density was measured. The testing plane is demonstrated in Figure 3.3a. A number of defects such as powder adhesion and poor fusion quality of laser tracks (Figure 3.2) can be detected when the linear energy density is relatively low, i.e., η≤250 J/m; such defects were greatly alleviated as the linear energy density increased. However, as the linear energy density further increased, the surface quality gradually deteriorated. So as to quantitatively study the above phenomenon, the surface roughness of each specimen to the linear energy density is plotted in Figure 3.3b with black dots. Note that only 3 sparse experimental measurements were taken within the range of η=222 J/m to η=273 J/m. Thus, as depicted in Figure 3.3a, further tests of the surface roughness were conducted and the corresponding results were added with pink dots in Figure 3.3b. It can be seen that with linear energy density increasing, the surface roughness of the SLM CX samples rapidly decreased first and then increased after reaching the minimum value. It is known that the surface roughness of the SLM specimens is primarily affected by the balling phenomenon [23] and the geometric morphology of the laser tracks. As the linear energy density increased from η=167 J/m to η=245 J/m, the existence time of the liquid molten pool gradually increased, which promotes the fluidity of the molten metal. This phenomenon not only significantly mitigated the balling phenomenon, but also improved the surface quality of the laser tracks, i.e., the uniformity and continuity of the laser tracks. As depicted in Figure 3.2 and Figure 3.3a, such a phenomenon resulted in a reduced surface roughness from Ra=18.83±3.5 μm to the minimum value Ra=4.05±1.8 μm. With a further increased linear energy density from η=245 J/m to η=438 J/m, the higher energy input resulted in a melting simultaneously of more CX steel powders and parts of the previously solidified laser tracks, thereby increasing the volume of the molten pool. Under this circumstance, the solidified laser tracks were becoming wider and higher than that of the low linear energy density. Consequently, the surface roughness deteriorated after reaching the minimum value due to the poor uniformity of the laser tracks. 

Relative density

Figure 3.4 and Figure 3.5a display the microstructures of the unetched SLM CX samples manufactured under the various laser parameters mentioned above. Large quantities of defects, especially pores (Figure 3.4), can be detected when the linear energy density is at a relatively low level (i.e., lower than η≤245 J/m); such defects were remarkably alleviated as the linear energy density increased. To further present a quantitative comparison and analysis, the relative density (Rd, %) of each sample toward the linear energy density is demonstrated in Figure 3.5b. Note that with the increased linear energy density the relative density rose sharply at the beginning and then decreased slowly after reaching the peak point, which is contrary to the changing trend of surface roughness. The reason for this changing trend can be principally attributed to the effect of linear energy density on the defect-formation process within the SLM CX samples. When the linear energy density was at a low level (i.e., from η= 167 J/m to η= 245 J/m), the energy input into the molten pool was not sufficient to maintain the existence of the molten pool for a long time. This phenomenon led to a poor fluidity of the molten pool, resulting in some partially or unmelted CX powders to exist in the SLM CX samples. Hence, irregular pores may have been formed as detected in Figure 3.4 and Figure 3.5a. With the linear energy density gradually increased, the fluidity of the molten pool became improved, resulting in a decrease in porosity and an increase in the relative density. On the contrary, in a higher linear energy density range (i.e., from η=245 J/m to η=438 J/m), violent convective movement and vaporization phenomenon of the molten pool (Figure 3.1a) caused a great quantity of protective gas and reaction gas trapped in the molten pool, resulting in the generation of the circular pores (Figure 3.4 and Figure 3.5a) [24]. As such, with the further increase of the linear energy density, the above phenomenon of the molten pool became more significant, which in turn led to a gradual increase of the gas trapped in the molten pool. As a consequence, a reduction trend in relative density (i.e., from η=245 J/m to η=438 J/m) can be seen in Figure 3.5b. Note that due to the inherent high formability of CX steel itself, the effect of increased energy density in a high linear energy density level on the deterioration of the relative density is not prominent, compared to the lower one.

As such, parameter optimization explorations determined that the optimal linear energy density for this work was 245 J/m, which can attain the best surface roughness (Ra=4.05±1.8 μm) and relative density (Rd=99.72±0.22 %). 

Heat treatment regime and phase transition

In order to determine the heat treatment regime of the SLM CX steel as-built samples, phase transition zones of the SLM CX steel as-built samples were detected via DSC curves with different heating rates, as depicted in Figure 3.6. Regardless of the heating rates, three exothermic/endothermic peaks can be clearly detected according to DSC curves, as shown in Figure 3.6a. Take a DSC curve with a heating rate of 30 °C/min as an example. The exothermic process of the SLM CX steel as-built samples occurred in the range of 400-580 °C, i.e., Zone I. In this temperature range, numerous nano-precipitates may be formed [25]. The range of 580-750 °C is the endothermic process of the SLM CX steel as-built samples, i.e., Zone II. During this range, reverted austenite phase (γ-Fe phase) may be formed [25,26]. Another endothermic process of the SLM CX steel as-built samples occurred in the range of 750-850 °C, i.e., Zone III. Combined with the Fe-Ni phase diagram [27], it can be deducted that the transformation from martensite (α'-Fe phase) to austenite (γ-Fe phase) is the main process in this temperature range. Thermodynamic calculations were carried out to estimate the enthalpy values of the above phase transition processes: Zone I: α' -Fe 400-580 °C → α' -Fe + nano -NiAl precipitates ∆H= -12.9 J/g (3-9)

Zone II: α' -Fe → γ -Fe ∆H= 3.9 J/g (3-11) Based on the above results, only the holding temperature exceeding 850 °C, martensite (α'-Fe phase) existed in the SLM CX steel as-built samples can be completely transformed to austenite (γ-Fe phase). Thus, the temperature value of the solution treatment in this study was determined to be 900 °C. However, the resolution of the nano-precipitates may occur in the range of 750-850 °C [28]. Accordingly, the holding time of the solution treatment was only set to 1 hour in this study. Moreover, according to the temperature range of the Zone II and the main precipitation phase in the martensitic precipitation hardening steels [26], the aging heat treatment utilized in this study was selected to be 530 °C for 3 hours.

Figure 3.6b displays the phase compositions of the SLM CX steel samples in different heat-treated states. Basically, only α'-Fe phase (JCPDS # 06-0696) can be detected in the XRD curves of the SLM CX steel asbuilt samples and SLM CX steel solution samples. This phenomenon illustrates that the supersaturated martensite (α'-Fe phase) can be obtained in the SLM CX steel aged samples after a heat preservation and rapid cooling treatment. Specifically, the SLM CX steel aged samples is composed of 99.98 % α'-Fe phase and 0.02 % γ-Fe phase (red arrows), as revealed in Figure 3.6d. However, peaks of the γ-Fe phase (JCPDS # 23-0298) can be detected in the XRD patterns of the SLM CX steel aged and SLM CX steel solution-aged samples, as shown in Figure 3.6b. It can be offered that a small amount of reverted austenite was inevitably formed in the SLM CX steel samples after being an aging treatment. As observed in the Figure 3.6c, after a heat preservation of 530 ºC for 3 hours, a large quantity of nano-NiAl precipitates (green arrows) were dispersed within the striplike martensite matrix (blue arrows). Hence, it is reasonable to believe that the selected solution treatment and aging treatment played a very significant role in ameliorating the phase compositions and precipitation hardening effect of the SLM CX steel as-built samples. 

Microstructural evolution

Figure 3.7 shows the cross-sectional microstructures of the SLM CX steel samples before and after heat treatments observed by OM and SEM. Laser scanning paths are also illustrated in Figure 3.7a and the grains grow direction along the building direction due to the largest temperature gradient. The microstructure of the as-built sample (Figure 3.7b) shows numerous martensite (α'-Fe phase). Some small crystal grains and fine substructures with a size range of 0.1-0.5 µm were transformed from γ-Fe phase (austenite) grains due to the high cooling rate in the fusion zone (Figure 3.7c). After solution treatment, the interface between two laser scanning tracks became less prominent, as shown in Figure 3.7d. As the cooling rate of the solution treatment was much lower than that of the molten pool, the martensite grains grew gradually and were much coarser than their counterparts in the as-built samples. In addition, the fine substructure also became less visible, as shown in Figure 3.7e and Figure 3.7f. In contrast, after aging treatment (Figure 3.7g-i) and solution-aging treatment (Figure 3.7j-l), the coarse martensite exhibited more regular block features than those in the as-built and solution-treated samples. Additionally, a layer of reverted austenite along the boundaries of martensite can be observed. To further explore the effect of the heat treatments on the microstructural evolution of the SLM CX steel samples, image qualities (IQ) and inverse pole figures (IPF-Z) of the SLM CX steel samples in different heattreated states are presented in Figure 3.8. The confidence index of these IQs is 94.95 %, 93.80 %, 91.90 % and 92.08 %, respectively, indicating the high accuracy of the EBSD test results. The microstructures of SLM CX steel samples before and after heat treatments are mainly composed of equiaxed grains, and it is rare to observe the elongated grains. Notably, as displayed in Figure 3.8a, different from the typical microstructure of the SLM Fe-based alloys, the microstructure of the SLM CX steel as-built sample has no obvious oriented columnar grains along the laser scanning direction. It can be deducted that a large amount of amorphous phase and small nano-NiAl precipitates were selected as the nucleating agents during the fabrication of SLM CX steel as-built sample. The solidification rate of the SLM molten pool is extremely high, inhibiting the further growth of these equiaxed grains. Hence, columnar grains are difficult to be observed in the SLM CX steel as-built sample. Owing to the short solution treatment cycle with a high cooling rate, the microstructure in the SLM CX steel aged sample did not exhibit a clear coarsen phenomenon, as revealed in Figure 3.8b. However, the microstructure of the SLM CX steel aged sample (Figure 3.8c) and SLM CX steel solution-aged sample (Figure 3.8d) after the aging treatment tended to coarsen because of the longer heat treatment cycles. In short, whether in the as-built state or in the heat-treated states, the microstructure in the XY plane of the SLM CX steel samples did not present a noticeable crystallographic orientation. Grain size is a significant indicator revealing the mechanical properties of the materials. Figure 3.9 presents the grain size statistical results in XY planes of the different SLM CX steel samples. It can be concluded from the present results that the average grain diameter [D(ave), µm] in the SLM CX steel as-built sample, SLM CX steel solution sample, SLM CX steel aged sample and SLM CX steel solution-aged sample are 1.27 µm, 1.35 µm, 1.97 µm and 2.20 µm, respectively. As shown in Figure 3.8b, although the average grain diameter in the SLM CX steel solution sample is about 6.30 % coarser than that in the SLM CX steel as-built sample, it is still mainly composed of ultrafine grains (1-2 µm: 36.69 %) and submicron grains (<1 µm: 45.23 %). Interestingly, after the aging treatment, the microstructure of the SLM CX steel as-built sample displays an obvious coarsening tendency. The average grain diameter of the SLM CX steel aged sample is about 55.12 % (Figure 3.9c) coarser than that of the SLM CX steel as-built sample. As for the SLM CX steel solution-aged sample, it's around 73.23 % (Figure 3.9d) coarser than that of the SLM CX steel as-built sample. Notably, compared to the microstructure of the SLM CX steel as-built sample, the proportion of coarse grains (>2 µm) in the SLM CX steel aged specimen and SLM CX steel solution-aged specimen increased to 34.42 % and 38.24 %, respectively. This phenomenon indicates that the aging treatment can inevitably bring about the grain coarsening effect within the SLM CX steel sample. As mentioned above, heat treatment regime plays a vital role in the phase distribution of the SLM CX steel. Figure 3.10 reveals the phase content of SLM CX steel samples in different heat-treated states. Consistent with the XRD results, the phase of the SLM CX steel sample is mainly composed of a large amount of α'-Fe phase (blue marks) and a little bit γ-Fe phase (red marks). Amongst them, the content of γ-Fe phase (i.e., austenite) in SLM CX steel as-built sample, SLM CX steel solution sample, SLM CX steel aged sample, and SLM CX steel solution-aged sample are 0.21 %, 0.02 %, 2.70 % and 4.90 %, respectively. Despite the solidification rate of the molten pool induced by the high-energy laser beam can reach a maximum of 30 m/s [29,30], a small amount of retained austenite still cannot be fully transformed into martensite (α'-Fe phase). Furthermore, due to the intrinsic heat treatment (IHT) [16] produced by the SLM process, a small amount of reverted austenite would be formed in some micro-regions of the SLM CX steel as-built sample. Because of the above two reasons, γ-Fe phase within the SLM CX steel as-built sample (Figure 3.10a) was consisted of retained austenite and reverted austenite. After solution treatment, the IHT effect caused by the SLM process itself was eliminated, and hence only a quite small amount of retained austenite existed in the SLM CX steel solution sample (Figure 3.10b). Accordingly, the content of γ-Fe phase within the SLM CX steel solution sample is the least.

On the basis of the analysis in 3.4 section, reverted austenite would be formed during the aging treatment. After SLM processing, martensite microstructure (α'-Fe phase) with numerous ultra-fine grains was formed, resulting in a large number of grain and sub-grain boundaries with high Gibbs free energy. Therefore, as displayed in Figure 3.10c-d, the aging treatment led to a large amount of reverted austenite being formed along the grain boundaries. The longer the holding time of the heat treatment, the more reverted austenite would be formed within the SLM CX steel samples after cooling. As such, the content of γ-Fe phase in the SLM CX steel solution-aged sample is the most among these samples. 

Nanoprecipitates characterization

Nanoprecipitate characterisation of the as-built sample

To further characterise the nanoprecipitates in the as-built sample, TEM analysis was conducted and the results are shown in Figure 3.11. Parallel strip martensite with a width of about 200 nm can be seen in the bright field image (BFI), as shown in Figure 3.11a, which is also confirmed by the SEAD pattern inset. Highdensity dislocations marked by white arrows were found along grain boundaries. In Figure 3.11b, randomly distributed nanoprecipitates (3-25 nm in size) can be observed throughout the matrix. To further characterising the nanoprecipitates, Figure 3.11c shows the HRTEM image of a nanoscale intermetallic precipitate dispersed in the martensite matrix as marked by region 1 in Figure 3.11b. Figure 3.11d shows the HRTEM image of region 2 and the corresponding SAED pattern, where the amorphous structure was found in the martensite matrix.

The existence of a large number of dislocations and nanoprecipitates in the martensite matrix can be explained by the successive processes of rapid solidification and secondary phase precipitation. High energy input source rapidly heated the powder bed to its melting temperature, and then the metastable microstructures were formed due to the following fast-cooling solidification, which caused the formation of high density of stacking faults, dislocations (Figure 3.11a) and amorphous structure (Figure 3.11d) [31]. After solidification of the molten pool, the fine martensite that contains many supersaturated solute elements such as Ni and Al will form. The following repetitive re-heating and re-cooling during the cyclical thermal history of successive SLM process will result in the precipitation of numerous intermetallic nanoprecipitates at around 500 °C temperature. As shown, many nanoparticles were found in the present study (Figure 3.11b), which are beneficial to pin the dislocation lines and improve the strength of the SLM as-built parts. 

Nanoprecipitate characterisation of the solution-aged part

Aging treatment is mainly used to improve the mechanical strength and hardness of PHSS. Due to the similar microstructural evolution behaviour between the aged and solution-aged samples, only the latter sample was discussed in this paper to reveal the nanoprecipitate characteristics. Figure 3.12 shows the TEM images of the solution-aged sample. A large number of rod-like precipitates that were 7-30 nm in size and dense dislocations were detected in the BFI image, as shown in Figure 3.12a. The size of the precipitates (7-30 nm) is larger than that in the as-built sample (3-25 nm) and is found at a higher density. It was reported that intermetallic compounds were produced and distributed in the matrix after a prolonged aging process, and these precipitates could grow through pipe diffusion among the dislocations [13,32]. The growth model of precipitates can be described by the equation d = kt n , where d is the diameter of precipitates, t is the aging time, k is a constant related to the activation energy of the precipitates' growth, and n is the growth exponent [33]. Based on the above equation, it can be inferred that long aging treatments (e.g., 3 h) cause significant nucleation and growth of the precipitates. Moreover, the size and amount of the fine precipitates in the as-built sample created by the repetitive re-heating and re-cooling will also increase in size and quantity after aging treatment. In short, aging treatment plays a critical role in the formation and growth of nanoprecipitates.

To further understand the nanoprecipitates, SAED and EDS were used to characterise the element distribution of the acicular nanoparticle. The SAED pattern shown in Figure 3.12a and EDS spectrum shown in Figure 3.12b reveal that the nanoprecipitate is cubic NiAl phase (a=2.888 Å). In Figure 3.12c and Figure 3.12d, HRTEM images provide detailed characteristics at the interface between nanoparticles and the martensite matrix taken from regions 1 and 2 in Figure 3.12a. Region 1 (Figure 3.12c) shows a partial coherency interface with elastic strain caused by the nanoprecipitates, while Figure 3.12d demonstrates a good matching phenomenon without elastic strain. Generally, if the misfit phenomenon between two phases is higher, a greater potential for material strengthening is expected due to the increased freedom of atomic motion caused by incoherence interfaces [34]. This also can be used to explain the precipitation hardening mechanism of SLM CX steel samples after aging treatment. 

Static mechanical properties

Microhardness

Figure 3.13 presents the average microhardness features of the SLM CX stainless steel samples after different post heat treatments along the horizontal (XY plane) and vertical (XZ plane) directions. The measured average microhardness of the as-built sample was 357 HV0.2 and the average microhardness of the XY plane (366 HV0.2) was slightly higher than that of the XZ plane (348 HV0.2) due to the finer microstructure of the XY plane than that of the XZ plane. Notably, though the solution treatment reduced the hardness of the solutiontreated sample (i.e., the average micro-hardness for 326 HV0.2), a complete Fe-Ni martensite structure with good deformability was obtained. Furthermore, the difference in hardness between XY plane (329 HV0.2) and XZ plane (323 HV0.2) of the solution-treated sample also became inconspicuous owing to the post heat treatments. Additionally, the average microhardness of the solution-aged sample (514 HV0.2) obtained using the integrated heat treatment means was higher than that (504 HV0.2) of the aged specimen acquired by the aging treatment method. The hardness of the as-built sample was greatly improved after adopting the integrated heat treatment manner. The microhardness of the solution-aged part was about 144 % than as-built specimen. 3.3. Solution treatment led to a reduction in the mechanical properties (both strength and ductility). This deterioration was due to the lower cooling rate of the solution treatment compared to the rapid solidification of the molten pool, which resulted in the formation of the coarse martensite structure. Moreover, a large number of alloying elements were soliddissolved in the martensite matrix during the solution treatment, which further contributed to the mechanical property reduction. In contrast to the solution treatment, the aging treatment resulted in a significant improvement of microhardness and strength but a simultaneous reduction of ductility. The XRD analysis in Figure 3.6 b-c indicated that the aged samples were composed of α'-Fe phase (martensite) and a small amount of reverted austenite (γ-Fe) phase. Owing to the relatively high chromium and nickel content and low carbon content, α'-Fe phase (martensite) in the SLM CX stainless steel was no longer in a supersaturated solid solution state in which carbon was dissolved in α'-Fe phase. The α'-Fe phase in the aged sample was actually Fe-Cr-Ni martensite, i.e., a supersaturated solid solution of Ni, Cr and Al in α'-Fe phase. The alloy elements were hence transformed into uniformly distributed precipitates after aging treatment, such as NiAl and reverted austenite (γ-Fe) phase. The fine precipitates and reverted austenite (γ-Fe) phase were located at dislocation lines, which increased the stacking fault energy and had a strong influence on the mechanical strength and hardness of the SLM CX stainless steel. Although the average grain size of the solution-treated samples is slightly finer than that of the aged samples, microhardness and tensile strength of the latter ones are quite higher than the solutiontreated samples. This phenomenon can be attributed to the great contribution due to the precipitation strengthening produced by the ultra-high hardness nano-NiAl particles of the aged samples than the contribution boosted by the grain refining mechanism of the solution-treated ones. The effects of the different post heat treatments on the CX steel samples and the correlation between the mechanical properties and microstructure characteristics have been discussed in our previous articles [27,35,36].

As known to all, elastic modulus can be regarded an essential attribute of a sort of materials. Bond strength of the molecules, atoms or ions, is the only factor that affects the elastic modulus of materials. Thus, lattice structures, chemical compositions and phase compositions are quite important to the elastic modulus. After calculating the elastic modulus of the SLM CX steel under different heat-treated states (Table 3.3), there existed a little bit differences. These reasons can be attributed to the different phases and nano-NiAl precipitates within the various CX steel samples. Thus, the elastic modulus of them is different.

Among the samples tested, the solution-aged sample of the SLM CX steel delivers the highest hardness and strength, i.e., the average microhardness (514 HV0.2), strength (UTS=1601 MPa, YS=1528 MPa). The high strength of the solution-aged CX stainless steel samples can be explained by the high dislocation density formed during the martensitic transformation [37]. Compared to the other martensitic PHSSs (such as 17-4 PH steel [38,39] and 15-5 PH steel [40,41]), in-situ nano-NiAl particles generated within the CX steel during the aging treatment also effectively promote its tensile strength and microhardness. 

Tensile fractography analysis

To investigate the fracture mechanism of the SLM CX steel samples, fracture surfaces of the tensile samples were studied and the results are shown in Figure 3.15. Significant "necking" occurred for the as-built tensile specimens, which suggests that the SLM CX steel had high plasticity (Figure 3.15a). Large and deep dimples generated due to substantial plastic deformation were observed on the fracture surface of the as-built sample (Figure 3.15b), indicating a ductile rupture mechanism. For the solution-treated sample, in addition to the necking phenomenon shown in Figure 3.15c, un-melted powder and shallow dimples were found on the fracture surface (Figure 3.15d). In the aged sample, the necking phenomenon became weaker, as shown in Figure 3.15e. A transgranular fracture with shallow dimples was identified on the fracture surface in Figure 3.15f, representing a mixed-mode of ductile and brittle failure. In Figure 3.15g, the necking phenomenon was not as apparent for the solution-aged specimen. Multiple crack propagation sources led to shearing steps when the cracks expanded and collided with each other, which suggests the brittle fracture mechanism in the solutionaged samples. This is evidenced by the crystalline feature shown in the magnified image of the fracture surface (Figure 3.15h). Meanwhile, shallow dimples can also be observed on the fracture surface of the solution-aged sample. Therefore, the fracture mechanism of the solution-aged sample was also a mixed ductile-brittle mode.

In order to compare the effect of different heat treatments on the plasticity and toughness of the SLM CX stainless steel, the proportion of fibrous regions in the fracture areas was quantitatively analysed and calculated. The diameters of the fibrous regions of the SLM CX steel samples were about 500 μm for the as-built sample, 600 μm for the solution-treated sample, 400 μm for the aged sample, and 600 μm for the solution-aged sample. The proportions of the fibrous regions for these samples were 19.4 %, 17.1 %, 12.8 %, and 13 %, respectively. This implies that the as-built sample had the greatest plasticity and toughness, and the aged-treated specimens had the worst, which is in agreement with the measured elongation listed in Table 3.3. 

Charpy impact tests

Impact properties

The characteristic values of forces in the impact force-displacement profiles of the SLM CX stainless steel parts in the different post heat treatment states (Figure 3.16a-d) are listed in Table 3.4. Because, Fgy = Fm will happen when there is a tendency to be brittle fracture, where Fgy and Fm are general yield force and maximum force, respectively. Therefore, in order to ensure the better evaluation of the plastic toughness after different post heat treatments, the shear fracture percentage could be calculated by the following formula [42,43]:

%shear = [1 - 𝐹 𝑖𝑢 -𝐹 𝑎 𝐹 𝑚 ] × 100 (3-12)
where Fiu, Fa and Fm are characteristic points on the impact force-displacement curves. Fiu is force at initiation of unstable crack propagation; Fa is force at end of unstable crack propagation (arrest force). As such, the shear fracture percentage of the as-built sample, solution-treated part, aged specimen and solution-aged component can be ascertained to be 60.6 %, 49.8 %, 14.2 % and 11.7 %, respectively. Combined with the fracture mechanism of the SLM CX stainless steel samples under different heat treatment conditions, the grain size of the as-built sample is the finest due to the rapid solidification after SLM, so, the shear fracture percentage is higher than other samples. The coarse martensite microstructure will be formed in the solution-treated sample, which results in the shear fracture percentage to slightly decline than that of the as-built sample. The impact energy is a significant indicator to assess the impact toughness of materials. And the characteristic values of the impact energy could be obtained from these force-displacement diagrams of the SLM CX stainless steel samples under various post heat treatment conditions (Figure 3.16) and the results are written into the Table 3.5. The crack initiation energy (Wi) reflects the difficulty level of crack formation and exhibits a relationship with the plastic deformation. While, the crack propagation energy (Wp) represents the crack propagation speed of the cracked specimens under the impact force, i.e., the ability to prevent crack propagation. As shown in the Table 3.5, the Wi of the as-built sample is smaller than that of the solution-treated sample, indicating that the cracks are easily formed in the as-built sample. But interestingly, the Wp of the asbuilt part is higher than that of the solution-treated specimen. The reason of above phenomenon can be explained that, after formation of cracks in the as-built sample, the martensite matrix with a large number of high-density dislocations can be obtained by rapid solidification process, which can hinder the further extension of the cracks. Thus, the as-built sample has a strong ability to resist crack propagation. Additionally, just like in Table 3.5, although the total impact energy (Wt) of the aged sample and the solution-aged sample are almost equal, the Wi of the solution-aged sample is approximately twice as large as that of the aged specimen. The reason for this phenomenon may be illustrated that, part of nano-sized particles has formed in the as-built specimen, and then these nanoprecipitates will grow coarser after aging treatment. On the contrary, as for the solution-aged sample, elements will be promoted to dissolve in the martensite matrix owing to the solution treatment, and then the nanoprecipitates will be produced during the aging treatment. Hence, the size of some nanoprecipitates in the solution-aged part may be slightly smaller than that in the aged sample. Consequently, the cracks of aged specimen will be much easier to form during the impact process. In short, although the impact toughness of the SLM CX stainless steel parts will be decreased after experiencing various post heat treatments, the SLM CX stainless steel components are capable of obtaining a better hardness result by the post heat treatments especially the aging process. As such, it is very vital to balance the relationship between hardness and toughness for different practical applications. 

Fractography analysis

The fracture morphology with the corresponding fracture microstructure was detected as shown in Figure 3.17. As can be seen in Figure 3.17a, a large quantity of huge and deep plastic dimples are distributed on the fracture surface of the as-built component, which indicates that a typical ductile fracture would be presented after it experiencing sufficient plastic deformation. Figure 3.17b describes that plenty of smaller and shallower dimples and partially melted powder are dispersed on the fracture surface of the solution-treated sample. Though, the solution-treated sample displays the similar ductile fracture characteristics as the as-built specimen, the dimples scattered on the fracture surface of the as-built part are still bigger and deeper than solution-treated specimen. Thereby, this phenomenon further reveals that the as-built component after SLM is better in the impact toughness owing to the finer microstructure. Figure 3.17 describes that other than a small quantity of little dimples, the obvious "crystalline feature" is also observed on the fracture surface of the aged sample, which proves that the fracture mechanism of the aged sample is a mixed mode of ductile and brittle fracture. Compared with the aged specimen, the characteristics of cleavage fracture (e.g., river patterns and crystalline features) can be detected on the fracture surface of the solution-aged part (Figure 3.17d), which shows a transgranular brittle fracture mode. It is known that the fracture process mainly occurs in the lowest surface energy region, i.e., the cleavage surface. Thus, upon the basis of the fracture characteristics of low-carbon martensitic steel [44], its cleavage plane can be presumed to be the {110} crystal plane. Furthermore, as depicted in Figure 3.17c-d, the as-built part has a noticeable tendency to brittle fracture after aging treatment owing to the numerous nanoprecipitates dispersed in the martensite matrix, so their shear fracture percentage decreases sharply. 3.6. At a lower sliding distances (i.e., 0-200 m), as displayed in Figure 3.18a, the COF values fluctuated sharply due to a running-in state existed between the counter body (i.e., Si3N4 ball) and the SLM CX steel wear samples. In the 200-754 m sliding distance interval, all SLM CX steel samples entered into a wear steady state. In the wear steady state, as revealed in Table 3.6, the average COF of the SLM CX steel as-built sample, SLM CX steel solution sample, SLM CX steel aged sample, and SLM CX steel solution-aged sample is 0.58, 0.61, 0.52 and 0.49, respectively. Amongst them, the average COF of SLM CX steel solution-aged specimen is about 15.52 % lower than that of the SLM CX steel as-built specimen. It can be offered that the increase in the overall microhardness induced by the heat treatments has a positive effect on reducing the COF of the SLM CX steel wear samples. Figure 3.18b reveals the typical cross-sectional wear track profiles of the SLM CX steel wear samples. The maximum wear track depth of the SLM CX steel as-built specimen, SLM CX steel solution specimen, SLM CX steel aged specimen, and SLM CX steel solution-aged specimen is 52.79 μm, 61.34 μm, 39.01 μm and 32.69 μm, respectively. Notably, the maximum wear track depth of the SLM CX steel solution-aged specimen is about 61.49 % lower than that of the SLM CX steel as-built specimen. As demonstrated in Table 3.6, the average wear rate of the SLM CX steel solution-aged specimen is about 49.69 % lower than that of SLM CX steel asbuilt specimen. Although appropriate heat treatment regime can lead to an increase in the microhardness of the SLM CX steel samples, its impact on reducing COF is very limited. Nonetheless, in the wear rate aspect, an appropriate heat treatment method will play a vital role in reducing the wear rate of the SLM CX steel samples. 

Worn surface analysis

Figure 3.19 reveals the worn surface morphology of the different types of the SLM CX steel wear samples. As observed in Figure 3.19a and d, the average wear track width of the SLM CX steel as-built sample and SLM CX steel solution sample is about 1.18 mm and 1.26 mm, respectively. Although their microstructure was primarily consisted of a large number of ultrafine grains and submicron grains (Figure 3.9a-b), the nano-NiAl precipitates with ultra-high hardness were dissolved within the low-hardness martensite matrix. Therefore, the enhancement of the grain refining effect on hardness was limited, causing in a low hardness of the SLM CX steel as-built and SLM CX steel solution samples. Consequently, severe plastic deformation (purple arrows in Figure 3.19a) and a large number of pits can be observed (white arrows in Figure 3.19d). During the wear process, the soft metal phase adhered to the high hardness Si3N4 ball was pulled out. Accordingly, as presented in Figure 3.19b and e, a great number of deep furrows (orange arrows) and delamination phenomenon (green arrows) can be detected. Furthermore, under the huge compressive stress (maximum approx. 2000 MPa) and repeated friction of the Si3N4 ball on the SLM CX steel samples, many wear debris (blue arrows) and even cracks (black arrows) can be found on the worn surface. Moreover, as presented in Figure 3.19c and f, the generated wear debris not only existed on the worn surface but also can be detected near the wear tracks. As such, adhesive wear and oxidation wear are the principal wear mechanisms of the SLM CX steel as-built and SLM CX steel solution specimens.

As for the SLM CX steel aged sample and SLM CX steel solution-aged sample, as shown in Figure 3.19g and j, the average wear track width is about 1.06 mm and 1.03 mm, respectively. Among them, the wear track width of the SLM CX steel solution-aged specimen is about 14.56 % lower than that of the SLM CX steel asbuilt specimen. Due to the aging treatment, a large volume of uniformly distributed high hardness nano-NiAl precipitates increased the overall hardness of the SLM CX steel sample. Therefore, as displayed in Figure 3.19g and j, only fine furrows (orange arrows) can be observed. Similarly, the wear debris can also be witnessed on the worn surface (blue arrows in Figure 3. 19h andk) and near the wear tracks (blue arrows in Figure 3.19i and l). Notably, as shown in Figure 3.19i and 1, due to the improvement of the wear resistance, only a small amount of wear debris can be found near the wear tracks. Accordingly, as for the SLM CX steel aged and SLM CX steel solution-aged specimens, oxidation wear and abrasive wear are the dominant wear mechanisms. In short, aging treatment has played a vital role in effectively enhancing the overall hardness and the wear resistance of the SLM CX steel samples. 

Electrochemical corrosion properties

.20 presents the potentiodynamic polarization (PDP) curves of the different types of the SLM CX steel samples and the corrosion performance parameters drawn from the photo are demonstrated in Table 3.7. The self-corrosion potential (Ecorr, V) and self-corrosion current density (Jcorr, μA/cm 2 ) were applied to compare the corrosion resistance of the different types of the SLM CX steel samples in an alkaline solution (KOH solution, PH=14). Due to high Ni content (about 10 wt.%) and almost carbon element free (<0.05 wt.%) within the CX stainless steel, the SLM CX steel as-built sample exhibits a good corrosion resistance with the Ecorr of -0.57 V and Jcorr of 4.41 μA/cm 2 . After heat treatment, the corrosion resistance of the SLM CX steel samples was improved, and the Ecorr was increased to -0.41 V ~ -0.46 V accordingly. Amongst them, the SLM CX steel solution-aged sample presents the lowest Jcorr and the best corrosion resistance.

Residual stress, phase composition and grain boundaries are important factors determining the corrosion resistance of the metal materials [45]. Based on the EBSD results, it can be seen that the finest grains, the most grain boundaries, and great residual tensile stress existed in the SLM CX steel as-built sample among the different types of the CX steel samples. Therefore, the SLM CX steel as-built sample has the worst corrosion resistance. Despite the tensile residual stress was reduced after heat treatment, however, a large number of nano-NiAl precipitates and reverted austenite (γ-Fe phase) were generated within the SLM CX steel aged samples. Note that the low-potential martensite matrix (α'-Fe phase) can be regarded as the anode, while the high-potential nanoprecipitates can be considered as the cathode, thereby forming a galvanic corrosion phenomenon. The corrosion caused by these tiny galvanic cells would dramatically increase the dissolution rate of the SLM CX steel aged sample in alkaline solution. As such, the SLM CX steel aged sample has the worst corrosion resistance. On the contrary, the residual tensile stress on the surface of the SLM CX steel solution-aged sample was basically eliminated after multiple heat treatment cycles. Meanwhile, the heat treatment induced grains growth phenomenon also reduced the possibility of grain boundary corrosion. Moreover, according to the TEM results, large quantities of amorphous structures existed within the SLM CX steel solution-aged sample inhibiting the grain boundary corrosion and the corrosion rate. Therefore, the corrosion resistance of the SLM CX steel solution-aged sample is best with the Ecorr of -0.41 V and Jcorr of 3.69 μA/cm 2 among these CX steel samples. 

Conclusions

SLM technology displays a great potential for the net-shape production of complex structural parts with high-performance materials in a wide range of industrial applications. Owing to its superb processability and material properties, a novel type of martensitic precipitation hardening stainless steel, CX PHSS, was developed and announced by EOS GmbH. Though this powder has been suggested in various applications such as medical equipment, chemical products and high-performance molds, however, the material properties of the SLM CX steel and its heat treatments have not been studied in detail. Thus, a thorough investigation was made in the present study to evaluate the effects of processing parameters and post heat treatments on the microstructural, phase composition and material properties of SLM CX steel.

For this purpose, the principle conclusions drawn from the Chapter III can be summarized as follows: 1) A simple theoretical calculation model applied in this study was used to estimate the minimal linear laser energy density required to completely melt CX steel powders. The value was calculated to be 141 J/m in this work. Parameter optimization explorations determined that the optimal linear energy density for this work was 245 J/m, which can attain the best surface roughness (Ra=4.05±1.8 μm) and relative density (Rd=99.72±0.22 %). 2) SLM CX steel as-built sample was primarily constituted by a large number of fine martensite (α'-Fe phase) structures (i.e., cell structures, cellular dendrites and blocky grains) and a small quantity of austenite (γ-Fe phase) structures. The average grain diameter of the different cross-sections is 1.15±0.21 µm (XY plane) and 0.84±0.21 µm (XZ plane), respectively. The preferred crystallographic orientation (i.e., <111> direction) can be detected in the cross sections (XZ plane) of SLM CX steel sample. 3) Rod-like nano-NiAl precipitates with a size range of 3-25 nm and amorphous phases were found in the as-built SLM CX steel sample. A similar phenomenon was also found in the aged sample, but the size of the NiAl intermetallic compounds (7-30 nm) was larger. Solution-aging heat treatment increased the hardness and strength of the SLM CX steel samples from 343 HV0.2 and 1043 MPa to 510 HV0.2 and 1601 MPa, respectively. 4) The post heat treatments also reduce the impact toughness of the CX steel. The impact energy value of the as-built specimen is reduced from 83.8 J to 5.3 J owing to the integrated heat treatment. 5) The average coefficient of friction and wear rate of the SLM CX steel samples decreased from 0.58 and 16.1±3.1×10 -5 mm 3 /(N•m) in the as-built state to 0.49 and 8.1±3.3×10 -5 mm 3 /(N•m) in the solutionaged state, respectively. Besides, the corrosion resistance of the SLM CX steel sample in the solutionaged state is best with the Ecorr of -0.41 V±0.03 and Jcorr of 3.69 μA/cm 2 among these CX steel samples.

Chapter IV principally researched the effect of titanium carbide (TiC) contents on the microstructural evolution, phase composition and material properties of SLM CX steels. After a detailed exploration with a series of material characterization and property evaluation methods, high-performance SLM TiC/CX steel can be successfully fabricated. On the basis of the systematic study, SLM TiC/CX steel samples with TiC content ranging from 5wt.% to 15wt.% were successfully manufactured with excellent macro morphology. Nearly full dense SLM 10wt.% TiC/CX steel (porosity=0.97 vol.%) with excellent surface roughness (Ra=8.05 μm) can be attained. The XRD profiles reveal that main phases within the SLM TiC/CX steel samples are composed of α'-Fe phase, TiC phase, γ-Fe phase and Cr7C3 phase. Furthermore, microstructure of the SLM TiC/CX steel sample is dominated by the extremely fine equiaxed grains and a large quantity of fine TiC particles. In terms of crystallographic orientation, SLM TiC/CX steel sample exhibits a type of fiber texture tendency i.e., <111> || building direction and a sheet texture tendency, i.e., {100}<101>. Besides, not only ex-situ nano TiC particles (100-500 nm in size), but also a large quantity of in-situ nanoprecipitates and amorphous phases can be detected within the SLM TiC/CX steel sample. The average microhardness, yield strength (YS) and ultimate tensile strength (UTS) of the SLM 10wt.% TiC/CX steel sample (i.e., microhardness=503±32 HV0.2, YS=1030±7.8 MPa, UTS=1214±6.9 MPa) are 40.9 %, 48.4 % and 16.4 % higher than those of the SLM CX steel as-built specimen (i.e., microhardness=357±9.0 HV0.2, YS=694±6.5 MPa, UTS=1043±7.0 MPa), respectively. Moreover, the average coefficient of friction (COF) and wear rate of the SLM TiC/CX steel samples decreased from 0.58 and 161±31×10 -6 mm 3 /(N•m) in the as-built sample to 0.56 and 6.56±2.4×10 -6 mm 3 /(N•m) in the 10wt.% TiC/CX sample, respectively. Besides, the corrosion resistance of the SLM 10wt.% TiC/CX steel sample is best with the Ecorr of -0.36±0.04 V and Jcorr of 2.31 μA/cm 2 among these SLM TiC/CX steel samples.

Introduction

The systematic research in Chapter III exhibits that the extremely ultra-fine grains and quite high toughness can be detected within the SLM CX steel parts in the as-built state. However, owing to the low strength and poor wear resistance, the post heat treatments were recommended to enhance the material performance to meet the severe conditions of use. Numerous advantages of the titanium carbide (TiC) can be found such as high hardness, good tensile strength and high elastic modulus. Especially, its density (ρTiC=4.93 g/cm 3 [1]) is much lower than that of the CX steel (ρCX steel=7.7 g/cm 3 [2]). Hence, TiC is an ideal reinforcement particle for iron-based composite materials, and has displayed excellent potential in the SLM fabrication of TiC particle reinforced CX steel. The production of TiC particle reinforced CX steel is expected to combine the distinguished properties of the two to ameliorate the strength, hardness and wear resistance of SLM CX steel in the as-built state, and reduces the need of subsequent heat treatment.

Though various advantages of the TiC particles reinforced SLM CX steel has attracted extensive attentions, effect of TiC content on the microstructure and properties of the SLM CX steel has not been studied and reported. As such, this part chiefly explores the influence of different TiC contents on the microstructural evolution, phase composition, mechanical properties and corrosion resistance of the SLM CX steel.

Experimental details

Material and SLM manufacturing procedure

The raw material, manufacturing equipment and the SLM optimal parameters have been introduced in Chapter II. Three different proportions of TiC particles (i.e., 5 wt.%, 10 wt.% and 15 wt.%) were mixed with the CX steel powder for the subsequent research. After SLM fabrication of the TiC/CX steel, these SLM samples were named as SLM 5 wt.% TiC/CX samples, 10 wt.% TiC/CX samples, 15 wt.% TiC/CX samples, respectively.

Material characterization and properties tests

As presented in Chapter II, the OM device was applied to observe the TiC distribution, defects and microstructure of the different types of the SLM TiC/CX steels before and after etching. Manufacturing defects and the unmelted TiC particles distribution within the SLM TiC/CX steel sample were accurately detected via micro-CT equipment. The SEM equipped with the EDS and EBSD detectors was applied to observe the microstructure characteristics and crystallographic orientation. Nanoprecipitates features and evolution were detected using the TEM device. XRD was used to identify the phase composition of the different types of the SLM TiC/CX steel samples. A series of evaluation work of the mechanical properties and corrosion resistance of the SLM TiC/CX steel samples including microhardness, tensile, tribological and electrochemical corrosion properties was tested based on the description in Chapter II.

Macro morphology and defects

Macro morphology

Figure 4.1 exhibits the macroscopic morphology of the SLM CX steel composites reinforced with different TiC particle contents. As revealed in Figure 4.1a and c, good macro morphology of the SLM TiC/CX steel samples can be observed when the TiC content was relatively low. However, when the content of TiC additions was quite high, as shown in Figure 4.1e, a large amount of black residue (marked with black arrows) on the surface of the SLM TiC/CX steel samples can be witnessed. The aforementioned phenomenon can be attributed to the excessive TiC particles resulting in a great number of unmelted TiC particles or high melting point products generated during the SLM process to adhere to the surface of the SLM TiC/CX steel samples.

Besides, the laser energy density for manufacturing SLM TiC/CX steel samples is higher than that of the counterparts without TiC reinforcements. However, only a small quantities of TiC particles were mixed into the 5wt.% TiC/CX steel powder bed, thereby leading to a large amount of laser energy to be absorbed by the CX steel powder. As such, as displayed in Figure 4.1b, deep overlap areas of the SLM tracks and obvious "balling phenomenon [3]" can be observed, which leads to a poor surface quality (i.e., Ra=10.141 µm). When the added TiC content is moderate, as exhibited in Figure 4.1d, the input energy can better melt the TiC/CX steel composite powders. The SLM 10wt.% TiC/CX steel samples with good macroscopic morphology and relatively low roughness value, i.e., Ra=8.05 µm. As the TiC content is further increased, as observed in Figure 4.1f, the unmelted TiC particles and the formed high melting point substances adhered to the surface of the SLM TiC/CX steel samples, resulting in a sharp deterioration of the surface morphology. Therefore, the macroscopic surface of the SLM 15wt.% TiC/CX steel sample demonstrates a very high roughness value, i.e., Ra=14.569 µm. 

Defects distribution

Figure 4.2 reveals the distribution of different TiC particles and manufacturing defects in the SLM TiC/CX steel composites under different TiC particle contents. When the added TiC content is low (i.e., SLM 5wt.% TiC/CX sample), as shown in Figure 4.2a, many small TiC particles can be partially melted caused by the high energy input. Therefore, the quantity of the incompletely melted TiC particles (blue arrows) was relatively low and the manufacturing defects such as pores nearly undetected via optical microscope (OM). As presented in Figure 4.2b, as the content of the TiC particles further increased (i.e., SLM 10wt.% TiC/CX sample),the laser energy was insufficient to completely melt the large TiC particles, resulting in numerous partially melted large TiC particles uniformly distributed within the sample. The unmelted micro-TiC particles within the sample would play a crucial role in the SLM TiC/CX steel owing to the dispersion strengthening [4,5]. However, when the content of the TiC additions was further increased (i.e., SLM 15wt.% TiC/CX sample), as exhibited in Figure 4.2c, large unmelted TiC (blue arrows) and manufacturing defects such as pores (red arrows) would be obviously observed. The laser energy in the SLM fabrication process cannot fully melt the large TiC particles; meanwhile, the unmelted large TiC particles will play a shielding effect on the laser beam, thereby leading to a poor fusion phenomenon of the CX steel powder. Accordingly, defects such as irregular pores (red arrows) would be generated and dispersed within the SLM 15.wt% TiC/CX sample, as demonstrated in Figure 4.2c.

As shown in Figure 4.2d, micro-CT characterization method was utilized to further evaluate the manufacturing quality of the SLM TiC/CX composites. Many irregular pores marked with red arrows can be found in the SLM 10wt.% TiC/CX cubic sample with the dimension of the 1100 µm × 1100 µm × 1100 µm and the porosity can be determined as 0.97 vol.%. The density of the SLM 10wt.% TiC/CX steel sample fabricated with the optimal SLM parameters can reach to 99.03 vol.% (>99 vol.%). As such, it can be considered that the fully dense SLM 10wt.% TiC/CX steel composite was successfully prepared. phase (JCPDS # 36-1482). Notably, different from TiC/CX steel powder, with the increase of TiC content in the SLM TiC/CX steel samples, the intensity of γ-Fe phase increased significantly. The phenomenon can be attributed to the good thermal stability of TiC particles and the quite lower thermal conductivity (approx. 5.64 W/(m•K) [6]) at high-temperature environments than that of the CX steel (approx. 14-22.5 W/(m•K) [7]).Therefore, the solidification rate near the TiC particles was much low, resulting in a large amount of retained austenite, i.e., γ-Fe phase, generated during the rapid cooling process of the molten pool. Moreover, due to the partial melting of the TiC particles during the SLM manufacturing process, new metallurgical reactions would be occurred and new intermetallic compounds would be produced accordingly, such as Cr7C3 phase. Consequently, the phase types of SLM TiC/CX steel composites exist distinctively different from that of the pre-mixed TiC/CX powder. Different with the SLM CX steel as-built sample, laser tracks (blue dashed lines) can be clearly detected in all SLM TiC/CX samples. Moreover, with the TiC content increasing, the laser tracks become easier to be observed. After measurement, the width of the laser track is about 80 µm, which is the same as the hatch space. As displayed in Figure 4.4c, the angle of the laser tracks between two adjacent layers is approximately 67° (marked with black and blue arrows). The aforementioned phenomenon can be attributed to the effect of the TiC additions on the phase solidification process and microstructure formation mechanism of the SLM TiC/CX steel samples. As exhibited in Figure 4.4a-c, under the influence of the laser spot movement, TiC particles (orange arrows) were mainly distributed at the boundaries of the solidified laser tracks. Moreover, TiC particles may be melted and produce metallurgical reactions during the solidification process of the molten pool, thereby leading to the changes in the density of the melt. Consequently, during the solidification of the molten pool, the partially melted TiC particles would be solidified at the front of the melt under the synergic effects of Marangoni force [8,9] and gravity-driven Stokes motion [10,11]. Notably, due to the extremely high corrosion resistance of the TiC particles, a large quantity of corrosion-resistant regions around the TiC-enriched areas and partially melted TiC particles (green arrows) can be detected in Figure 4.4b and c. This feature would be of great help in improving the corrosion resistance of the SLM TiC/CX steel. However, it would also cause an uneven corrosion phenomenon of the SLM TiC/CX steel in a corrosive media.

Phase composition

Microstructural evolution

To further explore the effect of TiC particles on the microstructural evolution of the SLM TiC/CX steel, as detected in Figure 4.4d-f, the microstructural features and main element distribution of the SLM 10wt.% TiC/CX steel sample were characterized by means of SEM and EDS. As displayed in Figure 4.4d, the microstructure of the SLM 10 wt.% TiC/CX steel sample is mainly composed of a large number of extremely fine equiaxed grains (purple arrows), large unmelted TiC particles (orange arrows) and partially melted TiC particles (pink arrows). Furthermore, as shown in Figure 4.4e, owing to the partial melting of the TiC particles, the concentration of Cr element is relatively abundant in areas with high C element content. Combined with the XRD spectra analysis (Figure 4.3), it can be deducted that the C element and the Cr element may form a type of carbide (i.e., Cr7C3), which is distributed among the equiaxed grains in a net-like structure. Moreover, as presented in Figure 4.4f, there are some areas where the Ti element content and Ni element content increased at the same time (i.e., 12-16 µm), indicating that some new intermetallic compounds might be generated within these micro-regions. In order to further research the effect of TiC particles on the microstructure of the SLM TiC/CX steel samples, Figure 4.5 presents the EBSD test results of the SLM 10 wt.% TiC/CX sample. As exhibited in Figure 4.5a, the microstructure of the SLM 10 wt.% TiC/CX sample is dominated by extremely fine equiaxed grains. A large quantity of fine TiC particles (gray arrows) is dispersed at the grain boundaries, thereby playing a favorable dispersion strengthening effect on the material properties [12,13]. As presented in Figure 4.5b, phase characterization results illustrated that the matrix of the SLM TiC/CX steel is still dominated by martensite (α'-Fe phase), accounting for about 89.66 %. Unlike the SLM CX steel as-built sample, approximately 4.11 % of retained austenite (γ-Fe phase) can be detected at the grain boundaries. Notably, a large amount of retained austenite can be observed around the fine TiC particles (gray arrows). This phenomenon can be attributed to the relatively low thermal conductivity of the TiC particles (i.e., 5.64 W/(m•K) at 1000 ºC [6]). Due to the quite low thermal conductivity of the TiC particles, the TiC or partially melted TiC particles would be existed in the form of the constant temperature particles within the molten pool. During the solidification process of the molten pool, a relatively low solidification rate occurred around these TiC particles, thereby resulting in the formation of a large amount of residual austenite phase (approx. 4.11 %) around them. Moreover, the detection result of the TiC content in the phase distribution diagram is about 6.23 %, less than the pre-mixed TiC particle content. On the one hand, in the rapid solidification process, the pre-mixed TiC particles may generate high melting point refractory products attached to the surface of the SLM TiC/CX steel samples (Figure 4.1). On the other hand, the partially melted TiC particles would produce new carbides, such as Cr7C3 (Figure 4.3), during the solidification process of the molten pool. Moreover, the introduced TiC particles are extremely small, and thus some partially melted TiC particles may exist in the form of nano-scale particles, which cannot be accurately identified by EBSD detector. Therefore, the result of EBSD phase analysis (i.e., 6.23 %) is less than the content of the pre-mixed TiC particles. Figure 4.5c reveals the grain size statistics of Figure 4.5a. The average grain diameter [D(ave), µm] in the SLM 10 wt.% TiC/CX steel sample is 0.51 µm, which is about 40.16 % of the average grain diameter of the SLM CX steel as-built sample (i.e., D(ave)=1.27 µm). It can be found that the SLM 10 wt.% TiC/CX sample is mainly composed of submicron grains (<1 µm: 8.99 %) and ultrafine grains (1-2 µm: 90.70 %). As such, large quantities of ultra-fine grains may exhibit the grain boundary strengthening effects [14,15], leading to a distinguished improvement for the strength and toughness of the SLM TiC/CX steel.

In order to analyze the influence of the TiC particles on the texture of the TiC/CX steel, the image quality (IQ) and inverse pole figure (IPF) and pole figure (PF) of the SLM 10 wt.% TiC/CX steel sample are presented in Figure 4.5d. The confidence index of the IQ is 88.36 %, indicating the high accuracy of the EBSD test results. According to the IPF, it can be deducted that the SLM 10 wt.% TiC/CX steel sample exhibits a type of fiber texture tendency i.e., <111> || building direction (Z0). In the PF, only the <101> crystal orientation of the {100} projection image has a higher density value (i.e., multiples of uniform density (MUD)=3.33), exhibiting a sheet texture tendency of {100}<101>. However, whether in the IPF or the PF, the highest density values are only 1.87 and 3.33 (i.e., MUD << 10), respectively, only indicating that the TiC additions make the SLM TiC/CX steel sample exhibit a tendency to form texture. But the microstructure is still consisted of plentiful fine anisotropic grains. In body-centered cubic (BCC) structural metals, the close-packing direction <111> is the crystallographic direction of the highest thermal conductivity among <100>, <110> and <111> [16]. Therefore, the heat dissipation and the cooling rate are the highest along the <111> direction, easily leading to the temperature of the liquid metal (Tl) in the molten pool lower than its melting point (Tm), and thus increasing the degree of subcooling (△T=Tm-Tl [17]). The increase of △T and the ultrafine TiC particles greatly facilitated the distribution of nucleation sites. Therefore, the equiaxed grains would preferentially nucleate along the <111> direction and form a preferential growth trend. Consequently, different from the SLM CX steel as-built sample, the SLM 10 wt.% TiC/CX steel sample presented a fiber texture tendency of <111> || Z0. 

TEM observations

To further investigate the melted nano TiC particles and nanoprecipitates distribution within the martensitic matrix after SLM manufacturing, the TEM observation of the as-built specimen was applied and the results were depicted in Figure 4.6. As observed in Figure 4.6a, a large quantity of nano TiC particles (yellow arrows) can be detected in the bright-field image (BFI), which is also confirmed by the selected area electron diffraction (SEAD) inset. High-density dislocations marked by blue arrows were witnessed at the grain boundaries. Furthermore, randomly distributed nano TiC precipitates (100-500 nm in size) can be detected within the entire martensitic matrix. To better understand the interface between the nano TiC particle and α'-Fe phase, Figure 4.6b reveals the high resolution TEM (HRTEM) image between the martensite matrix and the nano TiC particles. Notably, an obvious amorphous structure (blue dash lines) can be clearly witnessed at the martensite matrix near the TiC particles. It can be attributed to the "lattice collapse [18,19]" generated by the diffusion of Ti atoms produced by melted TiC particles into the BCC α'-Fe lattice. Since the radius of Ti atoms (i.e., 2.4861 Å [20]) is much larger than the radii of C atoms (i.e., 0.6531 Å [20]) and Fe atoms (i.e., 2.0885 Å [20]), α'-Fe lattice has extremely large lattice distortion. After solidifying at an ultra-high cooling rate, certain micro regions of α'-Fe lattice would be collapsed, thereby forming the amorphous structures.

Moreover, as exhibited in Figure 4.6c, the HRTEM image presents that the amorphous-nanocrystalline composites (white dashed lines) nucleate at the surface of the nanoprecipitate (yellow dashed lines), which is also confirmed by the fast Fourier transform (FFT) pattern. In accordance to the heterogeneous nucleation theory [21], the non-steady amorphous-nanocrystalline composites could easily nucleate on the surfaces of the nanoprecipitates. Hence, the fine nanoprecipitates would be regarded as the heterogeneous nuclei, which were beneficial for providing a favourable crystalline surface and would further reduce the surface energy and nucleation energy. The forming process of the amorphous-nanocrystalline composites can be plotted in Figure 4.6d. Initially, part of nanoprecipitates was formed within the martensitic matrix during the SLM process, i.e., State 1. Then, non-steady amorphous structures would firstly nucleate at the surface of the nanoprecipitate, i.e., State 2. Subsequently, as the nanoprecipitates grew up, a small number of nanocrystalline structures would also nucleate on the surface of the nanoprecipitate or the amorphous phase during the heating process. After an exceedingly rapid cooling rate from the elevated temperature in the molten pool, the amorphousnanocrystalline composites cannot grow up and hence exist within the TiC/CX steel sample, just like State 3.

In conclusion, though TEM observations and analysis, not only ex-situ nano TiC particles (Figure 4.6a), but also a large quantity of in-situ nanoprecipitates and amorphous phases (Figure 4.6b and c) can be detected within the TiC/CX steel sample due to the unique "self-tempering effect [22]" of the SLM process. Accordingly, these formed phases in the SLM TiC/CX steel specimen are beneficial to pin the dislocation lines and hence improve the strength of the SLM TiC/CX steel parts. 

Tensile fractography

Figure 4.9 reveals the fracture microstructure of the SLM TiC/CX steel under different TiC content. When the content of the TiC particles is relatively low, as displayed in Figure 4.9a and c, only slightly "necking phenomenon" (red arrows) can be found in the fracture surface. When the TiC content is relatively high, as exhibited in Figure 4.9e, the "necking phenomenon" can hardly be observed. Furthermore, as revealed in Figure 4.9a, c and e, the crack initiation and crack propagation directions (purple arrows) can be detected on the fracture surface. Therefore, brittle fracture can be determined as the dominant fracture mechanism of the SLM TiC/CX steel tensile samples from the above phenomenon. In the corresponding enlarged images (Figure 4.9b, d and f), not only a large number of fractured TiC particles (blue arrows), but also numerous small dimples (yellow arrows) can be witnessed. Moreover, noticeable "step" features (orange arrows) can be observed around the fractured TiC particles. Owing to the much lower elastic modulus of the SLM CX steel as-built sample (around 118 GPa calculated in Chapter III) than the TiC particles (about 439.43 GPa [6]), the TiC particles cannot be fractured together with the high ductile CX steel matrix. The cracks will bypass the TiC particles and preferentially generate within the CX steel matrix, thereby leading to the "step" features containing great number of dimples.

The fracture of TiC reinforced particles depends on the local stresses occurring on the particles [23]. The constrained deformation between the TiC particles and the CX steel matrix will be formed due to the large misfit in the elastic modulus of them, and the large stress concentration effects near the TiC particles will be generated consequently. As shown in Figure 4.9b, d and f, the continuous accumulation of the stresses eventually leads to the cleavage fracture of the TiC particles (blue arrows). As such, the mechanical properties of the SLM TiC/CX steel samples can be significantly improved. Notably, TiC particles are uniformly dispersed within the CX steel matrix. Though the ductile CX steel matrix would produce a large number of small dimples during the fracture process, these small dimples cannot grow up and absorb more stress due to the blocking of TiC particles. Accordingly, despite numerous small dimples were distributed on the fracture surface of the TiC/CX steel, extremely poor ductility would be detected within the SLM TiC/CX steel tensile samples. 4.2. As presented in Figure 4.10a, due to the running-in phase between the counter body (i.e., Si3N4 ball) and the TiC/CX steel, the violent fluctuation phenomenon can be observed from the COF-distance curves at the initial wear process (i.e., 0-100 m). Within the sliding distance range of 100-754 m, all SLM TiC/CX steel wear samples entered into a steady wear process. As listed in Table 4.2, the average COF of the SLM 5 wt.% TiC/CX sample in the steady wear process, SLM 10 wt.% TiC/CX sample and SLM CX 15 wt.% TiC/CX sample are 0.58, 0.56 and 0.53, respectively. Amongst them, the average COF of the SLM 15 wt.% TiC/CX sample is the lowest. Compared with the SLM 5wt.% TiC/CX sample, the average COF of the SLM 15wt.%TiC/CX sample is about 9.43% lower. Hence, massive TiC additions could cause a significant increase in the overall microhardness of the CX steel samples, thereby leading to a positive effect on reducing the COF values of the SLM TiC/CX steel wear samples.

Figure 4.10b exhibits the typical cross-sectional wear track profiles of the SLM TiC/CX steel wear samples under different TiC contents. The maximum wear track depth of the SLM 5 wt.% TiC/CX sample, SLM 10 wt.% TiC/CX sample and SLM 15 wt.% TiC/CX sample are 16.68 μm, 10.97 μm and 8.76 μm, respectively. Notably, the maximum wear track depth of the SLM 15 wt.% TiC/CX specimen is about 90.41 % lower than that of the SLM 5 wt.% TiC/CX specimen. As displayed in Table 4.2, the average wear rate of the SLM 15 wt.% TiC/CX sample is about 76.57 % lower than that of the SLM 5 wt.% TiC/CX sample. Though increasing the content of TiC reinforcements can boost the microhardness of the SLM TiC/CX steel samples, however, its effect on reducing COF is very limited. In terms of wear rate, adding appropriate TiC particles will play a crucial role in reducing the wear rate of the SLM TiC/CX steel samples. Moreover, compared with the wear rate of the SLM CX steel as-built sample (i.e., 161±31×10 -6 mm 3 /(N•m)), the wear rate of the SLM TiC/CX steel is reduced by an order of magnitude. It indicates that TiC additions have a remarkably favorable effect on the improvement of its wear performance. 

Worn surface analysis

.11 presents the worn surface morphology of the SLM TiC/CX steel wear samples under different TiC contents. As observed in Figure 4.11a, d and g, the average wear track width of the SLM 5 wt.% TiC/CX sample, SLM 10 wt.% TiC/CX sample and SLM SLM 15 wt.% TiC/CX sample sample is about 707.8 µm, 592.5 µm and 509.3 µm, respectively. With the help of the enhancement effect of TiC particles, as revealed in Figure 4.4 and Figure 4.5, not only great number of ultrafine grains and submicron grains, but also ultra-high hardness Cr7C3 phase and other carbides can be detected within the SLM TiC/CX steel samples. Furthermore, since the SLM TiC/CX steel has not undergone an aging treatment, massive nano-NiAl precipitates were dissolved in the low-hardness martensite matrix (α'-Fe phase). Consequently, under the synergistic effect of grain refinement strengthening [24,25] and second phase strengthening [26,27], the overall hardness of the SLM TiC/CX steel was dramatically enhanced. However, as for the SLM 5wt.% TiC/CX steel wear sample, the concentration of TiC particles within the sample was relatively low, thereby resulting a lower overall microhardness (i.e., 416±27 HV0.2) compared with other TiC/CX steel samples. Therefore, as exhibited in Figure 4.11a, a large quantity of pits can be observed (red arrows) on the worn surface. In the wear process, soft metal phase attached to the high hardness Si3N4 ball would be continuously pulled out. Hence, as displayed in Figure 4.11b, severe delamination (green arrows) can be detected. Furthermore, as shown in Figure 4.11c, under the huge compressive stress and repeated friction generated by the Si3N4 ball, many wear debris (blue arrows) will be found on the worn surface. The generated wear debris not only existed in the center area of the worn surface, but also can be detected near the wear track. Despite the average microhardness of the SLM 5wt.% TiC/CX sample (i.e., 416 HV0.2) quite higher than that of the SLM CX steel sample (i.e., 350 HV0.2), only a few TiC particles were dispersed within the SLM 5wt%TiC/CX sample. As such, adhesive wear and oxidative wear can be determined as the primary wear mechanisms of the SLM 5wt%TiC/CX steel wear samples.

However, in terms of the SLM 10 wt.% TiC/CX sample and the SLM 15 wt.% TiC/CX sample, as exhibited in Figure 4.11d and g, with the content of the TiC reinforcement increasing, the average microhardness of the SLM TiC/CX steel samples increased. Therefore, a decreasing trend occurred in the average wear track width accordingly among these samples. Compared with the SLM 5 wt.% TiC/CX steel wear specimen, the average wear track width of the SLM 10 wt.% TiC/CX specimen and SLM 15 wt.% TiC/CX specimen was reduced by about 19.46 % and 38.98 %, respectively. Besides, as shown in Figure 4.5b, a large amount of γ-Fe phase was formed around the TiC particles. Therefore, a type of composite structure, the soft retained austenite (i.e., γ-Fe phase) wrapped with the hard phases (such as TiC and Cr7C3 carbides) at the grain boundaries within the martensite (i.e., α'-Fe phase) matrix, was formed in the SLM TiC/CX steel samples. Thanks to the composite structure, the wear resistance of the SLM TiC/CX steel was greatly improved. As revealed in Figure 4.11d and e, only a small amount of oxide wear debris (blue arrows) and slightly delamination phenomenon (green arrows) can be observed. Besides, as detected in Figure 4.11f, the oxide wear debris accumulated around the wear track was also reduced accordingly. Similarly, for the SLM 15wt.% TiC/CX wear sample, as shown in Figure 4.11h, thanks to the favorable wear resistance, inconspicuous delamination phenomenon (green arrows) and numerous fine furrows (purple arrows) can be observed. Hence, as shown in Figure 4.11i, the wear track depth is the lowest and the wear debris near the wear track is the least compared with other TiC/CX wear samples. In general, for SLM 10 wt.% TiC/CX wear specimen and SLM 15 wt.% TiC/CX wear specimen, oxidative wear and abrasive wear are the dominant wear mechanisms. In short, TiC reinforcements played an essential role in ameliorating the overall microhardness and wear resistance of the SLM CX steel samples. 

Electrochemical corrosion properties

Figure 4.12 exhibits the potential polarization (PDP) curves of the SLM TiC/CX steel under different TiC content. The results of self-corrosion potential (Ecorr, V)) and self-corrosion current density (Jcorr, μA/cm 2 ) obtained using Tafel fitting method are listed in Table 4.3. Generally, corrosion resistance of the SLM TiC/CX steel in alkaline solution (KOH solution, PH=14) is extremely improved than that of the SLM CX steel. Taking SLM 10wt% TiC/CX as an example, Ecorr is increased from -0.57±0.03 V to -0.36±0.04 V, around 36.8 % lower than that of the SLM CX steel as-built sample. Meanwhile, Jcorr is decreased from 4.41 μA/cm 2 to 2.31 μA/cm 2 , about 47.6 % lower than that of the SLM CX steel as-built sample. TiC ceramics have extremely high chemical stability and outstanding corrosion resistance [28,29]. The introduction of TiC particles broke the continuous distribution of the martenite (i.e., α'-Fe phase) matrix, leading to an increase of the overall corrosion potential in the SLM TiC/CX steel. Therefore, in comparison with SLM CX steel as-built sample, markedly enhanced corrosion resistance can be detected within the SLM TiC/CX steel samples. However, as for the SLM TiC/CX steel samples, with the increase of the TiC content, though no significant changes in Ecorr can be detected, Jcorr has increased from 1.88 μA/cm 2 (SLM 5 wt.% TiC/CX steel sample) to 2.34 μA/cm 2 (SLM 15wt.% TiC/CX steel sample). Residual stress, phase composition and grain boundaries are essential factors in determining the corrosion resistance of the materials [29][30][31]. Owing to the great different within the elastic modulus of the TiC particles and CX steel matrix, with the increase of the TiC reinforcements content, the tensile residual stress in SLM TiC/CX steel would also raise correspondingly. Furthermore, according to the EBSD results (Figure 4.5), as the TiC content increases, the quantity of the grains and the grain boundaries in the SLM TiC/CX sample would be greatly boosted. Meanwhile, due to the increasing content of the added TiC reinforcements, a variety of phases (such as γ-Fe phase, TiC, Cr7C3 and etc.) would be generated and distributed within the SLM TiC/CX steel samples. The low-potential martensite matrix (α'-Fe phase) can be regarded as the anode, and the high-potential carbides can be considered as the cathode, thereby forming a large number of local "galvanic cells [32,33]" at the grain boundaries within the TiC/CX steel samples. The corrosion phenomenon caused by these micro-galvanic cells would extremely increase the dissolution rate of the SLM TiC/CX steel samples in alkaline solutions. Therefore, with the TiC content increasing, Jcorr of the SLM TiC/CX steel sample would gradually increase, and the corrosion resistance would present a deteriorated trend. In short, increasing the TiC content can improve the overall corrosion resistance of SLM TiC/CX steel. However, the pitting corrosion resistance might be decreased as the TiC content increased. 

Conclusions

SLM is one of the most promising processing methods for composite materials with high melting point, poor weldability and difficult-to-process characteristics. Thanks to the extinguished mechanical properties of CX steel and the reinforcement of TiC ceramic particles, SLM TiC/CX alloy has exhibited an excellent application potential in the mold industry and chemical products. As such, in the present study, different types of TiC/CX steel were successfully manufactured and systematically studied to evaluate the effect of TiC content on the microstructure, phase distribution and material properties of the SLM TiC/CX steel.

For this purpose, primary conclusions drawn from the Chapter IV can be summarized as follows:

1) SLM TiC/CX steel samples with TiC content ranging from 5wt.% to 15wt.% were successfully manufactured with superb macroscopic morphology. Amongst them, full dense SLM 10wt.% TiC/CX steel (porosity=0.97 vol.%) with favorable surface roughness (Ra=8.05 μm) can be attained.

2) The principal phases within the SLM TiC/CX steel samples are consisted of α'-Fe phase (JCPDS # 06-0696), TiC phase (JCPDS # 31-1400), γ-Fe phase (JCPDS # 23-0298), and Cr7C3 phase (JCPDS # 36-1482). The microstructure of the SLM TiC/CX steel sample is dominated by extremely fine equiaxed grains and a large quantity of TiC particles. 3) SLM TiC/CX steel sample exhibits a type of fiber texture tendency i.e., <111> || building direction (Z0) and a sheet texture tendency of {100}<101>. Not only ex-situ nano TiC particles (100-500 nm in size), but also a large quantity of in-situ nanoprecipitates and amorphous phases can be detected within the TiC/CX steel sample. 4) Average microhardness of the SLM 5wt.% TiC/CX steel sample, SLM 10wt.% TiC/CX steel sample and SLM 15wt.% TiC/CX steel sample is 416±27 HV0.2, 503±32 HV0.2, and 510±34 HV0.2, respectively. Particularly, the YS and UTS of the SLM 10wt.% TiC/CX steel specimen (i.e., YS=1030±7.8 MPa, UTS=1214±6.9 MPa) are 48.4 % and 16.4 % higher than those of the SLM CX steel as-built specimen (i.e., YS=694±6.5 MPa, UTS=1043±7.0 MPa), respectively. 5) The average coefficient of friction and wear rate of the SLM TiC/CX steel samples decreased from 0.58 and 161±31×10 -6 mm 3 /(N•m) in the SLM CX steel as-built sample to 0.56 and 6.56±2.4×10 -6 mm 3 /(N•m) in the 10wt.% TiC/CX sample, respectively. Besides, the corrosion resistance of the SLM 10wt.% TiC/CX steel sample is best with the Ecorr of -0.36±0.04 V and Jcorr of 2.31 μA/cm 2 among these SLM TiC/CX steel samples.

The content of Chapter V is divided into two sections. The first section researches the improvement of laser cladded (LC) coatings on the surface hardness and tribological performance of the SLM CX steel. After a series of studies on the laser cladded coatings, high-performance LC 5wt.% WC/NiCrBSi-WC coatings were successfully manufactured on the SLM CX steel via LC technology. The principal phases within the LC 5wt.% WC/NiCrBSi-WC coatings are consisted of WC phase (JCPDS # 73-0471), W2C phase (JCPDS # 35-0776), W phase (JCPDS # 04-0806), γ-(Ni, Fe) (JCPDS # 12-0736), Ni3B (JCPDS # 82-1699) and M23C6 (JCPDS # 85-1281). After calculations, the cooling rate of the LC process in the current work can be calculated as 2.96×10 5 K/s. Fine γ-(Ni, Fe) columnar dendrites with a large number of secondary carbides [WC, W2C and M23C6 (with M: Ni, Cr and Fe)] and intermetallic compounds (Ni3B) can be observed within the LC 5wt.% WC/NiCrBSi-WC coatings. Furthermore, average microhardness of the LC 5wt.% WC/NiCrBSi-WC coatings, dilution area, and heat-affected zone is 913±42.9 HV0.2, 496±19.8 HV0.2 and 340±7.06 HV0.2, respectively. Accordingly, the excellent tribological properties of the LC 5wt.% WC/NiCrBSi-WC coatings with the favorable average coefficient of friction (COF=0.36) and the low wear rate (2.01±0.56×10 -6 mm 3 /(N•m)) can be obtained.

The second section investigates the effect of surface mechanical attrition treatment (SMAT) treatment on the surface hardness, phase composition and wear resistance of the SLM CX steel. A high-performance thin nanostructured layer in the top of the SLM CX steel samples can be successfully fabricated via SMAT process. The phases of SLM CX steel after different SMAT process still remains unchanged. Moreover, an appropriate high-intensity SMAT process greatly enhances the surface quality of the SLM CX steel solution-aged samples. After undergoing a SMAT process for 30 min, SLM CX steel solution-aged samples with the highest microhardness (619.0±21.2 HV0.2) and the best tribological properties (wear rate=1.61±0.35×10 -5 mm 3 /(N•m)) can be attained.

Preparation of functional coatings on SLM CX steel surface through laser cladding (LC) technology

Introduction

Various surface modification techniques have been employed to manufacture the surface coating with enhanced mechanical properties and favorable corrosion resistance for key components [1][2][3]. As an advanced surface modification process, laser cladding (LC) technology can utilize a high energy density laser beam to rapidly melt and solidify the aimed materials on the substrate to attain a coating with excellent properties by ultrafast heating/cooling rate (10 4 -10 6 K/s) [4,5]. Owing to the unique advantages including low dilution, controllable coating thickness and good metallurgical bonding, LC technology has attracted a large wide of attention [6]. Especially, it offers a feasible method to produce the carbides reinforced metal matrix composite (MMC) coatings on the surface of the heterogeneous substrate material [7]. The surface hardness and wear resistance of the material can be greatly improved due to the surface strengthening caused by the addition of the hard phases [8,9].

NiCrBSi material, a type of Nickel-based self-fluxing alloy, is famous by brilliant deoxidization, fluxing effect and mechanical properties [10][11][12]. The addition of the hard carbides like WC, TiC and SiC can further enhance the mechanical performance of the laser cladded NiCrBSi coatings. Note that the wetting capacity between WC particles and NiCrBSi material is stronger than other carbides [7]. Therefore, utilizing LC technology to fabricate NiCrBSi-WC coatings on the substrate material to obtain the ideal properties is a promising method. Deschuteneer et al. [13] reported that the influence of the WC particle size and morphology on the NiCrBSi coatings erosive and sliding wear resistance. The shadow effect is induced by the coarse WC particles (up to 1.2 mm), and hence the best wear resistance of the NiCrBSi coatings can be obtained. To develop crack-free Ni-based WC composite coatings, Zhou et al. [14] applied laser induction hybrid cladding (LIHC) process successfully fabricated the NiCrBSi/50 wt. % WC composite. The forming quality of the NiCrBSi/50 wt. % WC coatings produced by LIHC process is better than the counterpart manufactured by LC process. In summary, the NiCrBSi coatings with different WC contents have been successfully fabricated via LC technology and presented in many documents. Notably, the raw materials applied in many research works are the mixed powders of WC particles and NiCrBSi powders. The uneven distribution of WC particles will lead to inhomogeneous microstructure of the coatings, hence causing poor coating performance. Fabricating laser cladded NiCrBSi-WC coatings with evenly distributed WC particles is quite challenging.

Almost all key parts for mass production are manufactured through molds and dies, such as forging, stamping, casting and injection molding [15]. During the actual production process, molds and dies are often subjected to harsh working environments, including wear, impact, corrosion, thermal cycling, and cyclic stresses [16]. As such, the surface quality and properties of the dies and molds is vital importance, which are directly determined the quality of the end parts. In order to achieve high-quality molds and dies, applying LC technology to fabricate the surface coatings with remarkable strength, ultra-high hardness and extraordinary wear resistance has attracted widespread attention. Especially for stamping dies, the use of LC technology to strengthen and repair key wear parts of the die surface has been widely used [17].

In order to further enhance the surface hardness and wear resistance of key parts, only laser cladding NiCrBSi-WC coatings on the surface of the parts is not enough to satisfy the complex working environment of these parts. Therefore, in this study, NiCrBSi-WC powder and spherical WC particles were mixed, hoping to produce spherical WC particles reinforced NiCrBSi-WC coatings. In order to provide theoretical basis and experimental data for intended applications, this section conducted a detailed study on the microstructure, phase composition, hardness distribution and tribological behavior of the cladding coatings.

Experimental details

Raw material and manufacturing procedure

Raw materials, manufacturing equipment and the optimal parameters have been introduced in Chapter II. Pre-mixed 5 wt.% spherical tungsten carbide (WC) particles and 95 wt.% spherical NiCrBSi-WC powder were used as raw materials for laser cladding process. The SLM CX steel as-built samples were selected as the substrate.

Material characterization and properties tests

As illustrated in Chapter II, the OM device was applied to observe the WC particles distribution, defects and microstructure of the laser cladded 5 wt.% WC/NiCrBSi-WC coatings before and after etching. SEM equipment mounted with an EDS kit was used to inspect the elements distribution and microstructure characteristics. XRD was used to detect the phase composition of the laser cladded 5 wt.% WC/NiCrBSi-WC coatings.

Microhardness of the laser cladded 5 wt.% WC/NiCrBSi-WC coatings were tested according to the introduction in Chapter II. and wear resistance.

5.1.3

Results and discussion

Phase composition

Figure 5.1 presents the XRD patterns of the spherical WC particles and the 5 wt.% WC/NiCrBSi-WC coatings. The peak positions of WC phase (JCPDS # 73-0471), W2C phase (JCPDS # 35-0776) and W phase (JCPDS # 04-0806) can be detected within the spherical WC particles. It can be seen that a great number of WC particles were decomposed into the W2C phase and W phase during the gas atomization. Furthermore, spherical powder preparation process is relatively long, thereby leading to a sufficient decomposition of the WC particles. Accordingly, the peak intensity of the W2C phase is much higher than that of the WC phase. As for the XRD pattern of the 5 wt.% WC/NiCrBSi-WC coatings, except for the above-mentioned phases, a diversity of phases can be detected, such as γ-(Ni, Fe) (JCPDS # 12-0736), Ni3B (JCPDS # 82-1699) and M23C6 (JCPDS # . According to the fabrication of the gas-atomised NiCrBSi-WC powder and the solidification process of the coatings, the possible metallurgical reactions can be speculated as follows [18,19]:

2WC 1050-2100 ℃ → W 2 C + C (5-1) W 2 C → 2W + C
(5-2) 23M + 6C → M 23 C 6

(5-3) Similarly, due to the high temperature and long duration of the powder preparation and the subsequent laser cladding process, the WC phase has enough time to decompose into W2C phase and C phase i.e., the process of the equation (5-1). Moreover, based on the Gibbs free energy of the synthesis reactions versus temperature curves [18], though the Gibbs value of the WC synthesis reaction (i.e., W + C → WC), is negative, the Gibbs value of the equation (5-3) is much lower than that of the WC synthesis reaction. Therefore, the carbides (i.e., M23C6) would be firstly generated within the 5 wt.% WC/NiCrBSi-WC coatings during the LC process. On the one hand, it's difficult for the WC synthesis reaction to occur within the LC process. On the other hand, a variety of alloying elements was distributed in the 5 wt.% WC/NiCrBSi-WC coatings. Hence it's difficult to distinguish the types of carbides (i.e., M23C6) only from XRD patterns. In the current study, only the presence of the M23C6 carbides (with M: Ni, Cr and Fe) can be revealed. In conclusion, the main phases in the laser cladded 5 wt.% WC/NiCrBSi-WC coatings can be determined as a large amount of carbides (such as W2C, WC, M23C6) and intermetallic compounds (such as Ni3B) distributed in the γ-(Ni, Fe) solid-solution matrix phase. 5.2a, the area at the interface of the laser cladded (LC) coatings and the CX steel substrate can be divided into three sections from coatings to the substrate: LC 5 wt.% WC/NiCrBSi-WC coatings, interface (blue arrow) and the heat-affected zone. Owing to the quite higher density of the spherical WC particles (i.e., 15.8 g/cm 3 [20]) than that of the NiCrBSi-WC powders (i.e., 6.0-8.0 g/cm 3 [21]), spherical WC particles (yellow arrows) are basically distributed within the bottom area of the LC coatings. At the bottom region of the LC coatings, as presented in Figure 5.2b, due to the synergic effect of the exceptionally high cooling rate (R) and relatively low thermal gradient (G) of the molten pool [10], a layer of planar crystal with an average width of 7.65 µm (black arrow) was observed at the interface. Furthermore, as exhibited in Figure 5.2b, the microstructure at the bottom of the LC coating was principally composed of γ-(Ni, Fe) primary columnar dendrites (purple arrows) with secondary arms (green arrow). The averaged secondary dendrite arms spacing (SDAS, µm) was approximately 1.91 µm. Hence, according to the equation (5-4) [22], the quantitative relationship between SDAS and cooling rate (T ̇, K/s) can be expressed as follows: SDAS = A(T ̇)-n (5-4) where A and n are 30.53 and 0.22, respectively, in the Ni-based alloy system [23]. After calculating, the cooling rate of this LC process can be determined as 2.96×10 5 K/s, leading to an extremely high G/R ratio at the bottom of the coatings. As such, the columnar dendrites perpendicular to the interface grew epitaxial toward the surface of the coatings.

Microstructural evolution

At the top of the LC coatings, numerous secondary carbides (pink arrows) were uniformly distributed within the columnar dendrites (red arrows), as presented in Figure 5.2c. Unlike the heat dissipation direction at the bottom of the LC layer, there are many dissipation directions of the molten metal at the top of the LC coatings during the solidification. Therefore, the top of the LC coatings was principally consisted of relatively fine columnar dendrites rather than coarse dendrites. Moreover, as observed in Figure 5.2d, in the enlarged view of the spherical WC ball, due to the extremely high temperature of the laser molten pool (approx. 3382 K [24]), WC particles were partially melted during the cladding process. Subsequently, spherical WC balls and partially melted WC particles would provide a large number of nucleation sites for the columnar dendrites. Consequently, a columnar dendritic region perpendicular to the epitaxial growth of the WC ball can be formed in the partially melted area of the WC particles (marked with blue dotted lines). To further explore the microstructure characteristics of the LC 5 wt.% WC/NiCrBSi-WC coatings, as exhibited in Figure 5.3, SEM and EDS detection methods were utilized to observe the microstructure and main elements distribution of the LC coatings. The distribution of the γ-(Ni, Fe) solid solution, W-rich regions and hard phases (i.e., W2C, Ni3B and M23C6) can be clearly observed, as presented in Figure 5.3a. The columnar dendrites can be determined as γ-(Ni, Fe) phase (green arrows) combined with the high-magnification SEM image (Figure 5.3a) and the corresponding EDS results (Figure 5.3b). Due to the quite low content of B element (<4 wt. %), a little bit borides like Ni3B (purple arrows) formed in the interdendrites eutectics, as observed in Figure 5.3a. As for the secondary carbides, petal-like shape W2C phase (red arrows) and M23C6 phases (yellow arrows) with block-like morphology were evenly distributed in the γ-(Ni, Fe) solid solution matrix. It's worth noting that in the areas with low C element content, W element might appear a concentrated distribution phenomenon (marked with black arrows in Figure 5.3a), as displayed in Figure 5.3b. This phenomenon illustrates that the decomposition phenomenon of W2C phases could react as described in equation (5-2) during the LC process, which leads to the enrichment and dissolution of W element. With the help of Figure 5.3b, Cr and B elements are also enriched in the W-rich regions, and thus a small amount of CrxBy or WxBy intermetallic compounds can be formed in these micro regions. However, the B element content of the LC coatings is too low to constitute these intermetallic compounds, resulting in no corresponding peak positions in the XRD patterns. Furthermore, owing to a variety of hard phases with ultra-high microhardness like M23C6 (about 1757 HV [25]), W2C (around 3000 HV [25]) and etc., existed in the LC coatings, the microhardness of it would be improved greatly.

Moreover, Figure 5.3c and d reveal the microstructure characteristics and elements diffusion of the spherical WC balls. In the partially melted regions of the WC ball (marked with blue arrow), the enrichment of C, Fe, Ni and Cr elements can be witnessed. It can be deducted that WC particles could react as exhibited in equation (5-1), forming a layer of WC melting zone during the cladding process. The generated C element would then react with Fe, Ni and Cr elements as shown in equation (5-3) to form the secondary carbides i.e., M23C6. Accordingly, the "metal-ceramic" diffusion structure in which WC particles were wrapped by a secondary carbide layer is finally formed. 

Microhardness distribution

To better understand the microhardness distribution of the LC 5 wt.% WC/NiCrBSi-WC coatings, the microhardness contour from the top of the coatings to the heat-affected zone was plotted in Figure 5.4. The mean microhardness of the LC coatings, dilution area, and heat-affected zone is 913±42.9 HV0.2, 496±19.8 HV0.2 and 340±7.06 HV0.2, respectively. Notably, since the mean microhardness of the WC balls (around 2983 HV0.2) is much higher than the average microhardness of the LC coatings, the microhardness value of the WC particles was not calculated into the average microhardness of the LC coatings. It can be seen that the introduction and partial melting of the WC particles result in a significant increase in local microhardness, as presented in Figure 5.4. Furthermore, a large quantity of hard phases and the element diffusion phenomenon were existed within the LC coatings, also leading to an obvious fluctuation in the microhardness of the LC coatings (i.e., standard deviation=42.9 HV0.2). The heat-affected zone was equivalent to the solution treatment processed via LC and hence great number of intermetallic compounds, like nano NiAl precipitates, might be fully dissolved within the matrix [26]. Meanwhile, owing to the lower cooling rate of the molten pool in the LC process (2.96×10 5 K/s) than that of the SLM process (10 6 -10 8 K/s [10,27]), coarse martensitic structures (i.e., α'-Fe phase) would also be generated, leading to a decrease in microhardness of the LC coatings. As such, the average microhardness of the heat-affected zone (i.e., 340 HV0.2) is slightly lower than that of the SLM CX steel as-built substrate (i.e., 357±9.0 HV0.2). 

Tribological properties

To compare the effect of spherical WC particles additions on the wear performance of the laser cladded coatings, Figure 5.5 displays the COF-distance curves and the typical worn cross sections of the LC NiCrBSi-WC coatings [28] and the LC 5wt.% WC/NiCrBSi coatings. The corresponding calculated average COFs and wear rate are exhibited in Table 5.1. It can be seen from Figure 5.5a that the COFs of all samples increase sharply at the initial stage of the wear process due to the Hertzian contact. After experiencing a typical run-in phase (i.e., wear distance=0-100 m), the COFs of the samples gradually tend to be relatively stable and entered into a steady-state wear phase (i.e., wear distance=100-754 m). Thus, the average COF of the LC 5wt.% WC/NiCrBSi coatings and the LC NiCrBSi-WC coatings in the steady-state wear phase can be calculated as 0.36 and 0.28, respectively. Compared with the LC NiCrBSi-WC coating, the COF value of the LC 5wt.% WC/NiCrBSi coatings sample is still in a fluctuating phase during the steady-state wear phase. This phenomenon may be due to the different wear conditions of diverse types of materials (i.e., NiCrBSi-WC coatings and spherical WC particles) under the same pressure. Accordingly, when the grinding ball (i.e., Si3N4 ball in this study) was rolling across the interface of the spherical WC particles/NiCrBSi-WC coatings, the COF would fluctuate strongly during the wear process. In other words, a relatively dynamic and stable steadystate wear phase was existed in the wear process of the LC 5wt.% WC/NiCrBSi coatings.

Figure 5.5b reveals the typical worn surface morphology measured from the corresponding wear track sections of the LC coatings. The corresponding statistical results are listed in Table 5.1. Average wear rate of the LC 5wt.% WC/NiCrBSi-WC coatings and the NiCrBSi-WC coatings are 2.01±0.56×10 -6 mm 3 /(N•m) and 3.92±0.72×10 -6 mm 3 /(N•m), respectively. Thanks to the ultra-high hardness spherical WC particles (around 2983 HV0.2) evenly distributed within the NiCrBSi-WC coatings (913±42.9 HV0.2), the wear track depth (2.88 µm) and cross-sectional area (Figure 5.5b) generated during the wear process are the lowest. Interestingly, although the average COF value of the LC 5wt.% WC/NiCrBSi-WC coatings is higher than that of the LC NiCrBSi coatings, however, the wear rate is lower than that of the LC NiCrBSi-WC coatings. This phenomenon can be attributed to the large-particle, high-hardness WC balls playing a shielding role in the wear process, thus reducing the further damage in the wear process. Moreover, compared with the tribological properties of the SLM CX steel as-built sample, the average COF and wear rate of the LC 5wt.% WC/NiCrBSi-WC coatings are reduced by about 37.9 % and 98.8 %, respectively. Therefore, the LC 5wt.% WC/NiCrBSi-WC coatings can greatly ameliorate the wear performance of the SLM CX steel. Further details about the worn surface morphologies of the LC 5wt.% WC/NiCrBSi-WC coatings are exhibited in Figure 5.6. As presented in Figure 5.6a, the average width of the wear track is 585.1 µm (pink arrows). As displayed in Figure 5.2c and Figure 5.3a, a large number of uniformly distributed high-hardness secondary carbides and intermetallic compounds were existed in the soft γ-(Ni, Fe) columnar dendrites. Thus, only a small amount of soft metal phase was peeled off and the oxide wear debris (purple arrows in Figure 5.6a) was formed during the wear process. Hence, an adhesive wear phenomenon was observed for the LC 5wt.% WC/NiCrBSi-WC coatings. Additionally, thanks to excellent wear resistance and ultra-high hardness of the spherical WC particles (blue arrows), the large WC particles would prevent the further damage of the LC 5wt.% WC/NiCrBSi-WC coatings and act as a barrier for wear debris. With the progress of the test, wear debris would accumulate in front of the WC particles (purple arrows). Despite this phenomenon leading to a severe fluctuation in COF, wear rate of the LC 5wt.% WC/NiCrBSi-WC coatings would be significantly reduced.

As revealed in Figure 5.6b, owing to the superior wear resistance, a few pits (green arrows) and cracks (red arrow) can be observed. Furthermore, only small quantities of oxide wear debris (purple arrows) and fine furrows (yellow arrows) were produced on the worn surface. As displayed in Figure 5.6c, N element is mainly concentrated in the W-and Cr-rich regions, indicating that the extremely hard secondary carbides (W2C, M23C6) and WC balls may cause the Si3N4 ball to be peeled off slightly during the wear process. In short, wear mechanism of the NiCrBSi-WC coating is mainly dominated by adhesive wear caused by soft metal phases and abrasive wear caused by hard oxide wear debris. 

Conclusions

In this chapter, a high-performance 5wt.% WC/NiCrBSi-WC coatings were fabricated on the SLM CX steel via LC technology. A series of experiments and material characterizations were performed to explore the microstructure characteristics, phases distribution and tribological properties of the LC 5wt.% WC/NiCrBSi-WC coatings. The primary conclusions drawn from this work are listed as follows:

1 

Effect of surface mechanical attrition treatment (SMAT) on the microstructure and mechanical properties of the SLM CX steel

Introduction

Metal additive manufacturing technology (MAM) is a unique fabrication approach of efficiently manufacturing free-formed parts by accumulating metal materials in a layer-wise method [29,30]. In particular, Selective Laser Melting technology (SLM) is well-known for its excellent capability to process metal-based parts with intricate internal geometrical shapes [27]. With help of a high-energy laser beam and the layered manufacturing characteristics, SLM technology goes not only to rapidly fabricate the complex structural parts, but it also can process a variety of difficult-to-process materials. Thus, a large number of difficult-to-machine alloys, hard-to-cut materials or materials with high melting point can be processed appropriately using SLM method, such as Nickel-based superalloys [10], metal matrix composite materials [31,32] and refractory metals [33,34]. Additionally, a ultra-high cooling rate of SLM process (10 3 -10 8 K/s [35]) promotes the formation of extremely fine grains within the SLM part, hence realizing a brilliant combination of customized structural parts with tailored microstructures. Thanks to the extinguished advantages, SLM technique has attained numerous attentions in various applications, such as biomedical, aerospace, petrochemical and automotive industries [36][37][38]. However, high cracking sensitivity and poor weldability for some high-carbon steels limit the large-scale production and promotion of the SLM steel parts.

For the purpose of preventing the limitation of poor weldability, low-carbon high-alloy steels have gradually become a type of new candidate for SLM processable materials. Recently, CX stainless steel, an ultra-low carbon martensitic precipitation hardening stainless steel (PHSS), has received extensive attention in the additive community due to its excellent weldability and good mechanical performance. Dong et al. [39] systematically explored the optimal process parameters of SLM CX steel through a numerical model established by themselves. Under the optimal linear energy density, the good combinations with the highest ultimate tensile strength (UTS=1068±5.9 MPa) and the best total elongation (TE=15.7±0.26 %) of the SLM CX sample can be attained. To exert the unique characteristics of martensitic PHSS, Yan et al. [26] studied the influence of different heat treatments on the microstructure and mechanical properties of SLM CX steels. Their results reported that UTS of the SLM CX stainless steel parts increased from 1043 MPa in the as-built state to 1601 MPa after solution-aging heat treatment. As for the effect of the heat treatments on the ductility of the SLM CX steels, solution-aged treatment would largely decrease the total impact energy (Wt) of the SLM CX stainless steel parts from 83.8 J in the as-built state to 5.3 J in the solution-aged state [40].

To date, a number of researches about SLM CX stainless steel focus on the effect of the heat treatments on the microstructure and mechanical properties of this novel PHSS steel. Nevertheless, surface modification methods, a type of powerful means to ameliorate surface quality of the SLM parts, has not aroused great attention to researchers in the field of SLM CX steel. Especially the effect of the surface modification process on the wear resistance of the SLM CX steel has never been reported.

Surface mechanical attrition treatment (SMAT) is an eye-catching surface nanocrystallization (SNC) method used to produce a nanostructured layer on the surface of materials to improve their properties [41][42][43][44]. It is a new type of material surface treatment method combining surface modification technology with nanotechnology [45]. In this process, numerous small balls repeatedly impact the surface of the samples in the chamber at an ultra-high frequency. Accordingly, a large number of dislocations and continuous grain boundaries result in the formation of a thin nanostructured layer in the top of the samples. After being processed by SMAT, the surface of the samples presents a gradient nanostructure ranging from nanometer to micrometer. This type of gradient nanostructure can effectively improve the comprehensive properties of materials, such as wear resistance [46], fatigue resistance [47], corrosion resistance [48], thermal stability [49], so as to increase the service life of materials and components.

Recently, the applications of SMAT process to enhance the wear resistance of materials have become a hotspot in engineering community. This method has been utilized in various materials including low-carbon steel, stainless steel, titanium alloy, magnesium alloy, aluminum alloy and other materials [50], but it is still blank in terms of the SLM CX steel. To fill this research gap, in this section, different SMAT parameters were applied on the SLM CX steel to evaluate and analysis the microstructure and material properties of the SLM CX steel after SMAT process.

5.2.2

Experimental details

SMAT treatment

SMAT process equipment and applied parameters have been introduced in Chapter II. SLM CX steel asbuilt samples and SLM CX steel solution-aged samples were selected as the substrate. After SMAT process of the CX steel, for the SMAT treated SLM CX steel as-built samples, these SLM specimens were named as S-10 samples, S-20 samples and S-30 samples, respectively. Similarly, as for the SMAT treated SLM CX steel solution-aged samples, they were named as HS-10 samples, HS-20 sample and HS-30 samples, respectively.

Material characterization and properties tests

As presented in Chapter II, the XRD device was utilized to detect the phase composition of the SMAT treated SLM CX steel samples. OM and SEM instruments were used to observe the defects distribution and microstructure characteristics of the SMAT treated SLM CX steel samples.

Microhardness distribution of the SMAT treated SLM CX steel samples were tested and recorded according to the description in Chapter II. Since only an extremely thin nanostructured layer can be obtained by the SMAT treatment, it is necessary to redesign the wear test parameters. As for the SMAT treated SLM CX steel samples, the wear test conditions include a testing load of 300 g, a rotational speed of 38 mm/s, a sliding distance of 67 m, and a rotation radius of 3 mm. Other wear test details are described in Chapter II.

5.2.3

Results and discussion

Macro morphology

Figure 5.7 demonstrates the macroscopic morphology of the SLM CX steel as-built samples and the SLM CX steel solution-aged samples under different SMAT processing parameters. Since an oxide layer were produced on the surface of the SLM CX steel solution-aged samples, only the surface roughness (Ra) of the SLM CX steel as-built samples under different SMAT processing parameters was measured. As revealed in Figure 5.7b-d, surface roughness of the S-10 sample, S-20 sample and S-30 sample is 12.467 µm, 13.163 µm, 18.736 µm, respectively. The results indicate that with SMAT duration increasing, the surface roughness also increases. Furthermore, unique characteristics of SLM, like laser scanning tracks, are basically difficult to observe after SMAT processing. The phenomenon can be attributed to the repeated impacts of the high hardness flying balls at an ultra-high frequency during the SMAT process. Whereas, due to a large difference between the flying balls and the SLM CX steel in hardness, the surface quality deteriorated drastically when the treatment time is too long, as exhibited in Figure 5.7d. Consequently, seeking a suitable processing time for SLM CX steel is a critical step in the SMAT process. 

Phase detection

Figure 5.8 presents the phase composition of the SLM CX steel as-built samples and SLM CX steel solution-aged samples under different SMAT parameters. Similar to the SLM CX steel as-built samples without SMAT processing, only one phase, α'-Fe phase (JCPDS # 06-0696), can be detected within the S-10, S-20 and S-30 samples. Similarly, α'-Fe phase and γ-Fe phase (JCPDS # 23-0298) found in the HS-10, HS-20 and HS-30 samples can also be identified within the SLM CX steel solution-aged samples. Interestingly, phase peak positions of the SLM CX steel samples after SMAT process tends to shift to the high-angle direction. The present results demonstrate that a large amount of residual compressive stress can be generated after the SMAT process, thereby a reduction in interplanar spacing and a shift in peak positions to the high-angle direction [51,52]. Consequently, SMAT process can be regarded as one of the effective methods to form compressive stress on the sample surface without changing the phase composition. 

Microstructural evolution

Microstructure characteristics of the SMAT treated SLM CX steel as-built samples under different processing parameters are exhibited in Figure 5.9. As shown in Figure 5.9a and b, the surface of the samples after SMAT process was found to consist of a rolled microstructure of elongated gains of martensite (i.e., α'-Fe phase). With the intensity of SMAT process increasing, as revealed in Figure 5.9c and d, the tendency of the formation of the rolled microstructure is more obvious, and numerous submicron grains are generated on the surface of the samples. Moreover, due to the large difference between the SLM CX steel as-built samples and the flying balls in hardness, the surface of the samples will be broken to form some micro defects such as pores (white arrows). As intensity of the SMAT process is further improved, as displayed in Figure 5.9e and f, a large amount of streamline-shape rolled microstructure (red arrows) will be produced on the surface of the samples, indicating the formation of a texture in the top of samples. Additionally, as depicted in Figure 5.9f, more submicron or even nanocrystals are formed on the surface of the samples. Therefore, not only great number of ultrafine and submicron equiaxed grains, but also quantities of continuous grain boundaries and textures can be created via SMAT process. Figure 5.10 reveals the microstructure characteristics of SLM solution-aged samples after SMAT process. Since a grain dynamic recovery and recrystallization process would be occurred during the solution-aged treatment, the grain coarsening phenomenon can be clearly observed within the SLM CX steel solution-aged samples. As presented in Figure 5.10a and b, after experiencing a SMAT process, a large number of submicron grains can be observed within the SLM CX steel solution-aged samples. Due to large quantities of dispersed nano-NiAl precipitates in the SLM CX steel solution-aged samples improving the overall hardness, a streamline-shape rolled microstructure (red arrows) is only generated under a high intensity SMAT process, as exhibited in Figure 5.10c and d. With further increase of the SMAT processing intensity, as shown in Figure 5.10e and f, the streamline-shape rolled microstructure can be apparently observed. As shown in Figure 5.10f, numerous fine equiaxed grains and substructures can be observed in the top surface of the sample. Moreover, since the samples were not polished before SMAT process, the high-intensity SMAT will cause the oxide layers to fracture and remain on the surface of the samples (Figure 5.10d). In short, a high-intensity SMAT process is beneficial to reduce the martensite grain size and thus enhance the surface quality of the SLM CX steel. 

Microhardness distribution

.11 presents the microhardness distribution of the SLM CX steel samples under different SMAT processing parameters. The average microhardness of the S-10 samples, S-20 samples and S-30 samples is 407.0±10.8 HV0.2, 410.6±11.6 HV0.2, and 425.2±10.4 HV0.2, respectively. The results indicate that SMAT process has a considerable assistance in promoting the surface hardness of the SLM CX steel as-built specimens. Compared with the SLM CX steel as-built samples, the average microhardness of the S-30 sample is increased by about 19.0 %. The SLM CX steel as-built sample is primarily composed of ultrafine grains (1-2 µm: 36.69 %) and submicron grains (<1 µm: 45.23 %), and thus is dominated by a grain refinement strengthening mechanism. The nanostructured layer produced by SMAT process has a limited effect on their overall hardness. Therefore, the increase in the intensity of SMAT process cannot significantly enhance the microhardness of the SLM CX steel as-built samples.

The average microhardness of the HS-10 samples, HS-20 samples and HS-30 samples is 550.7±20.8 HV0.2, 582.9±20.7 HV0.2, and 619.0±21.2 HV0.2, respectively. With the increase in the intensity of SMAT, their microhardness has been significantly improved. Amongst them, the microhardness of the HS-30 sample is about 20.4 % higher than that of the SLM CX solution-aged samples (514 HV0.2). The high-intensity SMAT process reduces the martensite grain size caused by the solution-aged treatment, thereby leading to an increase in the number of continuous grain boundaries. Accordingly, high-intensity SMAT process can greatly Figure 5.13 presents the worn surface morphology of the SMAT treated SLM CX steel as-built wear samples. As observed in Figure 5.13a, d and g, the average wear track width (orange arrows) of the S-10 sample, S-20 sample and S-30 sample is about 458.3 µm, 437.5 µm and 365.6 µm, respectively. As exhibited in Figure 5.13b, e and h, due to the high pressure of the Si3N4 ball loaded on the SLM CX steel wear samples, not only wear debris (purple arrows) but also cracks (red arrows) can be detected on the worn surface. Moreover, as displayed in Figure 5.13c, f and i, the size of the worn area of the Si3N4 ball can basically match the worn tracks of the wear samples. A large amount of wear debris also can be observed on the surface of the counterbodies. The results indicate that adhesive wear and oxidation wear are still the dominant wear mechanisms of the SMAT treated SLM CX steel as-built wear specimens. 5.14b, e and h, a small amount of wear debris (purple arrows) and numerous fine furrows (blue arrows) can be detected on the worn surface. Since the oxide layer before wear test cannot be completely polished off, the oxide layer will be fractured under a high load wear process. Consequently, a few cracks (red arrow) can be found on the worn surface. Furthermore, as shown in Figure 5.14c, f and i, the size of the worn area of the Si3N4 ball can mostly fit the worn tracks of the wear samples. Only a small amount of wear debris can be found on the surface of the counterbodies. The results proved that with intensity of SMAT process increasing, the wear resistance can be enhanced. In summary, based on the worn surface analysis, oxidation wear and abrasive wear can be regarded as the main wear mechanisms of the SMAT treated SLM CX steel solution-aged wear samples. 

Conclusions

In this section, SLM CX steel was surface modified by adopting the surface mechanical attrition treatment (SMAT). A systematic study was conducted to investigate the effect of the SMAT parameters on the microstructure characteristics and material properties of the SLM CX steel. Main conclusions drawn from this work are listed as follows:

1) A thin nanostructured layer in the top of the SLM CX steel as-built samples and SLM CX steel solutionaged samples were successfully fabricated via SMAT process. Ultra-high-intensity SMAT process leads to the deterioration of the macroscopic surface quality of the SLM specimens.

2) The phases of SLM CX steel after different SMAT process still remains unchanged. Particularly, a high-intensity SMAT process is beneficial to reduce the martensite grain size and thus enhance the surface quality of the SLM CX steel solution-aged samples.

3) SMAT process with appropriate parameters can greatly ameliorate the microhardness and tribological performance of the SLM CX steel. SLM CX steel solution-aged samples with the highest microhardness (619.0±21.2 HV0.2) and the best tribological properties (wear rate=1.61±0.35×10 -5 mm 3 / (N•m)) can be obtained after experiencing a SMAT process for 30 min.

Conclusions

The research about CX steel, a new type of martensitic precipitation hardening steel among multiple advanced materials, in the field of metal additive manufacturing (MAM) is relatively rare. Especially, a systematic study on the microstructure and characteristics of CX stainless steel formed via selective laser melting (SLM) technology is still lacking. In order to fill this research gap, a thorough study of SLM CX steel was conducted in this thesis conducts from the following three sections.

First, chapter III discussed the influence of processing parameters and post heat treatments on the microstructural evolution of the SLM CX steel, so as to put forward an insight into the microstructure characteristics, phase transformation and material properties of the SLM CX steel. A theoretical guide and experimental basis for the fabrication of high-performance CX steel utilizing SLM technology was provided. Then, in order to further improve the overall performance of the SLM CX steel, Chapter IV studied the effect of TiC particles on the microstructure features and material properties of the SLM CX steel. A new approach to manufacture TiC/CX steel metal matrix composites was presented. Finally, to further boost the surface performance of the SLM CX steel, surface modification processes like laser cladding (LC) technology and surface mechanical attrition treatment (SMAT) were applied on the SLM CX steel. The possibility and importance of surface modification of SLM CX steel were highlighted in chapter VI.

6.1.1

Selective laser melting of CX precipitation hardening stainless steel: processing, microstructure, and properties 1) A theoretical calculation model was used to estimate the minimal linear laser energy density required to completely melt CX steel powders. Optimum laser parameters were selected, where the linear energy density for this work was 245 J/m, laser power was 260 W and laser scanning velocity was 1060 mm/s. Nearly full dense (Rd=99.72±0.22 %) SLM CX steel as-built samples with excellent surface roughness (Ra=4.05±1.8 μm) can be obtained.

2) A large number of fine martensite (α'-Fe phase) and a small quantity of austenite (γ-Fe phase) are the main phases of SLM CX steel as-built samples. The average grain size of the different cross-sections is 1.15±0.21 µm (XY plane) and 0.84±0.21 µm (XZ plane), respectively. The preferred crystallographic orientation (i.e., <111> direction) can be detected in the cross sections (XZ plane) of SLM CX steel as-built samples.

3) Rod-like nano-NiAl precipitates with a size range of 3-25 nm were found in the SLM CX steel as-built samples. Similarly, nano-NiAl intermetallic compounds (7-30 nm) was detected within the SLM CX steel aged samples.

4) Solution-aged heat treatment increased the strength and hardness of the SLM CX steel samples from 343 HV0.2 and 1043 MPa to 510 HV0.2 and 1610 MPa, respectively. However, the impact energy value is reduced from 83.8 J in the as-built state to 5.3 J in the solution-aged state.

5) The average coefficient of friction and wear rate of the SLM CX steel samples decreased from 0.58 and 16.1±3.1×10 -5 mm 3 /(N•m) in the as-built state to 0.49 and 8.1±3.3×10 -5 mm 3 /(N•m) in the solution-aged state, respectively. Furthermore, the corrosion resistance of the SLM CX steel samples in the solution-aged state is best with the Ecorr of -0.41 V±0.03 and Jcorr of 3.69 μA/cm 2 .

6.1.2

Effects of TiC contents on the microstructure and material properties of the selective laser melted CX steel composites 1) SLM TiC/CX steel metal matrix composites with different TiC content were successfully manufactured. Amongst them, nearly full dense SLM 10wt.% TiC/CX steel (porosity=0.97 vol.%) with favorable surface roughness (Ra=8.05 μm) can be obtained.

2) Primary phases distributed in the SLM TiC/CX steel samples are α'-Fe phase, TiC phase, γ-Fe phase, and Cr7C3 phase. The microstructure of the SLM TiC/CX steel samples is composed of rather fine equiaxed grains and a large quantity of TiC particles.

3) A type of fiber texture tendency i.e., <111> || building direction and a sheet texture tendency of {100}<101> can be detected within the SLM TiC/CX steel samples. Furthermore, ex-situ nano TiC particles (100-500 nm in size) and great number of in-situ nanoprecipitates can be generated within the TiC/CX steel metal matrix composites.

4) Mean microhardness of the SLM 10wt.% TiC/CX steel samples is 503±32 HV0.2. Especially, yield strength (YS) and ultimate tensile strength (UTS) of the SLM 10wt.% TiC/CX steel specimens (i.e., YS=1030±7.8 MPa, UTS=1238±6.9 MPa) are 48.4 % and 16.8 % higher than those of the SLM CX steel asbuilt specimens (i.e., YS=694±6.5 MPa, UTS=1043±7.0 MPa), respectively. 5) SLM 10wt.% TiC/CX steel with low average coefficient of friction (0.56) and favorable wear rate (6.56±2.4×10 -6 mm 3 /(N•m)) can be obtained. Moreover, the corrosion resistance of the SLM 10wt.% TiC/CX steel sample is best with the Ecorr of -0.36±0.04 V and Jcorr of 2.31 μA/cm 2 among these SLM TiC/CX steel samples.

6.1.3

Surface modification of the SLM CX steel parts

Preparation of functional coatings on SLM CX steel surface through laser cladding (LC) technology

1) A high-performance 5wt.% WC/NiCrBSi-WC coatings were fabricated on the SLM CX steel via LC technology.

2) Main phases distributed within the LC 5wt.% WC/NiCrBSi-WC coatings are W, WC, W2C,γ-(Ni, Fe), Ni3B and M23C6.

3) The cooling rate of the LC process can be determined as 2.96×10 5 K/s. Fine γ-(Ni, Fe) columnar dendrites with a large number of secondary carbides [WC, W2C and M23C6 (with M: Ni, Cr and Fe)] and intermetallic compounds (Ni3B) can be detected within the LC 5wt.% WC/NiCrBSi-WC coatings.

4) The mean microhardness of the LC 5wt.% WC/NiCrBSi-WC coatings is 913±42.9 HV0.2.

5) The LC 5wt.% WC/NiCrBSi-WC coatings present the extraordinary tribological properties with the favorable average coefficient of friction (COF=0.36) and the ultra-low wear rate (2.01±0.56×10 -6 mm 3 / (N•m)).

Effect of surface mechanical attrition treatment (SMAT) on the microstructure and mechanical properties of the SLM CX steel

1) A high-performance nanostructured layer in the top of the SLM CX steel samples were successfully fabricated via SMAT process. Ultra-high-intensity SMAT process leads to the deterioration of the macroscopic surface quality of the SLM specimens.

2) A high-intensity SMAT process is beneficial to reduce the martensite grain size and thus promote the surface quality of the SLM CX steel solution-aged samples.

3) SMAT process with appropriate parameters can greatly ameliorate the microhardness and tribological performance of the SLM CX steel.

Prospects

The present work highlights a number of significant potential research points in the future. Some main research directions drawn from this project are listed below.

• Dynamic mechanical properties of SLM CX steel under different heat-treated states are worthy of further study.

•

Forming process and quality control of SLM CX steel porous structures can be designed and explored.

• Post-treatment process of SLM TiC/CX steel needs further development and research to improve its toughness.

• It is a quite interesting attempt to design and fabricate the porous structures of SLM TiC/CX steel metal matrix composites.

• Exploring the dynamic wear process of the laser cladding coatings is worthy of considerable attentions.

•

The corrosion resistance of SLM CX steel treated by SMAT process needs an in-depth study.

• Simulating the heat distribution on the surface of the CX parts after SLM is a research direction worthy of attention.

• According to the current results, systematic material characterizations have been conducted about the SLM TiC reinforced CX steel samples. However, nano-TiC enhancing mechanism and micro-TiC reinforcing mechniasm is quite different. Conventional precipitation strengthening mechanisms may not suitable for this new material system. Thus, more theoretical calculations and detailed analysis should be conducted in the future work.

• Although the improvement of the surface hardness and wear resistance of the SMAT treated CX steel samples was not better than that of the LC treated ones due to the quite thin nanolayers on the top surface of the CX steel, however, more explorations about SMAT streated CX steel need to be done in the future. Effects of the SMAT processing parameters on the residual stresses distribution may be an interesting direction needing more considerations.

Chapitre 1 : Bibliographie Technologie de fabrication additive laser (LAM) Présentation

Récemment, la technologie de fabrication additive (FA) a progressivement émergé en raison de sa fabrication en couches, de son processus simple et de ses avantages numériques. Avec ses caractéristiques de pointe, de pointe et révolutionnaires, la technologie AM est largement utilisée dans les produits électroniques, l'automobile, l'aérospatiale, la médecine, l'armée et d'autres domaines, apportant des changements profonds aux technologies de traitement traditionnelles et aux méthodes de production traditionnelles [1][2][3][4][5]. Cette technologie est considérée par les experts et les universitaires comme une technologie de rupture dans la «troisième révolution industrielle» [6,7].

Le procédé de fabrication additive laser (LAM), l'une des technologies AM, est également appelé technologie de prototypage rapide laser et technologie d'impression laser 3D [8][9][10]. Il s'agit d'une technologie de fabrication intégrée qui prend en compte les exigences de mise en forme précise de matériaux hautes performances et de structures complexes. La technologie LAM a attiré une large attention grâce au cycle de production court, au taux d'utilisation élevé des matériaux et à la conception sans outil de composants sophistiqués. La Figure 1.1 présente l'organigramme de conception et de fabrication du processus LAM [11]. Avant la fabrication, un modèle numérique tridimensionnel est conçu dans un logiciel de conception assistée par ordinateur (CAO). Ensuite, le modèle est découpé horizontalement en de nombreuses couches dans un logiciel de découpage en couches. Un faisceau laser à haute puissance est utilisé pour fondre le matériau par la suite. Enfin, la pièce cible grâce à l'accumulation de matériaux d'une manière couche par couche est produite avec succès [12,13]. Par rapport au processus de «fabrication soustractive», il s'agit d'une approche de fabrication ascendante, basée sur les données. 

Technologie de fusion sélective par laser (SLM)

La technologie de fusion sélective par laser (SLM) est l'un des types typiques de technologies LAM. Il utilise un faisceau laser à haute énergie pour balayer les poudres métalliques prédéfinies afin de les faire fondre selon une stratégie de balayage prédéterminée. En raison de l'épaisseur ultra-faible de chaque couche (généralement 30 à 60 µm), la technologie SLM présente une précision de formage favorable et une excellente qualité de surface. Le principe de fabrication de la SLM peut être représenté sur la Figure 1.2 [14]. 

Aciers inoxydables à durcissement par précipitation (PHSS)

En tant que l'un des matériaux les plus largement utilisés, les plus consommés et relativement peu coûteux dans les domaines industriels d'aujourd'hui, l'acier a attiré une large attention dans la communauté des chercheurs. Récemment, des matériaux en acier comprenant principalement des aciers à outils [18], des aciers inoxydables [19] et des aciers à haute résistance [20] sont souvent utilisés dans la fabrication SLM. Avec les exigences croissantes en matière de fabrication à haut rendement, de protection de l'environnement et de performance des produits, des défis plus difficiles sont posés aux aciers produits par SLM. Parmi eux, les défauts de fabrication tels que les micropores, les fissures minuscules, le phénomène de boulonnage et les contraintes résiduelles existant dans les pièces SLM telles que fabriquées sont devenus les principaux facteurs entravant le développement rapide des aciers SLM. Notamment, en tant que catégorie d'aciers à haute résistance, les aciers inoxydables à durcissement par précipitation (PHSS) applicables au traitement SLM ont également suscité de plus en plus d'attention. Par conséquent, il est d'une grande nécessité d'avoir une compréhension détaillée des types d'acier à durcissement par précipitation couramment utilisés, des procédés de fabrication, des microstructures typiques, des mécanismes de renforcement, des propriétés des matériaux et de leurs applications associées.

Statut et progrès

L'acier à haute résistance est un nouveau type de matériau de structure à haute résistance spécifique développé pour répondre aux exigences particulières de l'acier [21]. Il est courant de définir l'acier de construction avec une résistance à la traction ultime de plus de 1400 MPa et une limite d'élasticité de plus de 1300 MPa en tant qu'acier à haute résistance. Comparé à d'autres aciers, l'acier à haute résistance présente des caractéristiques uniques telles qu'une résistance remarquable, une plasticité et une ténacité favorables, une sensibilité à l'entaille plus faible et une excellente résistance à la fatigue. Grâce aux avantages susmentionnés, ce matériau a été largement utilisé dans diverses applications industrielles, comme les pièces automobiles, les composants d'aéronefs, les moules à haute résistance, les récipients à haute pression, etc. [22].

En fonction de la teneur en alliage, les aciers à haute résistance sont classés en aciers faiblement alliés à haute résistance, aciers moyennement alliés à haute résistance et aciers à haute résistance fortement alliés (y compris les aciers maraging et les aciers inoxydables à durcissement par précipitation [23][24][25][26]), comme présenté dans la Figure 1.3. Avec les progrès continus de la recherche scientifique, des aciers à haute résistance avancés plus innovants sont apparus récemment, fournissant une direction pour le développement d'aciers à haute résistance. 

Processus de traitement thermique

Le processus de traitement thermique est une série de méthodes efficaces pour améliorer les propriétés mécaniques en modifiant les structures matricielles de l'acier. Le traitement thermique de l'acier consiste en un chauffage, un temps de maintien et un refroidissement à une température raisonnable pour obtenir les microstructures et les performances souhaitées. Comme le montre la Figure 1.4, les processus de traitement thermique courants comprennent les processus de recuit, de normalisation, de trempe et de revenu [28]. 

Microstructure typique

La microstructure typique de l'acier à haute résistance est divisée en structure martensitique, structure bainite, structure hétérogène, etc. selon les différents processus de traitement thermique.

Mécanismes de renforcement et propriétés mécaniques statiques

La résistance est le premier critère pour la conception en acier à haute résistance. A partir des matériaux actuels à rapport résistance/ténacité élevé, le procédé de renforcement est fondamentalement basé sur la précipitation de nanoparticules de haute densité sur la matrice de martensite à dislocation. La martensite par dislocation est formée par une austénite austénite subissant une déformation de cisaillement pendant le processus de refroidissement, résultant en une structure hiérarchique composée de paquets de martensite, de blocs, de lattes grossières et fines [29]. Ce processus de déformation par cisaillement s'achève sous l'effet synergique de la transition de phase et de la formation de dislocations. La Figure 1.5 montre un diagramme schématique de la structure hiérarchique d'une martensite à dislocation typique. L'acier à haute résistance après transformation de phase a un grand nombre de densités de dislocation mobiles (jusqu'à ~ 10 15 m -2 ). En outre, une teneur élevée en Ni, Co et autres éléments existant dans la solution solide peut améliorer de manière significative l'énergie de défaut d'empilement de l'acier, entraînant ainsi une bonne plasticité. La matrice de martensite contribue à la moitié de la résistance totale de l'acier en raison des mécanismes de renforcement par dislocation et de raffinement du grain (environ 800 MPa). La formule de calcul est présentée ci-dessous [29]:

σ Mart = 300 √d block + 0.25Mμb√ρ (1-1) où σMart est la limite élastique de la martensite, dblock est la largeur des lattes grossières de martensite, M est le facteur d'orientation de Taylor, µ est le module de cisaillement, b est le vecteur de Burgers, ρ est la densité de dislocation. La haute résistance de la martensite est principalement dérivée du renforcement par dislocation, qui peut apporter une contribution d'environ 600 MPa. La granulométrie effective de la martensite produite par le renforcement par affinage du grain dépend de l'épaisseur des lattes grossières. Bien que la taille des blocs d'austénite et des lattes grossières de martensite soit proportionnelle à la taille des grains de pré-austénite, cependant, la largeur des lattes ne leur est pas clairement liée. Par conséquent, la contribution des grains raffinés à la limite d'élasticité de la structure martensitique est limitée.

Après vieillissement de la solution solide sursaturée formée par trempe à une température appropriée, une grande quantité de particules de seconde phase à l'échelle nanométrique sera obtenue. Ces nanoprécipités entraveront le mouvement des dislocations et produiront un mécanisme de renforcement des précipitations. L'effet de renforcement des précipitations n'est pas seulement lié aux caractéristiques de distribution des nanoparticules, mais également affecté par l'interaction entre les particules elles-mêmes et les lignes de dislocation. Lorsque les lignes de dislocation rencontrent les nanoparticules, le phénomène de flexion des lignes de dislocation se produit en premier. Si la contrainte de glissement exercée par les nanoparticules peut être supérieure ou égale à la force de réaction maximale générée par la dislocation en flexion. La force de réaction maximale (Fb) est représentée par l'équation (1-2) [30]:

F b ≈ Gb 2
(1-2) où G est le module de cisaillement de la matrice martensitique. L'augmentation de la limite d'élasticité des nanoparticules au matériau est due au mécanisme de contournement des dislocations Orowan. Au contraire, si la contrainte de glissement générée par les nanoparticules est inférieure à la force maximale, les nanoparticules seront coupées, c'est-à-dire qu'un mécanisme de coupe des particules sera produit [30]. La contrainte de glissement des nanoparticules pour gêner le mouvement des dislocations est principalement dérivée des frontières antiphase à haute énergie (APB) formées après la coupe des nanoparticules et de la distorsion cohérente causée par les différentes structures de réseau cristallin entre les nanoparticules et la matrice. Les deux effets mentionnés ci-dessus deviendront progressivement significatifs à mesure que la taille des nanoparticules augmente.

En prenant comme exemple l'interface cohérente au sein de l'acier renforcée par un renforcement d'ordre, la contrainte de glissement peut être exprimée par la formule suivante:

F O ≈ γd (1-3)
où γ est l'APB à haute énergie, d est le diamètre des nanoparticules. Ainsi, il y aura une taille critique de nanoparticules résultant en Fb≈FO, à savoir la formule (1-4):

d c = Gb 2 r
(1-4)

Comme présenté dans la Figure 1.6, lorsque la taille des nanoparticules dans le processus de vieillissement est inférieure à la valeur critique (c.-à-dc), un mécanisme de coupe de particules sera un mécanisme de renforcement dominant pour le matériau. Une fois que la taille des nanoparticules est supérieure à cette valeur critique, le mécanisme de contournement des dislocations d'Orowan sera un mécanisme de renforcement significatif [31]. Par conséquent, réduire la taille des nanoparticules fortes ou augmenter le volume des nanoparticules peut augmenter la résistance des aciers à haute résistance.

Aciers inoxydables à durcissement par précipitation produits par SLM

Sur la base de l'analyse ci-dessus, des caractéristiques uniques telles qu'une teneur en carbone ultra-faible, une excellente soudabilité, une maniabilité remarquable, une résistance à la corrosion favorable et un excellent effet de durcissement par précipitation in situ rendent les PHSS martensitiques tout à fait appropriés pour le traitement SLM. En tant que tel, en combinaison avec la grande flexibilité du processus SLM, le développement de nouveaux matériaux martensitiques PHSS et la fabrication de PHSS martensitiques haute performance avec des structures internes complexes et un excellent rapport résistance / ténacité ont suscité des intérêts considérables au sein des communautés d'ingénierie et de recherche. Cette section examine en détail les paramètres de traitement, la qualité macroscopique, le post-traitement, l'évolution microstructurale, les propriétés mécaniques, la résistance à la corrosion et les mécanismes de renforcement des PHSS martensitiques produits par SLM.

Composites à matrice en acier inoxydable à durcissement par précipitation produits par SLM

Les composites à matrice métallique avancés (MMC) légers, à haute résistance et multifonctionnels avec d'excellentes propriétés mécaniques peuvent répondre aux spécifications et aux exigences de la conception structure-fonction. Il s'agit d'un type de matériaux clés irremplaçables pour le développement de domaines de haute technologie tels que les industries aérospatiale, automobile, électrique et électronique et des moules [32,33]. Afin de réduire le poids des pièces structurelles et d'améliorer encore les propriétés mécaniques globales des matériaux, le développement et la fabrication d'aciers légers sont tout à fait nécessaires. Cependant, c'est une méthode extrêmement longue et laborieuse d'utiliser la composition élémentaire pour effectuer des calculs détaillés avant de développer de nouveaux matériaux. De plus, une série de traitements post-thermiques compliqués est également nécessaire pour obtenir les performances attendues des matériaux [34,35]. Par conséquent, afin de surmonter les défis ci-dessus, l'ajout d'une quantité appropriée de particules céramiques légères aux aciers avancés pour former de nouvelles MMC est une méthodologie de conception intégrée à jour. Les MMC fabriqués ont non seulement une résistance à la corrosion favorable et une faible densité, mais également d'excellentes propriétés mécaniques globales. Notamment, en raison de la grande quantité de particules céramiques existant dans les MMC traditionnelles, le problème d'une dureté accrue mais d'une grave détérioration de la ductilité se produira. En tant que tel, pour surmonter le problème de goulot d'étranglement de l'inadéquation de la résistance et de la ténacité dans les MMC traditionnelles, la sélection rationnelle des matériaux céramiques et des matériaux à base de Fe est devenue la priorité absolue des nouvelles MMC à base de Fe renforcées en céramique.

Comme présenté dans le Tableau 1.1, parmi les matériaux renforcés de céramique, le carbure de titane (TiC) a reçu de plus en plus d'attention en raison de sa bonne stabilité thermique et de ses excellentes propriétés mécaniques, telles qu'une dureté élevée, un module favorable et une résistance à l'usure remarquable [36]. Les matériaux composites en acier renforcé au TiC à fraction volumique élevée sont souvent fabriqués par métallurgie des poudres (PM) en raison de leur teneur élevée en TiC [37]. Cependant, étant donné que le PM n'est qu'un processus de liaison mécanique, les MMC fabriqués ont une faible densité et un mauvais rapport résistance/ténacité. Les matériaux fabriqués ne conviennent pas aux applications nécessitant des propriétés mécaniques globales élevées. Afin de surmonter les défis susmentionnés, la méthode d'infiltration par pression de liquide (LPI) est utilisée pour améliorer les limites de la technologie PM [38]. Cependant, une faible résistance de liaison, des structures simples et des difficultés d'usinage ultérieur sont toujours les problèmes de goulot d'étranglement de ce type de technologie. Par conséquent, il n'est pas favorable à la fabrication de pièces aux structures complexes et aux excellentes propriétés mécaniques globales. En résumé, le formage libre de MMC avec des structures complexes est devenu un besoin urgent à résoudre dans la fabrication de pièces hautes performances. Tableau 1.1: Propriétés physiques des particules céramiques typiques (adapté de [39]). 

Particules

Technologie de modification de surface

Grâce à l'analyse de la littérature mentionnée ci-dessus, il peut être conclu que les traitements postthermiques et la fabrication de composites à matrice métallique sont tous deux des méthodes de traitement pour améliorer la performance globale des matériaux martensitiques PHSS. Cependant, les dommages et les défaillances des matériaux métalliques (tels que la corrosion, l'usure, la fracture, etc.) partent généralement de la surface. En tant que tel, en fonction des différentes exigences d'application, le changement de la structure de surface du matériau est un moyen efficace d'améliorer les performances de surface et de prolonger la durée de vie des matériaux métalliques. Les technologies de modification de surface telles que la technologie de projection thermique [40], la technologie de galvanoplastie [41], le dépôt physique en phase vapeur [42], le dépôt chimique en phase vapeur [43], la technologie de revêtement laser [44] et la technologie d'auto-nanocristallisation de surface [45] sont progressivement devenir le moyen important d'améliorer la qualité de surface des matériaux martensitiques PHSS.

Conclusion

Avec la demande explosive de PHSS martensitiques dans l'industrie automobile, les moules et les industries chimiques, le développement de nouveaux matériaux PHSS martensitiques avec de bonnes performances globales et une bonne résistance à la corrosion est devenu un problème de recherche actuel qui mérite une attention considérable. Notamment, la fabrication rapide de pièces personnalisées hautes performances pose de sérieux défis à une variété d'applications dans les domaines mentionnés ci-dessus. Combinant le carbone ultra-bas et l'excellente soudabilité des matériaux martensitiques PHSS hautes performances, un nouveau matériau martensitique PHSS, l'acier inoxydable CX, développé par EOS GmbH a suscité un large éventail d'intérêt dans les communautés de recherche et d'ingénierie.

À ce jour, l'analyse de la littérature indique un manque de méthodes systématiques pour étudier les propriétés mécaniques et la résistance à la corrosion de l'acier SLM CX. En outre, de nombreuses études actuelles se concentrent simplement sur certains aspects de l'acier SLM CX. À ce titre, une étude systématique et détaillée de l'acier SLM CX doit être menée.

Objectif

Une revue détaillée de la littérature du SLM martensitique PHSS a été réalisée comme mentionné dans les sections précédentes. L'objectif des travaux présentés dans cette thèse est d'étudier systématiquement l'évolution microstructurale et les propriétés mécaniques de l'acier SLM CX. L'effet de la teneur en TiC sur la microstructure et les propriétés des composites à matrice métallique en acier SLM TiC/CX est également étudié de manière approfondie. De plus, après avoir comparé l'influence de différentes méthodes de modification de surface sur les performances mécaniques, un moyen efficace d'améliorer la qualité de surface de l'acier CX est proposé. La réussite de ce sujet fournit des données expérimentales détaillées et un soutien théorique pour la recherche fondamentale et les applications industrielles de l'acier SLM CX.

Comme le montre la Figure 1.7, ce travail est principalement divisé en les parties suivantes: 1) La poudre d'acier CX a été utilisée comme matière première pour le présent travail. Des paramètres d'optimisation SLM ont été établis pour la production de pièces entièrement denses. La morphologie macroscopique, l'évolution microstructurale, les propriétés mécaniques, la résistance à la corrosion, etc., de l'acier SLM CX sous différents états traités thermiquement ont été caractérisées et analysées.

2) La poudre d'acier TiC/CX a été choisie comme matière première. Afin d'améliorer les performances globales de l'acier SLM CX, les effets de différentes teneurs en TiC sur la qualité macroscopique, les caractéristiques de microstructure, la transformation de phase, les propriétés des matériaux, etc. de l'acier SLM TiC/CX ont été étudiés.

3) Des méthodes de modification de surface telles que la technologie de revêtement laser et le traitement d'usure mécanique de surface ont été utilisées sur la surface de l'acier SLM CX afin d'améliorer sa qualité de surface. 

Paramètres de traitement laser

Après avoir mené une série d'expériences, les paramètres de traitement laser optimisés des paramètres optimaux des échantillons d'acier SLM CX, des échantillons d'acier SLM TiC/CX et des revêtements WC/NiCrBSi-WC revêtus au laser peuvent être répertoriés dans le Tableau 2.2. Le processus détaillé Ensuite, après avoir fait la moyenne de l'énergie d'entrée laser totale à la surface du bain fondu, le flux d'énergie laser moyen qa (W/m 2 ) peut être obtenu par l'équation (3)(4):

q a = αP 𝜋𝑟 𝑙 2 (1 - 1 𝑒 2 ) (3-4)
Généralement, comme le montre la Figure 3.1a, l'énergie efficace absorbée par le lit de poudre d'acier CX est principalement contrôlée par l'énergie laser d'entrée et la perte d'énergie provoquée par le phénomène tel que la convection, le rayonnement et l'évaporation. Environ 10% de la chaleur est dissipée en raison de la convection et du rayonnement dans le traitement au laser des poudres d'acier inoxydable comme indiqué par Wang et al. [51], alors que la perte de chaleur due à l'évaporation est assez faible [50]. Par conséquent, le flux d'énergie laser efficace (qe, W/m 2 ) pour fondre les poudres d'acier CX peut être décrit comme l'équation (3)(4)(5):

q e = 90% • 𝑞 𝑎 (3-5) En combinant les équations 3-5 et 3-6, le flux d'énergie laser efficace à travers la surface du bain fondu peut être obtenu. De plus, l'énergie laser absorbée par les poudres d'acier CX par unité de volume (Qv, J/m 3 ) pendant l'existence du bain fondu peut être calculée par l'équation (3)(4)(5)(6): 

Q v =

Travail effectué et principales conclusions

Le chapitre III a principalement étudié les effets des paramètres de processus et des régimes de traitement thermique sur l'évolution microstructurale, la composition des phases, les propriétés mécaniques statiques et les performances de corrosion électrochimique de l'acier inoxydable à durcissement par précipitation SLM CX (PHSS). Les caractéristiques de microstructure des aciers SLM CX dans les conditions de fabrication et de traitement thermique ont été systématiquement étudiées à l'aide de méthodes avancées de caractérisation des matériaux telles que le microscope électronique à balayage (MEB), la diffraction des rayons X (XRD), la diffraction par rétrodiffusion électronique (EBSD) et la transmission. microscope électronique (TEM). Sur la base de l'étude systématique, l'échantillon d'acier SLM CX avec la meilleure rugosité de surface (Ra=4,05±1,8 μm) et la densité relative (Rd=99,72±0,22%) sous la densité linéaire optimale (η = 245 J/m) peut être obtenu . Le spectre XRD révèle que le traitement en solution a abouti à la formation d'une martensite complète (phase α'-Fe) et d'une austénite inversée (phase γ-Fe) formée après le traitement de vieillissement. En outre, la microdureté des pièces en acier inoxydable du SLM CX s'est améliorée de manière significative, passant de 
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 12 Figure 1.2: Basic manufacturing principle of the LSF process [37].
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 13 Figure 1.3: Complex metal structures manufactured by LSF technology: (a) F/S-18E/F wing root rings; (b) stiffened panel and keel plate for test; (c) central wing rib in C919; (d) a certain type of civil aircraft window frame for test; repaired aeroengine fan blade in (e) nickel-based alloys and (f) titanium-based alloys [46-50]. Furthermore, LSF technology has been widely used in biomedical fields, especially in bone implant prostheses. Hollander et al. [51] established a LSF manufacturing strategy for target metallic implant and
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 14 Figure 1.4: (a) preliminary experiments for LSF target parts; (b) finished products fabricated via LSFprocess[51]. LSF technology is particularly suitable for rapid manufacturing and trial production of molds due to its characteristics of mold-free designing, on-the-spot forming, short cycle time and low cost. As revealed in Figure1.5a-b, Wood et al.[40] used LSF technology to design and manufacture injection molds, which contained small-sized cavities and groove structures. Among them, the width of the mold groove in Figure1.5b is only 0.76 mm, and the groove depth is 25.4 mm. Moreover, as exhibited in Figure1.5c-d, Mazumder et al.[52] utilized LSF technology to manufacture a type of injection molds with water-cooled copper channels. The substrate material of the mold was H13 tool steel, and the groove wall of the conformal cooling channels was made of pure copper. Theoretical calculations showed that this design can shorten the working cycle of the mold by 40 %.
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 15 Figure 1.5: (a) Injection mold core; (b) injection mold cavity; (c) core and (d) cavity in a type of injection molding dies with copper chiller block and 3Dconformal cooling channels [40,52].

Figure 1 . 6 :

 16 Figure 1.6: Basic principle of SLM process [53].
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 17 Figure 1.7: Applications of SLM technology in the aerospace field: (a) Leap fuel nozzle in GE90 jet engine; (b) PDOS brackets in GEnx-2B engines; (c) Airbus A350 XWB cabin bracket; (d) combustion chamber in SuperDraco thruster engine [59-63].
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 18 Figure 1.8: (a) MUTARS revision hip cup (courtesy of Implantcast GmbH); (b) Individual hip implant in titanium (courtesy of SLM Solutions Group AG); SLM-produced customized implants (c) acetabular cup; (d) dental crown; comparison of customized titanium (e) scapula with resection of the scapula; (f) clavicle replacement with resection of the clavicle [68].
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 19 Figure 1.9: Conformal cooling channel solution for (a) core and (b) cavity; SLM-produced complex mold block with conformal cooling channels: (c) 3D CAD model and (d) metal part; (e) overview of the injection mold and the inserts: SLM-manufactured insert and the conformal cooling channel geometry.
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 111 Figure 1.11: Iron-carbon equilibrium diagram showing temperature regions for various heat-treatment operations [96].
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 112 Figure 1.12: EBSD diagrams of 20CrNi2Mo martensite steel quenched at different temperatures: (a) 900 °C; (b) 1000 °C; (c) 1100 °C; (d)1200 °C; (e) packet size and block width dependence on quenching temperature.
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 1 13 displays a schematic diagram of the hierarchical structure of a typical dislocation martensite.

Figure 1 . 13 :

 113 Figure 1.13: Schematic representation of the hierarchical structure of dislocation martensite with laths of cuboidal morphology [119].
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 114 Figure 1.14: Schematic diagram of the relationship between critical shear stress and particle size [121].
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 116 Figure 1.16: STEM-EELS elemental mappings of a duplex precipitate in the high nickel alloy after aging at 500 °C for 10 hours in vacuum [129].
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 117 Figure 1.17: (a) A process map of the SLM 18Ni300 steel; (b) nominal stress-strain curves of the SLM asbuilt samples and heat-treated specimens [144].
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 118 Figure 1.18: Coordinate system and building directions of the SLM samples [151].
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 119 Figure 1.19: The results of the APT observations [159,160].
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 120 Figure 1.20: (a) Precipitates visualized by drawing an isoconcentration surface at 15 at. % Al; (b) corresponding proximity histogram plotting the chemical composition as a function of the distance to the isoconcentration surface [161].
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 1 Figure 1.21: (a) FESEM and EDS results of SLM TiB2/Inconel 625 alloy samples fabricated with a laser energy density of 400 J/m; (b) macroscopic morphology of SLM TiC/Inconel 718 alloy samples; (c) Fe-Cr-C-W microstructure manufactured by direct laser deposition process; (d) formation mechanism of in-situ ceramic particles during the SLM process.
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 122 Figure 1.22: (a) Preparation process of SLM 5wt.% Fe2O3/Al and SLM 15wt.% Fe2O3/Al samples; (b) microstructure of SLM 10wt.% Fe2O3/Al samples; (c) physical model established for the powder paving of WC/Inconel 718 composites during SLM; (d) simulation results of the surface temperature-macroscopic morphology.
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 123 Figure 1.23: Manufacturing principle of the LC technology [204].
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 124 Figure 1.24: Basic manufacturing principle of the SP process [214].
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 125 Figure 1.25: Framework of this thesis.
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 21 Figure 2.1: (a) Morphology of the CX steel powder utilized in this study and the etched cross-sectional figure of a single particle; (b) powder particle size distribution [1].

Figure 2 .

 2 2b presents the etched cross sections of the pre-mixed TiC/CX steel powder. A large quantity of fine TiC particles (marked by black arrows) was uniformly distributed near the spherical CX steel powder (marked by white arrows).
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 22 Figure 2.2: (a) Macro morphology of the TiC ceramic particles and elements distribution; (b) pre-mixed TiC/CX steel powder.

  .3a. Particle size distribution of the NiCrBSi-WC powder [Dv(10)=52.2 μm, Dv(50)=79.2 μm and Dv(90)=118 μm] was detected via a laser diffraction particle analyser and the corresponding results were plotted in Figure 2.3b. Morphology of spherical WC powder particles and size distribution [Dv(10)=26.8 μm, Dv(50)=95.7 μm and Dv(90)=147 μm] were demonstrated in Figure 2.3c and d, respectively. The nominal chemical composition of the NiCrBSi-WC powder and WC particles offered by the supplier is presented in Table2.2. After experiencing a ball milling and sieving processes, 5 wt.% WC/95 wt.% (NiCrBSi-WC) powder was selected as the raw material to fabricate laser cladded samples.
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 23 Figure 2.3: (a) Macro morphology of NiCrBSi-WC powder with an insert of etched cross sectional particle image; (b) powder particle distribution of the NiCrBSi-WC powder; (c) morphology of spherical WC powder with an insert of a single particle with elements distribution; (d) powder particle distribution the spherical WC powder.
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 24 Figure 2.4: (a) Equipment exterior of the SLM system; (b) SLM manufacturing process; (c) schematic diagram of the SLM process with the optimal parameters for fabricating SLM CX steel samples [4].
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 25 Figure 2.5: (a) Equipment exterior of the laser cladding system; (b) macro morphology of SLM CX steel plates used for the LC process substrates; (c) schematic diagram of the LC process [5].
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 26 Figure 2.6: (a) Vacuum heat treatment equipment; (b) heat treatment regime applied for SLM CX steel samples in this work.

  .7b. The key SMAT parameters applied in the present research are listed in Table 2.4.
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 27 Figure 2.7: (a) Equipment of the SMAT machine; (b) working principle of the SMAT process [6].
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 28 Figure 2.8: Three-dimensional surface profiler.

Figure 2 . 9 :

 29 Figure 2.9: Equipment of (a) optical microscopy (OM); (b) scanning electron microscopy (SEM); (c) focused ion beam (FIB) milling; (d) transmission electron microscope (TEM).
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 210 Figure 2.10: (a) µ-focus X ray computer tomography equipment; and (b) schematic diagram of the CT 3D image reconstruction process [7].
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 211 Figure 2.11: Equipment of microhardness test.

Figure 2 . 12 :

 212 Figure 2.12: (a) Static tensile test machine; (b) polished SLM samples for tensile test.
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 213 Figure 2.13: Charpy V-notch impact test specimens for this work.
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 214 Figure 2.14: Ball-on-disk wear test machine.

Figure 2 . 15 :

 215 Figure 2.15: Electrochemical corrosion test equipment.
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 31 Figure 3.1: (a) Schematic diagram of the heat transfer process of the molten pool in the SLM fabrication; (b) the enlarged view of (a) and the macro appearance of the SLM single track of CX steel (XY plane and XZ plane, respectively).

Figure 3

 3 Effective depth of the melting zone (as shown in Figure 3.1b) H 4.5×10 -5 m

Figure 3 . 2 :

 32 Figure 3.2: Surface roughness of the SLM CX samples manufactured under different linear energy density using large-scale processing parameters.

Figure 3 . 3 :

 33 Figure 3.3: (a) Ra of the SLM CX specimens under different linear energy density obtained in further experimental optimization; (b) relationship between Ra and the linear energy density.

Figure 3 . 4 :

 34 Figure 3.4: Microstructure in the unetched state of the SLM CX samples manufactured under different linear energy density using large-scale processing parameters.

Figure 3 . 5 :

 35 Figure 3.5: (a) Rd of the SLM CX specimens under different linear energy density obtained in further

Figure 3 . 6 :

 36 Figure 3.6: (a) DSC curves of the SLM CX steel as-built samples measured at different heating rates; (b) XRD spectra of the different types of the SLM CX steel samples; (c) bright field image of the SLM CX steel aged sample; (d) phase distribution of the SLM CX steel solution samples in XY plane.

Figure 3 . 7 :

 37 Figure 3.7: Microstructure of the cross-sections of the SLM samples before and after various heat treatments: (a, b, c) microstructure of the as-built sample, (d, e, f) microstructure of the solution-treated sample, (g, h, i) microstructure of the aged sample, (j, k, l) microstructure of the solution-aged sample. Left column: OM images. Middle column: SEM images. Right column: magnified SEM images.
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 38 Figure 3.8: Image qualities and IPF-Z contours in XY planes of the different types of the SLM CX steel samples: (a) SLM CX steel as-built sample; (b) SLM CX steel solution sample; (c) SLM CX steel aged sample; (d) SLM CX steel solution-aged sample.
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 39 Figure 3.9: Grain size statistical results in XY planes of the different types of the SLM CX steel samples: (a) SLM CX steel as-built sample; (b) SLM CX steel solution sample; (c) SLM CX steel aged sample; (d) SLM CX steel solution-aged sample.
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 310 Figure 3.10: Phase composition in XY planes of the different types of the SLM CX steel samples: (a) SLM CX steel as-built sample; (b) SLM CX steel solution sample; (c) SLM CX steel aged sample; (d) SLM CX steel solution-aged sample. (Figure 3.6b is same as Figure 3.10d)

Figure 3 . 11 :

 311 Figure 3.11: BFI of the SLM as-built sample illustrating the existence of (a) parallel strip martensites with corresponding SAED pattern inset, (b) nanoprecipitates (marked by white arrows), (c) nanoparticle of the region 1 and (d) amorphous structure of the region 2.

Figure 3 . 12 :

 312 Figure 3.12: BFI and corresponding SAED pattern taken from solution-aged specimen. (a) precipitates and dislocations within the martensite matrix shown by BFI and the corresponding SAED pattern of the NiAl phase (inset); (b) EDS results of the nanoparticle marked in (a); (c) HRTEM image of the partial coherence interface corresponding to the region 1 presented in (a); (d) HRTEM image of the coherence interface to the region 2 marked in (a).
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 3133 Figure 3.13: Microhardness of the SLM CX steel samples under different states 3.7.2 Static tensile tests

Figure 3 . 14 :

 314 Figure 3.14: Stress-strain curves of the SLM CX steel parts under different states.

Figure 3 . 15 :

 315 Figure 3.15: Fracture microstructure of the SLM CX stainless steel parts after the different heat treatment observed using SEM. (a) the fracture microstructure of the as-built sample; (b) magnified view of the as-built sample; (c) the fracture microstructure of the solution-treated sample; (d) magnified view of the solution-treated sample; (e) the fracture microstructure of the aging-treated sample; (f) magnified view of the aging-treated sample; (g) the fracture microstructure of the solution-aged sample; (h) magnified view of the solution-aged sample.

Figure 3 . 16 :

 316 Figure 3.16: Impact force-displacement curves in different post heat treatment conditions: (a) as-built

Figure 3 . 17 :

 317 Figure 3.17: Fracture morphology with the corresponding fracture microstructure observed by SEM in different post heat treatment conditions: (a) as-built sample; (b) solution-treated sample; (c) aged-treated sample; (d) solution-aged sample.

Figure 3 .

 3 Figure 3.18 presents the effects of the heat treatments on the tribological performance of the SLM CX steel. The corresponding statistical results of Figure 3.18 are listed in Table3.6. At a lower sliding distances (i.e., 0-200 m), as displayed in Figure3.18a, the COF values fluctuated sharply due to a running-in state existed between the counter body (i.e., Si3N4 ball) and the SLM CX steel wear samples. In the 200-754 m sliding distance interval, all SLM CX steel samples entered into a wear steady state. In the wear steady state, as revealed in Table3.6, the average COF of the SLM CX steel as-built sample, SLM CX steel solution sample, SLM CX steel aged sample, and SLM CX steel solution-aged sample is 0.58, 0.61, 0.52 and 0.49, respectively. Amongst them, the average COF of SLM CX steel solution-aged specimen is about 15.52 % lower than that of the SLM CX steel as-built specimen. It can be offered that the increase in the overall microhardness induced by the heat treatments has a positive effect on reducing the COF of the SLM CX steel wear samples. Figure3.18b reveals the typical cross-sectional wear track profiles of the SLM CX steel wear samples. The maximum wear track depth of the SLM CX steel as-built specimen, SLM CX steel solution specimen, SLM CX steel aged specimen, and SLM CX steel solution-aged specimen is 52.79 μm, 61.34 μm, 39.01 μm and 32.69 μm, respectively. Notably, the maximum wear track depth of the SLM CX steel solution-aged specimen is about 61.49 % lower than that of the SLM CX steel as-built specimen. As demonstrated in Table3.6, the average wear rate of the SLM CX steel solution-aged specimen is about 49.69 % lower than that of SLM CX steel asbuilt specimen. Although appropriate heat treatment regime can lead to an increase in the microhardness of the SLM CX steel samples, its impact on reducing COF is very limited. Nonetheless, in the wear rate aspect, an appropriate heat treatment method will play a vital role in reducing the wear rate of the SLM CX steel samples.

Figure 3 . 18 :

 318 Figure 3.18: (a) COF-distance curves and (b) cross-sectional wear track profiles of the different types of the SLM CX steel wear samples.

Figure 3 . 19 :

 319 Figure 3.19: Worn surface morphology of the different types of the SLM CX steel wear samples: (a) SLM CX steel as-built sample; (b) magnified view of zone 1 in a; (c) 3D surface topography of a; (d) SLM CX steel solution sample; (e) magnified view of zone 2 in d; (f) 3D surface topography of d; (g) SLM CX steel aged sample; (h) magnified view of zone 3 in g; (i) 3D surface topography of g; (j) SLM CX steel solutionaged sample; (k) magnified view of zone 3 in j; (l) 3D surface topography of j.

Figure 3 . 20 :

 320 Figure 3.20: PDP curves of the different types of the SLM CX steel samplesTable 3.7: Self-corrosion potential (Ecorr, V) and self-corrosion current density (Jcorr, μA/cm 2 ) of the different types of the SLM CX steel samples Samples Ecorr (V) Jcorr (μA/cm 2 ) As-built sample -0.57±0.03 4.41 Solution-treated sample -0.42±0.04 4.10 Aged sample -0.46±0.02 5.84 Solution-aged sample -0.41±0.03 3.69
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 41 Figure 4.1: Macro morphology in XY plane of the SLM TiC/CX steel composite samples under different TiC contents: (a, b) SLM 5wt.% TiC/CX steel composite samples; (c, d) SLM 10wt.% TiC/CX steel composite samples; (e, f) SLM 15wt.% TiC/CX steel composite samples. First row: surface appearance of the TiC/CX steel composites. Second row: surface roughness of the TiC/CX steel composites.

Figure 4 . 2 :

 42 Figure 4.2: Microstructures of the SLM TiC/CX steel composites before etching observed via OM: (a) SLM 5wt.% TiC/CX steel samples; (b) SLM 10wt.% TiC/CX steel samples; (c) SLM 15 wt.% TiC/CX steel samples and (d) defects distribution in the SLM 10wt.% TiC/CX steel samples detected via micro-CT.

Figure 4 .

 4 Figure 4.3 reveals the XRD spectra of pre-mixed TiC/CX powder and SLM TiC/CX steel composites.The main phases of the pre-mixed TiC/CX steel powder are TiC phase (JCPDS # 71-0298) and α'-Fe phase (JCPDS # 06-0696). However, the principal phases within the SLM TiC/CX steel samples are composed of α'-Fe phase (JCPDS # 06-0696), TiC phase (JCPDS # 31-1400), γ-Fe phase (JCPDS # 23-0298), and Cr7C3 phase (JCPDS # 36-1482). Notably, different from TiC/CX steel powder, with the increase of TiC content in the SLM TiC/CX steel samples, the intensity of γ-Fe phase increased significantly. The phenomenon can be attributed to the good thermal stability of TiC particles and the quite lower thermal conductivity (approx. 5.64 W/(m•K)[6]) at high-temperature environments than that of the CX steel (approx. 14-22.5 W/(m•K)[7]).Therefore, the solidification rate near the TiC particles was much low, resulting in a large amount of retained austenite, i.e., γ-Fe phase, generated during the rapid cooling process of the molten pool. Moreover, due to the partial melting of the TiC particles during the SLM manufacturing process, new metallurgical reactions would be occurred and new intermetallic compounds would be produced accordingly, such as Cr7C3 phase. Consequently, the phase types of SLM TiC/CX steel composites exist distinctively different from that of the pre-mixed TiC/CX powder.
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 43 Figure 4.3: XRD spectra of the pre-mixed TiC/CX powder and SLM TiC/CX steel composites.

Figure 4 .

 4 Figure 4.4 presents the microstructure of the SLM TiC/CX steel samples under different TiC content observed via OM, scanning electron microscope (SEM) and energy dispersive spectrometer (EDS).Figure4.4a-c reveals the microstructure of the SLM TiC/CX steel samples under different TiC content observed via OM. TiC particles were well dispersed within the martensite (i.e., α'-Fe phase) matrix regardless of the TiC content. Different with the SLM CX steel as-built sample, laser tracks (blue dashed lines) can be clearly detected in all SLM TiC/CX samples. Moreover, with the TiC content increasing, the laser tracks become easier to be observed. After measurement, the width of the laser track is about 80 µm, which is the same as the hatch space. As displayed in Figure4.4c, the angle of the laser tracks between two adjacent layers is approximately 67° (marked with black and blue arrows). The aforementioned phenomenon can be attributed to the effect of the TiC additions on the phase solidification process and microstructure formation mechanism of the SLM TiC/CX steel samples. As exhibited in Figure4.4a-c, under the influence of the laser spot movement, TiC particles (orange arrows) were mainly distributed at the boundaries of the solidified laser tracks. Moreover, TiC particles may be melted and produce metallurgical reactions during the solidification process of the molten pool, thereby leading to the changes in the density of the melt. Consequently, during the solidification of the molten pool, the partially melted TiC particles would be solidified at the front of the melt under the synergic effects of Marangoni force[8,9] and gravity-driven Stokes motion[10,11]. Notably, due to the extremely high corrosion resistance of the TiC particles, a large quantity of corrosion-resistant regions around the TiC-enriched areas and partially melted TiC particles (green arrows) can be detected in Figure4.4b and c. This feature would be of great help in improving the corrosion resistance of the SLM TiC/CX steel. However, it would also cause an uneven corrosion phenomenon of the SLM TiC/CX steel in a corrosive media.To further explore the effect of TiC particles on the microstructural evolution of the SLM TiC/CX steel, as detected in Figure4.4d-f, the microstructural features and main element distribution of the SLM 10wt.% TiC/CX steel sample were characterized by means of SEM and EDS. As displayed in Figure4.4d, the microstructure of the SLM 10 wt.% TiC/CX steel sample is mainly composed of a large number of extremely fine equiaxed grains (purple arrows), large unmelted TiC particles (orange arrows) and partially melted TiC particles (pink arrows). Furthermore, as shown in Figure4.4e, owing to the partial melting of the TiC particles, the concentration of Cr element is relatively abundant in areas with high C element content. Combined with the XRD spectra analysis (Figure4.3), it can be deducted that the C element and the Cr element may form a type of carbide (i.e., Cr7C3), which is distributed among the equiaxed grains in a net-like structure. Moreover, as presented in Figure4.4f, there are some areas where the Ti element content and Ni element content increased at the same time (i.e., 12-16 µm), indicating that some new intermetallic compounds might be generated within
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 4 Figure 4.4 presents the microstructure of the SLM TiC/CX steel samples under different TiC content observed via OM, scanning electron microscope (SEM) and energy dispersive spectrometer (EDS).Figure4.4a-c reveals the microstructure of the SLM TiC/CX steel samples under different TiC content observed via OM. TiC particles were well dispersed within the martensite (i.e., α'-Fe phase) matrix regardless of the TiC content. Different with the SLM CX steel as-built sample, laser tracks (blue dashed lines) can be clearly detected in all SLM TiC/CX samples. Moreover, with the TiC content increasing, the laser tracks become easier to be observed. After measurement, the width of the laser track is about 80 µm, which is the same as the hatch space. As displayed in Figure4.4c, the angle of the laser tracks between two adjacent layers is approximately 67° (marked with black and blue arrows). The aforementioned phenomenon can be attributed to the effect of the TiC additions on the phase solidification process and microstructure formation mechanism of the SLM TiC/CX steel samples. As exhibited in Figure4.4a-c, under the influence of the laser spot movement, TiC particles (orange arrows) were mainly distributed at the boundaries of the solidified laser tracks. Moreover, TiC particles may be melted and produce metallurgical reactions during the solidification process of the molten pool, thereby leading to the changes in the density of the melt. Consequently, during the solidification of the molten pool, the partially melted TiC particles would be solidified at the front of the melt under the synergic effects of Marangoni force[8,9] and gravity-driven Stokes motion[10,11]. Notably, due to the extremely high corrosion resistance of the TiC particles, a large quantity of corrosion-resistant regions around the TiC-enriched areas and partially melted TiC particles (green arrows) can be detected in Figure4.4b and c. This feature would be of great help in improving the corrosion resistance of the SLM TiC/CX steel. However, it would also cause an uneven corrosion phenomenon of the SLM TiC/CX steel in a corrosive media.To further explore the effect of TiC particles on the microstructural evolution of the SLM TiC/CX steel, as detected in Figure4.4d-f, the microstructural features and main element distribution of the SLM 10wt.% TiC/CX steel sample were characterized by means of SEM and EDS. As displayed in Figure4.4d, the microstructure of the SLM 10 wt.% TiC/CX steel sample is mainly composed of a large number of extremely fine equiaxed grains (purple arrows), large unmelted TiC particles (orange arrows) and partially melted TiC particles (pink arrows). Furthermore, as shown in Figure4.4e, owing to the partial melting of the TiC particles, the concentration of Cr element is relatively abundant in areas with high C element content. Combined with the XRD spectra analysis (Figure4.3), it can be deducted that the C element and the Cr element may form a type of carbide (i.e., Cr7C3), which is distributed among the equiaxed grains in a net-like structure. Moreover, as presented in Figure4.4f, there are some areas where the Ti element content and Ni element content increased at the same time (i.e., 12-16 µm), indicating that some new intermetallic compounds might be generated within

Figure 4 . 4 :

 44 Figure 4.4: Microstructure of the SLM TiC/CX steel samples observed via OM after etching: (a) SLM 5 wt.% TiC/CX sample; (b) SLM 10 wt.% TiC/CX sample; (c) SLM 5 wt.% TiC/CX sample and (d) microstructure of the SLM 10 wt.%TiC/CX steel samples observed via SEM; (e) main elements distribution of Zone A from d; (f) EDS line scan of e.
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 45 Figure 4.5: EBSD results of the SLM 10 wt.% TiC/CX steel sample detected in the XY plane: (a) image quality (IQ) and inverse pole figure (IPF-Z) image; (b) phase distribution; (c) grain statistics; (d) IPF and pole figure (PF) figures.
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 46 Figure 4.6: TEM observation of the SLM 10wt.% TiC/CX steel sample: (a) BFI with corresponding SAED pattern; (b) HRTEM image at the interface between the TiC particle and α'-Fe phase; (c) HRTEM figure of precipitate and amorphous-nanocrystalline composite; (d) schematic diagram of the forming process of the amorphous-nanocrystalline composite.

Figure 4 .

 4 Figure 4.7 displays the microhardness distribution of the TiC/CX steel samples under different TiC contents. Average microhardness of the SLM 5wt.% TiC/CX steel sample, SLM 10wt.% TiC/CX steel sample and SLM 15wt.% TiC/CX steel sample is 416±27 HV0.2, 503±32 HV0.2, and 510±34 HV0.2, respectively. Compared with the average microhardness of the SLM 5wt.% TiC/CX steel sample (416 HV0.2), the microhardness of the SLM 10wt.% TiC/CX steel sample increased by 20.9 %. However, in comparison with
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 48 Figure 4.8: Stress-strain curves of the SLM TiC/CX steel samples under different TiC contents.

Figure 4 . 9 :

 49 Figure 4.9: Fracture morphology of the SLM TiC/CX steel parts under different TiC contents observed using SEM: (a) fracture microstructure of the SLM 5wt.% TiC/CX steel sample; (b) magnified view of region I in (a); (c) fracture microstructure of the SLM 10wt.% TiC/CX steel sample; (d) magnified view of region II in (c); (e) fracture microstructure of the SLM 15wt.% TiC/CX steel sample; (f) magnified view of region III in (e).

Figure 4 .

 4 Figure 4.10 reveals the effect of TiC contents on the tribological properties of SLM CX steel. The corresponding statistical results in Figure 4.10 are exhibited in Table4.2. As presented in Figure4.10a, due to the running-in phase between the counter body (i.e., Si3N4 ball) and the TiC/CX steel, the violent fluctuation phenomenon can be observed from the COF-distance curves at the initial wear process (i.e., 0-100 m). Within the sliding distance range of 100-754 m, all SLM TiC/CX steel wear samples entered into a steady wear process. As listed in Table4.2, the average COF of the SLM 5 wt.% TiC/CX sample in the steady wear process, SLM 10 wt.% TiC/CX sample and SLM CX 15 wt.% TiC/CX sample are 0.58, 0.56 and 0.53, respectively. Amongst them, the average COF of the SLM 15 wt.% TiC/CX sample is the lowest. Compared with the SLM 5wt.% TiC/CX sample, the average COF of the SLM 15wt.%TiC/CX sample is about 9.43% lower. Hence, massive TiC additions could cause a significant increase in the overall microhardness of the CX steel samples, thereby leading to a positive effect on reducing the COF values of the SLM TiC/CX steel wear samples. Figure 4.10b exhibits the typical cross-sectional wear track profiles of the SLM TiC/CX steel wear samples under different TiC contents. The maximum wear track depth of the SLM 5 wt.% TiC/CX sample, SLM 10 wt.% TiC/CX sample and SLM 15 wt.% TiC/CX sample are 16.68 μm, 10.97 μm and 8.76 μm, respectively. Notably, the maximum wear track depth of the SLM 15 wt.% TiC/CX specimen is about 90.41 %

Figure 4 . 10 :

 410 Figure 4.10: (a) COF-distance curves and (b) cross-sectional wear track profiles of the SLM TiC/CX steel wear samples under different TiC contents.

Figure 4 . 11 :

 411 Figure 4.11: Worn surface morphology of the SLM TiC/CX steel wear samples under different TiC contents: (a) SLM 5wt.% TiC/CX sample; (b) magnified view of zone 1 in a; (c) 3D surface topography of a; (d) SLM 10wt.% TiC/CX sample; (e) magnified view of zone 2 in d; (f) 3D surface topography of d; (g) SLM 15wt.% TiC/CX sample; (h) magnified view of zone 3 in g; (i) 3D surface topography of g.
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 412 Figure 4.12: PDP curves of the SLM TiC/CX steel samples under different TiC contents.
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 51 Figure 5.1: XRD patterns of the spherical WC particles and 5 wt.% WC/NiCrBSi-WC coating.

Figure 5 .

 5 Figure 5.2 displays the microstructural features of the 5 wt.% WC/NiCrBSi-WC coatings detected via OM. As shown in Figure5.2a, the area at the interface of the laser cladded (LC) coatings and the CX steel substrate can be divided into three sections from coatings to the substrate: LC 5 wt.% WC/NiCrBSi-WC coatings, interface (blue arrow) and the heat-affected zone. Owing to the quite higher density of the spherical WC particles (i.e., 15.8 g/cm 3[20]) than that of the NiCrBSi-WC powders (i.e., 6.0-8.0 g/cm 3[21]), spherical WC particles (yellow arrows) are basically distributed within the bottom area of the LC coatings. At the bottom region of the LC coatings, as presented in Figure5.2b, due to the synergic effect of the exceptionally high cooling rate (R) and relatively low thermal gradient (G) of the molten pool[10], a layer of planar crystal with an average width of 7.65 µm (black arrow) was observed at the interface. Furthermore, as exhibited in Figure5.2b, the microstructure at the bottom of the LC coating was principally composed of γ-(Ni, Fe) primary columnar dendrites (purple arrows) with secondary arms (green arrow). The averaged secondary dendrite arms spacing (SDAS, µm) was approximately 1.91 µm. Hence, according to the equation (5-4)[22], the quantitative

Figure 5 . 2 :

 52 Figure 5.2: Microstructure of the LC 5 wt.% WC/NiCrBSi-WC coatings observed via OM: (a) cross-sections of the LC coatings; (b) bottom of LC coatings; (c) top of LC coatings; (d) magnified view of Region I of a.
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 53 Figure 5.3: Microstructure of the LC 5 wt.% WC/NiCrBSi-WC coatings observed via SEM and EDS: (a) cross-sections of the LC coatings; (b) main elements distribution of a; (c) spherical WC ball; (d) main elements distribution of c.

Figure 5 . 4 :

 54 Figure 5.4: Microhardness contour map from the top of the 5 wt.% WC/NiCrBSi-WC coatings to the SLM CX steel as-built substrate.

Figure 5 . 5 :

 55 Figure 5.5: (a) COF-distance curves and (b) typical worn surface morphology measured from the wear track sections of the laser cladded wear test specimens [28].

Figure 5 . 6 :

 56 Figure 5.6: Worn surface of the LC 5wt.% WC/NiCrBSi-WC coatings: (a) low-magnification SEM image; (b) enlarged view of zone 1 in a; (c) main elements distribution of the zone 1.

  ) The principal phases within the LC 5wt.% WC/NiCrBSi-WC coatings are composed of WC phase (JCPDS # 73-0471), W2C phase (JCPDS # 35-0776), W phase (JCPDS # 04-0806), γ-(Ni, Fe) (JCPDS # 12-0736), Ni3B (JCPDS # 82-1699) and M23C6 (JCPDS # 85-1281).2) The cooling rate of the LC process in the current work can be calculated as 2.96×10 5 K/s. Fine γ-(Ni, Fe) columnar dendrites with a large number of secondary carbides [WC, W2C and M23C6 (with M: Ni, Cr and Fe)] and intermetallic compounds (Ni3B) can be detected within the LC 5wt.% WC/NiCrBSi-WC coatings.3) The mean microhardness of the LC 5wt.% WC/NiCrBSi-WC coatings, dilution area, and heataffected zone is 913±42.9 HV0.2, 496±19.8 HV0.2 and 340±7.06 HV0.2, respectively. The LC 5wt.% WC/NiCrBSi-WC coatings present the exceptionally tribological properties with the favorable average coefficient of friction (COF=0.36) and the low wear rate (2.01±0.56×10 -6 mm 3 / (N•m)).
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 57 Figure 5.7: (a) Macroscopic morphology of the SLM CX steel as-built samples and the SLM CX steel solution-aged samples under different SMAT processing parameters; surface roughness of the (b) S-10 sample, (c) S-20 sample and (d) S-30 sample.
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 58 Figure 5.8: XRD spectra of the different types of the SMAT treated SLM CX steel samples.
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 59 Figure 5.9: Microstructure of the SMAT treated SLM CX steel as-built samples under different processing parameters: (a, b) S-10 samples; (c, d) S-20 samples; (e, f) S-30 samples. First row: microstructure of the SMAT treated SLM CX steel observed via OM. Second row: microstructure of the SMAT treated SLM CX steel observed via SEM.
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 510 Figure 5.10: Microstructure of the SMAT treated SLM CX steel solution-aged samples under different processing parameters: (a, b) HS-10 samples; (c, d) HS-20 samples; (e, f) HS-30 samples. First row: microstructure of the SMAT treated SLM CX steel observed via OM. Second row: microstructure of the SMAT treated SLM CX steel observed via SEM.
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 512 Figure 5.12: (a) COF-distance curves and (b) average wear rate of the SLM CX steel samples under different SMAT parameters.
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 513 Figure 5.13: Typical worn surface of the SMAT treated SLM CX steel as-built samples under different processing parameters: (a) S-10 samples; (b) enlarged view of region I in a; (c) worn surface of the Si3N4 ball for S-10 sample wear tests; (d) S-20 samples; (e) enlarged view of region II in d; (f) worn surface of the Si3N4 ball for S-20 sample wear tests; (g) S-30 samples; (h) enlarged view of region III in g; (i) worn surface of the Si3N4 ball for S-30 sample wear tests.

Figure 5 .

 5 Figure 5.14 displays the typical worn surface morphology of the SMAT treated SLM CX steel solutionaged wear samples. As observed in Figure 5.14a, d and g, the average wear track width (orange arrows) of the HS-10 sample, HS-20 sample and HS-30 sample is approximately 458.3 µm, 437.5 µm and 365.6 µm, respectively. As exhibited in Figure 5.14b, e and h, a small amount of wear debris (purple arrows) and numerous fine furrows (blue arrows) can be detected on the worn surface. Since the oxide layer before wear test cannot be completely polished off, the oxide layer will be fractured under a high load wear process. Consequently, a few cracks (red arrow) can be found on the worn surface. Furthermore, as shown in Figure5.14c, f and i, the size of the worn area of the Si3N4 ball can mostly fit the worn tracks of the wear samples. Only a small amount of wear debris can be found on the surface of the counterbodies. The results proved that with intensity of SMAT process increasing, the wear resistance can be enhanced. In summary, based on the worn surface analysis, oxidation wear and abrasive wear can be regarded as the main wear mechanisms of the SMAT treated SLM CX steel solution-aged wear samples.
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 514 Figure 5.14: Typical worn surface of the SMAT treated SLM CX steel solution-aged samples under different processing parameters: (a) HS-10 samples; (b) enlarged view of region IV in a; (c) worn surface of the Si3N4 ball for HS-10 sample wear tests; (d) HS-20 samples; (e) enlarged view of region V in d; (f) worn surface of the Si3N4 ball for HS-20 sample wear tests; (g) HS-30 samples; (h) enlarged view of region VI in g; (i) worn surface of the Si3N4 ball for HS-30 sample wear tests.

Figure 1 . 1 :

 11 Figure 1.1: Organigramme de conception et de fabrication du processus LAM: (a) conception d'un objet cible; (b) établir un modèle CAO 3D; (c) découpage du modèle virtuel dans un logiciel de découpage en couches; (d) importer le modèle de tranche 2D dans le système d'impression 3D; (e) fabrication additive laser; f) pièces finies [11].
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 12 Figure 1.2: Principe de base du processus de SLM [14]. La technologie SLM est en fait une technologie LAM développée sur la base de la technologie de frittage sélectif par laser (SLS). La technologie SLS a été proposée pour la première fois par le professeur Deckard de l'Université du Texas à Austin [15]. Cependant, dans le processus de fabrication SLS, il a été affecté par la faible force adhésive entre les couches voisines. Pour résoudre ce problème, Meiners et al. [16] de l'Institut Fraunhofer pour la technologie laser ILT d'Allemagne et Abe et al. [17] de l'Université d'Osaka du Japon a mis en avant le concept de technologie de fusion sélective par laser basée sur la fusion sur lit de poudre métallique. Par la suite, en 1999, Meiners avec Fockle et Schwarz a développé le premier équipement SLM basé sur le lit de poudre d'acier inoxydable. Depuis lors, les chercheurs de nombreux pays ont mené une grande quantité d'études sur la technologie de SLM. De nos jours, la recherche sur la technologie SLM se concentre principalement sur le développement des équipements SLM et des procédés de formage de pièces hautes performances.

Figure 1 . 3 :

 13 Figure 1.3: Classification des matériaux métalliques courants à haute résistance [27].

Figure 1 . 4 :

 14 Figure 1.4: Diagramme d'équilibre fer-carbone montrant les régions de température pour diverses opérations de traitement thermique [28].

Figure 1 . 5 :

 15 Figure 1.5: Représentation schématique de la structure hiérarchique de la martensite à dislocation avec des lattes de morphologie cuboïdale [29].

Figure 1 . 6 :

 16 Figure 1.6: Diagramme schématique de la relation entre la contrainte de cisaillement critique et la taille des particules [31]. Compte tenu de la distribution des nanoparticules, l'effet de renforcement du mécanisme de contournement des dislocations Orowan est déterminé par l'espacement des nanoparticules (λ). Par conséquent, la contribution à la force globale peut être exprimée par l'équation (1-5): ∆σ Orowan = 𝐺𝑏 𝜆

Figure 1 . 7 :

 17 Figure 1.7: Cadre de cette thèse.

Chapitre 2 :

 2 Matériels et méthodes Matières premières Poudre d'acier inoxydable CX La poudre EOS StainlessSteel CX, un type de poudre martensitique d'acier inoxydable durcissant par précipitation (PHSS) (EOS GmbH Ltd., Allemagne), a été sélectionnée comme matière première pour fabriquer des échantillons SLM. Les détails de la distribution granulométrique [Dv (10) = 20,3 μm, Dv (50) = 31,4 μm et Dv (90) = 46,4 μm] ont été détectés à l'aide d'une machine à particules à diffraction laser (Mastersizer 2000, Malvern Instruments Ltd., Royaume-Uni). La composition chimique nominale de la matière première est présentée dans le Tableau 2.1.

Figure 3 . 1 :

 31 Figure 3.1: (a) Diagramme schématique du processus de transfert de chaleur du bain fondu dans la fabrication SLM; (b) la vue agrandie de (a) et l'aspect macro de la voie unique SLM en acier CX (plan XY et plan XZ, respectivement). Sur la base de l'analyse ci-dessus, pour garantir que les poudres d'acier CX peuvent être complètement fondues, l'énergie minimale absorbée par une unité de volume de poudres d'acier inoxydable CX doit dépasser la valeur critique calculée ci-dessus, c'est-à-dire Qs=7,11×10 9 J/m 3 . Ainsi, l'étude et le calcul de l'énergie d'entrée du laser pendant le processus SLM est notre prochaine partie d'étude. Le processus de transfert de chaleur autour du bain fondu est illustré à la Figure 3.1a. Comme mentionné précédemment, le mode de distribution d'énergie de l'énergie laser d'entrée peut être considéré comme une distribution d'énergie gaussienne. Par conséquent, le flux d'énergie d'entrée du laser [qin(r), W/m 2 ] peut être déduit par l'équation (3-2) [50]:q in (r) = 2𝛼𝑃 𝜋𝑟 𝑙 2 exp (-2𝑟 2 𝑟 𝑙 2 )(3-2)où α est le rapport d'absorption laser des poudres sphériques en acier inoxydable, P est la puissance du laser, rl est le rayon du point laser et r est la distance entre le point calculé et le centre du point laser, comme indiqué sur la Figure 3.1b. En intégrant l'équation (3-3) de 0 à rl, l'énergie d'entrée laser totale (Qt, W) peut être décrite par l'équation (3-3): Q t = ∫ 2𝜋𝑟𝑞 𝑖𝑛 (𝑟) 𝑟 𝑙 0

Tableau 3 . 1 : 3

 313 Ve est le volume effectif du bain fondu, et t est le temps d'existence du bain fondu. La valeur de t peut être calculée selon la formule, c'est-à-dire t = 2r l v , dans laquelle 2rl est le diamètre du point laser et v est la vitesse de balayage laser. Afin de simplifier le processus de calcul, comme le montre la Figure3.1b, le volume effectif du bain fondu (Ve, m 3 ) peut être supposé comme faisant partie d'une sphère équivalente, c'est-à-dire une calotte sphérique. Le Ve peut donc être estimé par l'équation (3-7) comme suit: le rayon de la sphère équivalente et H est la profondeur de pénétration effective du laser dans le lit de poudre d'acier CX, comme illustré sur la Figure3.1b. Après avoir remplacé les équations 3-5, 3-6 et 3-8 dans l'équation 3-7, l'énergie laser absorbée par les poudres d'acier CX par unité de volume (Qv, J/m 3 ) peut être décrite par l'équation (3-8): J/m) est la densité d'énergie linéaire.Pour résoudre l'équation 3-8, les paramètres associés et l'explication correspondante sont répertoriés dans le Tableau 3.1 et la Figure3.1, respectivement. Après avoir mené un certain nombre d'expériences à une seule piste, une seule piste continue typique avec une largeur uniforme est représentée sur la Figure3.1b. Ainsi, les valeurs du rayon de la sphère équivalente (R, m) et de la profondeur de pénétration effective (H, m) mesurées et utilisées dans notre présente étude sont respectivement de 1,6×10 4 m et 4,5×10 5 m. Après avoir résolu l'équation 3-8 sur la base des données du Tableau 3.1 et de la Figure3.1b, nous pouvons constater que seule l'exigence est satisfaite, c'est-à-dire Qv≥Qn (Qn=7,11 J/m 3 ), l'énergie laser d'entrée fondra théoriquement un volume unitaire de poudres d'acier inoxydable CX et produire une piste laser continue. Par conséquent, pour satisfaire à la condition ci-dessus, la densité d'énergie linéaire minimale (η, J/m) peut être déterminée comme étant de 141 J/m. Par conséquent, pour s'assurer que l'exigence ci-dessus peut être satisfaite, la valeur de η obtenue à partir de tous les paramètres de fabrication SLM dans nos expériences est supérieure à 141 J/m. Enfin, les principales plages de paramètres de traitement SLM (P, v et η) peuvent être déterminées comme 200-350 W, 800-1200 mm/s (comme indiqué dans le Tableau 3.1) et 167-438 J/m, respectivement. Propriétés physiques et paramètres de fabrication des matières premières pour le calcul théorique.5 J/kg [52] L'absorbance des poudres d'acier inoxydable η 0.6 [53] Rayon du spot laser rl 5×10 -5 m Rayon de la sphère équivalente (comme le montre la Figure 3.1b) R 1.6×10 -4 m Profondeur effective de la zone de fusion (comme illustré à la Figure

  Étude sur la microstructure et les caractéristiques de l'acier inoxydable CX formé via la technologie de SLM Bien que l'acier CX ait attiré l'attention, une recherche systématique sur l'acier CX fondu au laser sélectif (SLM) fait encore défaut. Cette étude vise à combler cette lacune de recherche en se concentrant sur la conception des matériaux, la fabrication, les macro/microstructures, le post-traitement et les propriétés des matériaux de l'acier SLM CX. Pour explorer l'effet des paramètres SLM et du posttraitement sur les macro/microstructures de l'acier CX, une étude sur les caractéristiques de microstructure et les propriétés des matériaux de l'acier SLM CX a été menée. Avec une densité d'énergie optimale, des échantillons d'acier SLM CX avec une bonne rugosité de surface et une densité relative élevée peuvent être obtenus. Pour améliorer les performances globales de l'acier SLM CX, une étude a été réalisée sur les composites d'acier SLM TiC/CX sous différentes teneurs en carbure de titane. De l'acier SLM 10% en poids TiC/CX presque entièrement dense avec une bonne rugosité de surface peut être obtenu. Deux types de méthodes de modification de surface ont été appliqués afin d'améliorer la qualité de surface de l'acier SLM CX. Des revêtements haute performance LC 5% en poids WC/NiCrBSi-WC avec une dureté élevée et une bonne résistance à l'usure ont été fabriqués sur l'acier SLM CX via la technologie de revêtement laser. De plus, une méthode de traitement d'usure mécanique de surface a été utilisée pour améliorer les propriétés de surface de l'acier SLM CX. En bref, ce travail sera utile pour des recherches ultérieures sur l'acier SLM CX. Mots clés : fusion laser sélective -évolution microstructurale -matériaux, propriétés mécaniquesdurcissement par vieillissement -post-traitement. has gained considerable attentions, a systematic research on the selective laser melted (SLM) CX steel is still lacking. For this reason, this study aims to fill this research gap by focusing on the material design, manufacturing process, microstructural evolution, post-processing methods and material properties of the SLM CX steel. Aiming to explore the effect of SLM process parameters and post-processing methods on the microstructure and properties of the CX steel, a systematic study on the microstructural evolution and material properties of the SLM CX steel was conducted. Under optimal linear density, SLM CX steel samples with good surface roughness and high relative density can be fabricated. In order to further improve the overall performance of the SLM CX steel, a thorough study was carried out on the SLM TiC/CX steel composites under different titanium carbide contents. Nearly full dense SLM 10wt.% TiC/CX steel with favorable surface roughness can be attained. Two types of surface modification methods were applied so as to ameliorate the surface quality of the SLM CX steel. High-performance LC 5wt.% WC/NiCrBSi-WC coatings with ultra-high hardness and exceptional wear resistance were successfully manufactured on the SLM CX steel via LC technology. Additionally, an advanced surface mechanical attrition treatment method was utilized to enhance the surface properties of the SLM CX steel. In short, this work will be useful for further research of the SLM CX steel.
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Table 1 . 1 :

 11 General characteristics of the SLM machines (adapted from[START_REF] Adedeji | Additive manufacturing handbook: product development for the defense industry[END_REF][73][START_REF]Farsoon Metal Solution FS271M[END_REF][START_REF] Blt | [END_REF][START_REF][END_REF]).

	SLM manufacturer and systems	Country	Build volume (mm×mm×mm)	Nominal power (W)	Maximum scanning speed (mm/s)	Maximum build rate (cm 3 /h)
	EOS M280	Germany	250×250×325	200 or 400	7000	20
	EOS M290	Germany	250×250×325	400	7000	23
	EOS M400-4	Germany	400×400×400	4×400	7000	100
	SLM solutions (SLM 500HL)	Germany	500×280×325	2×400 or 2×1000	15000	70
	SLM solutions (SLM 280)	Germany	280×280×350	400 or 1000	15000	35

Table 1 .2: Material

 1 characteristics of the typical martensitic PHSSs[START_REF] Sandvik | SANDVIK 1RK91 MEDICAL STRIP Strip steel[END_REF][START_REF] Haihong | MARTENSITIC STAINLESS DATA -UNS S46910[END_REF][START_REF] Bajguirani | The effect of ageing upon the microstructure and mechanical properties of type 15-5 PH stainless steel[END_REF][START_REF] Zheng-Fei | Microstructure and Hardness of T250 Maraging Steel in Heat Affected Zone[END_REF][START_REF] Jiang | Hydrogen embrittlement induced fracture of 17-4 PH stainless steel valve stem[END_REF].

	Name	Cr	Ni	Ti	Mo	Al	Co	YS UTS TE RA CR
	18Ni200	/	17-19	0.15-0.25	3.0-3.5	0.05-0.15	8.0-9.0	1400 1500 10 60	P
	18Ni250	/	17-19	0.30-0.50	4.6-5.1	0.05-0.15	7.0-8.5	1700 1800 8	55	P
	18Ni300	/	18-19	0.55-0.80	4.7-5.2	0.05-0.15	8.0-9.5	2000 2050 7	40	P
	18Ni350	/	18	1.6	4.2	0.1	12.5 2400 2450 6	25	P
	17-4 PH	15.5-17.5 3.0-5.0	/	/	/	/	1170 1310 8.3 40	F
	15-5 PH	14-15.5	3.5-5.5	/	/	/	/	1150 1240 16 48	F
	PH13-8Mo 12.3-13.3 7.5-8.5	/	2.0-	0.90-1.3	/	1448 1551 6	/	F

Table 1 . 3 :

 13 Typical phases observed in martensitic PHSSs[START_REF] Tewari | Precipitation in 18 wt% Ni maraging steel of grade 350[END_REF][START_REF] Chang | Thermodynamics and defect structure of intermetallic phases with the B2 (CsCl) structure[END_REF].

	Phase	Crystal structure	Lattice parameters (Å)	Orientation relationship
	α-Fe	BCC	a=2.8812	{110}α || {111}γ
	γ-Fe	FCC	a=3.5852	<111>α || <110>γ
	ω	HCP	a=3.9-4.05, c=2.39-2.48	/
	χ	HCP	a=2.55, c=8.30	{0001}χ || {111}α <2 ̅ 110> || <110>
	S	HCP	a=7.04, c=2.48	/
	Fe2Mo	HCP	a=4.745, c=7.754	{0001} Fe 2 Mo || {110}α < 2 ̅ 110 > Fe 2 Mo || <110>α
	Ni3Ti	HCP	a=5.101, c=7.754	{0001} Ni 3 Ti || {001}α < 112 ̅ 0 > Ni 3 Ti || <111>α
	Ni3Mo	Orthorhombic	a=5.064, b=4.224, c=4.448	/
	β-NiAl	BCC	a=2.8864	/

* BCC: body-centered cubic; FCC: face-centered cubic; HCP: hexagonal crystal system.

Table 1 . 5 :

 15 Influence of different processing parameters on the macroscopic quality of the SLM-produced finished PHSS samples. The meanings of laser processing parameters (i.e., P, v, h, and t) are the same as in Table1.4. The LED is volumetric energy density.

	Types	SLM machine	P (W)	v (mm/s)	h (µm)	t (µm)	Ev (J/mm 3 )	Scanning strategy	Relative density (%)	Ref.
	18Ni300	Concept Laser M3	105	150	125	30	187	Island	99.15	[137]
	18Ni300	Concept Laser M3	100	150	112	30	198	Island	99.40	[138]
	17-4 PH	EOS M270	195	700	100	40	81	/	~100	[139]

*

Table 1 . 6 :

 16 Influence of post heat treatments on the mechanical properties of the SLM-produced finished PHSS samples.

	Materials	States	YS (MPa)	UTS (MPa)	TE (%)	Microhardness (HV)	COF	Wt (J)	Ref.
		As-built	/	1125	10.38	400	/	/	
	18Ni300	S820 ºC-1 h+A460 ºC-	/	2033	5.27	618	/	/	[144]
		5 h							
	18Ni300	As-built A490 ºC-3 h	/ /	~1200 ~1950	~12.0 ~5.8	~360 ~560	0.63 0.59	/ /	[145]
		As-built	652.5	1104.73	20.88	259	/	/	
	17-4 PH	S1040 ºC-0.5 h+A550	~1029.74 ~1106.29 ~15.68	261	/	/	[140]
		ºC-4 h							
		As-built	~610	~1050	~11.0	/	/	/	
	17-4 PH	S1040 ºC-30 min+482 ºC	~910	~1210	~8.0	/	/	/	[146]
	15-5 PH	As-built A482 ºC-1h	~1000 1297	/ 1450	~8.5 12.53	381 462	/ /	/ /	[147,148]
		As-built	694	1043	16.3	350		/	
	CX	S900 ºC-1h+A530	1528	1601	7.3	510		/	[149]
		ºC-3h							
		As-built	889	1068	15.7	357	/	83.8	
	CX	S900 ºC-1h+A530	/	/	/	509	/	5.3	[21,22]
		ºC-3h							

* S: solution treatment; A: aging treatment; YS: yield strength; UTS: ultimate tensile strength; TE: total elongation; COF: coefficient of friction; Wt: total impact emergy.

Table 1 . 7 :

 17 Effect of building directions on the SLM-fabricated martensitic PHSS samples.

	Materials	Building direction	States	YS (MPa)	UTS (MPa)	TE (%)	Microhardness (HV)	Ref.
	18Ni300	Horizontal Vertical	As-built A480 ºC-5h As-built A480 ºC-5h	768 1953 825.9 1833.3	1261 2216 1324.7 2088.3	13.9 3.1 14 3.2	/ / / /	[150]
		Horizontal	As-built A490 ºC-8h	1069 1969	1174 2020	15.7 8.3	382 608	
	18Ni300	Inclined	As-built A490 ºC-8h	991 1930	1144 1993	6.8 7.8	327 606	[151]
		Vertical	As-built A490 ºC-8h	892 1912	1057 1978	13.8 4.2	375 615	
			As-built	~610	~1050	~11.0	/	
	17-4 PH	Horizontal	S1040 ºC-30 min+482 ºC As-built	~910 ~610	~1210 ~920	~8.0 ~4.0	/ /	[146]
		Vertical	S1040 ºC-30 min+482 ºC	~740	~925	~3.0	/	
	15-5 PH	Horizontal Vertical	As-built As-built	1297 1100	1450 1467	12.53 14.92	/ /	[147]
	15-5 PH	Horizontal Vertical	As-built As-built	/ /	/ /	/ /	381 377	[148]
			As-built	/	/	/	366	
	CX	Horizontal	S900 ºC-1h+A530 ºC-3h				514	[22]
		Vertical	As-built S900 ºC-	/	/	/	348 504	

Table 1 . 8 :

 18 .8. Key corrosion properties of the SLM martensitic PHSSs in the different states.

	Material	States	Ecorr (V)	Jcorr (A/cm 2 )	Testing solution	Ref.
	17-4 PH	As-built with pores (d<10 µm) As-built with pores (d>50 µm)	0.115 0.092	1.71×10 -7 2.17×10 -7	0.6 M NaCl solution	[152]

Table 1 . 9 :

 19 Physical properties of typical ceramic particles (adapted from[START_REF] Li | Study on Microstructure and Properties of TiC/316L Stainless Steel Composties Fabricated by Seletive Laser Melting[END_REF]).

	Ceramic particles	Density (g/cm 3 )	Melting point (ºC)	Hardness (HV)	Thermal expansion coefficient (×10 -6 /ºC)	Elastic modulus (GPa)	Wetting angle with liquid iron (º)
	Al2O3	3.95	2015	1800-2200	7.1-8.4	350-370	130
	TiC	4.95	3140	3000	7.74	448	70
	WC	15.80	2870	2000-3000	3.84	380-470	~0
	SiC	3.12	2700	2840-3320	3.6-5.2	380-470	85
	VC	5.30	2730	2090	4.2	430	/
	TiB2	4.52	3225	3400	8.28	414	/

Table 2 .

 2 

	Composition (wt. %)	Fe	Cr	Ni	Mo	Al	Mn	Si	C
	Min.	Balance	11.0	8.4	1.1	1.2	/	/	/
	Max.	/	13.0	10.0	1.7	2.0	0.4	0.4	0.05

1: Chemical composition of CX steel powders provided by EOS GmbH

[2]

.

Table 2 . 2 :

 22 Chemical composition of NiCrBSi-WC powder provided by the supplier.

	Elements	Ni	Fe	Cr	C	Si	B	WC
	Weight percentage (%)	Bal.	8.0	15	0.7	4.0	3.2	20

Table 2 . 3 :

 23 Optimal parameters of the SLM process and laser cladding process utilized in this study

	Name	Laser beam	Laser power	Scanning velocity	Hatch space	Layer thickness	Pre-heated temperature	Protect ive gas	Scanning strategy	Feed rate
	SLM CX steel	100 μm	260 W	1060 mm/s	100 μm	30 μm	80 ºC	Argon	Zigzag pattern	/
	SLM TiC/CX steel	100 μm	350 W	800 mm/s	80 μm	30 μm	120 ºC	Argon	Zigzag pattern	/
	LC WC/ NiCrBSi-WC coatings	4 mm	1700 W	600 mm/min	2 mm	/	/	Argon	Zigzag pattern	24 g/mi n

Table 2 . 4 :

 24 Detailed parameters of the SMAT process utilized in this work.

	Parameters	Value / Unit
	Diameter of shot	3 mm
	Material of shot	100Cr6
	Device power	50 %
	Vibration frequency	20 kHZ
	Duration	10, 20, 30 min

Table 3 . 2 :

 32 Physical properties and manufacturing parameters of the raw materials for theoretical calculation

	Physical parameters	Symbol	Value / Unit
	Density	ρ	7.7×10 3 kg/m 3 [15]
	Specific heat capacity	Cp	470 J/(kg•K) [21]
	Melting point	Tm	1723 K [21]
	Initial temperature	Ti	353 K
	Latent heat of fusion	Ll	2.8×10 5 J/kg [21]
	The absorptivity of stainless steel powders	η	0.6 [22]
	Laser spot radius	rl	5×10 -5 m
	Radius of the equivalent sphere (as shown in		

Table 3 . 3 :

 33 Static tensile properties of the SLM CX stainless steel samples under different conditions.

	Samples	YS (MPa)	UTS (MPa)	EL (%)	Elastic modulus (GPa)

Table 3 . 4

 34 

	Shear fracture
	percentage (%)

: Characteristic values of forces in the SLM CX stainless steel impact force-displacement curves after different heat treatments Sample Fgy (kN) Fm (kN) Fiu (kN) Fa (kN)

Table 3 . 5 :

 35 Characteristic values of impact energy in the SLM CX stainless steel impact force-displacement diagrams after different post heat treatments

	Sample	Wi (J)	Wp (J)	Wt (J)
	As-built part	23.2	60.6	83.8
	Solution-treated part	25.9	47.6	73.5
	Aged part	2.3	3.2	5.5
	Solution-aged part	4.2	1.1	5.3

Table 3 . 6 :

 36 Tribological performance of the different types of the SLM CX steel wear samples.

	Sample	Average COF	Average wear rate (×10 -5 mm 3 /(N•m))
	As-built sample	0.58	16.1±3.1
	Solution-treated sample	0.61	20.2±2.8
	Aged sample	0.52	9.8±2.5
	Solution-aged sample	0.49	8.1±3.3

Table 4 . 1 :

 41 Mechanical properties of the SLM TiC/CX steel samples under different TiC contents.

	Samples	YS (MPa)	UTS (MPa)	EL (%)
	SLM 5wt.% TiC/CX sample	961±5.2	1010±8.6	1.6±0.3
	SLM 10wt.% TiC/CX sample	1030±7.8	1214±6.9	1.6±0.2
	SLM 15wt.% TiC/CX sample	1075±10.1	1106±8.5	1.2±0.3
	SLM CX steel as-built sample	694±6.5	1043±7.0	16.3±0.06

Table 4 . 2

 42 

	Samples	Average COF	Average wear rate (×10 -6 mm 3 /(N•m))
	SLM 5 wt.%TiC/CX sample	0.58	8.44±2.8
	SLM 10 wt.%TiC/CX sample	0.56	6.56±2.4
	SLM 15 wt.%TiC/CX sample	0.53	4.78±1.6
	SLM CX as-built sample	0.58	161±31

: Tribological performance of the SLM TiC/CX steel wear samples under different TiC contents.

Table 4 . 3

 43 

	Samples	Ecorr (V)	Jcorr (μA/cm 2 )
	SLM 5wt.% TiC/CX sample	-0.39±0.03	1.88
	SLM 10wt.% TiC/CX sample	-0.36±0.04	2.31

: Self-corrosion potential (Ecorr, V) and self-corrosion current density (Jcorr, μA/cm 2 ) of the SLM TiC/CX steel samples under different TiC contents.

Table 5 . 1 :

 51 Tribological performance of the LC coatings.

	Samples	Average COF	Average wear rate (×10 -6 mm 3 /(N•m))
	LC 5wt.% WC/NiCrBSi-WC coatings	0.36	2.01±0.56
	LC NiCrBSi-WC coatings	0.28	3.92±0.72
	SLM CX steel as-built sample	0.58	161±31

Table 5 . 2 :

 52 Tribological performance of the SLM CX steel wear samples under different SMAT parameters.

	SLM CX steel samples	Average COF	Average wear rate (×10 -5 mm 3 / (N•m))
	As-built samples	0.32	4.30±0.80
	S-10 samples	0.29	7.85±0.72
	S-20 samples	0.28	5.74±0.35
	S-30 samples	0.27	4.68±0.42
	Solution-aged samples	0.25	3.24±0.50
	HS-10 samples	0.22	4.36±0.38
	HS-20 samples	0.22	2.62±0.26
	HS-30 samples	0.25	1.61±0.35

Tableau 2 . 1 :

 21 Composition chimique des poudres d'acier CX fournie par EOS GmbH[46].

	Composition (wt. %)	Fe	Cr	Ni	Mo	Al	Mn	Si	C
	Min.	Restant	11.0	8.4	1.1	1.2	/	/	/
	Max.	/	13.0	10.0	1.7	2.0	0.4	0.4	0.05
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Chapter II

Materials and methods

Chapter III

Selective laser melting of CX precipitation hardening stainless steel: processing, microstructure, and properties 3.2 Experimental details

Material and SLM manufacturing procedure

The raw material and the SLM manufacturing details have been introduced in Chapter II. A detailed process window used for SLM process optimization was listed in Table 3.1. 

Heat treatment regimes

The detailed vacuum heat treatment regimes applied for SLM CX steel samples in this work have been described in Chapter II.

Material characterization and properties tests

As presented in Chapter II, the OM equipment was used to observe the defects and microstructure of the different types of the SLM CX steels before and after etching. The SEM mounted with the EDS and EBSD detectors was applied to detect the microstructure characteristics and crystallographic orientation. Nanoprecipitates features and evolution were detected using the TEM device. XRD was adopted to identify the phase composition of the different types of the SLM CX steel samples.

A series of evaluation work of the mechanical properties and corrosion resistance of the SLM CX steel samples including microhardness, tensile, impact, tribological and electrochemical corrosion properties, was tested based on the description in Chapter II.

SLM process window analysis

Theoretical calculation

Energy density has a significant impact on the microstructure and the resultant mechanical properties of SLM samples [16]. Thus, in order to explore the SLM processing window and study the influence of different processing parameters on the SLM CX steel samples, systematic calculation and analysis of the SLM parameters are firstly discussed in this section. A necessary energy input (Qn, J/m 3 ) for melting a unit volume of powders can be estimated by equation (3-1) [17,18]:

where ρ is the density of the CX steel powders in the air at an ambient temperature of 293 K, Ll is the latent heat of fusion, Cp is the specific heat of the stock materials, Tm is the melting point of the raw materials and Ti is the initial temperature before SLM manufacturing process. Owing to the similar chemical composition of CX steel and PH 13-8Mo steel, the detailed physical properties and manufacturing parameters of CX steel powders can be listed in Table 3.2 after referring the corresponding values of PH 13-8Mo steel. As such, the minimum energy required to totally melt the powder particles already preheated to 353 K can be determined to be 7.11×10 9 J/m 3 .

Chapter IV

Effects of TiC contents on the microstructure and material properties of the selective laser melted CX steel composites the SLM 10wt.% TiC/CX steel sample, the average microhardness was only enhanced by 1.4 % within the SLM 15wt.% TiC/CX steel sample. Therefore, a significant microhardness enhancement can be detected with 10wt.% TiC particle additions. Furthermore, compared with the average microhardness of the SLM CX steel in the as-built state (i.e., 357±9.0 HV0.2), the average microhardness of the SLM 10wt.% TiC/CX steel specimens increased by 43.7 %, exhibiting an excellent improvement of the microhardness. 

Tensile properties

The stress-strain curves of the SLM TiC/CX steel samples can be plotted in Figure 4.8 and the corresponding mechanical properties are listed in Table 4.1. Amongst these specimens, the ultimate tensile strength (UTS) is the highest when the TiC particle content is 10wt.%, while the elongation (EL) also maintains a relatively high level. However, with the content of the TiC particles further increasing to 15 wt.%, the UTS and EL of the SLM 15wt.% TiC/CX sample decreased. It can be seen from Table 4.1 that the yield strength (YS) of the SLM TiC/CX samples with the TiC additions is higher than that of the SLM CX steel as-built sample, but the EL is greatly reduced. Particularly, the YS and UTS of the SLM 10wt.% TiC/CX specimen (i.e., YS=1030±7.8 MPa, UTS=1214±6.9 MPa) are 48.4 % and 16.4 % higher than those of the SLM CX steel as-built specimen (i.e., YS=694±6.5 MPa, UTS=1043±7.0 MPa), respectively. However, the EL of the SLM 10wt.% TiC/CX steel sample (i.e., EL=1.6±0.2 %) is 90.2 % lower than that of the SLM CX steel as-built sample (i.e., EL=16.3±0.06 %). The aforementioned results indicates that the addition of an appropriate TiC content can not only refine the grains of the SLM TiC/CX steel samples, but also lead to the formation of hard phases such as Cr7C3, further improving the mechanical strength of the SLM TiC/CX steel samples.

Chapter V Surface modification of the SLM CX steel parts

ameliorate the microhardness of SLM CX steel solution-aged samples. 

Tribological properties

Tribological properties of the SLM CX steel wear samples under different SMAT parameters are displayed in Figure 5.12 and Table 5.2. The thickness of the nanostructured layer after SMAT process is rather low. In order to better evaluate the wear performance of the nanostructured layer, the wear loading conditions of this part are different from the previous wear conditions. As presented in Figure 5.12a, due to the runningin phase between the counter body (i.e., Si3N4 ball) and the SMAT treated samples, a violent fluctuation phenomenon can be observed from the coefficient of friction (COF)-distance curves at the initial wear process (i.e., 0-10 m). Within the sliding distance range of 10-68 m, basically all SMAT treated SLM CX steel wear samples enter into a steady wear process. As revealed in Table 5.2, the average COF of the S-10 sample, S-20 sample, S-30 sample, HS-10 sample, HS-20 sample and HS-30 sample in the steady wear process are 0.29, 0.28, 0.27, 0.22, 0.22 and 0.25, respectively. In terms of the SMAT treated SLM CX steel as-built samples, with the intensity of SMAT process increasing, the COF value is significantly reduced. Notably, compared with the SLM CX steel as-built wear samples, the COF of the S-30 sample is reduced by about 18.5 %. Whereas, as for the SMAT treated SLM CX steel solution-aged wear samples, average COF was not effectively promoted. Additionally, even in the steady wear stage, the COF still exists in a fluctuating state. Due to the extremely thin nanostructured layer in the top surface of the sample, it is susceptible to be damaged in the steady wear process. Consequently, high-hardness wear debris generated in this process will lead to a fluctuate phenomenon.

Figure 5.12b exhibits the average wear rate of the SLM CX steel wear samples under different SMAT parameters. As displayed in Table 5.2, in terms of SMAT treated SLM CX steel as-built samples, the increase in SMAT intensity is conducive to the increase of the microhardness of the samples, thus leading to the reduction of the average wear rate. However, compared with the wear rate of the SLM CX steel as-built sample, the protective effect of the nanostructured layer is relatively limited and high-intensity SMAT treatment result in the formation of micro defects. As such, the wear rate of the SMAT treated SLM CX steel as-built samples cannot be effectively ameliorated. As for the SLM CX steel solution-aged samples, high-intensity SMAT process greatly boosts the hardness of the samples, resulting in a dramatic reduction in the wear rate. Compared with the SLM CX steel solution-aged samples, the wear rate of the HS-30 samples is reduced by about 101.2 %. The present results reveal that a high-intensity SMAT process plays a crucial role in improving the surface quality of the SLM CX steel solution-aged samples. 

Chapter VI

Conclusions and prospects
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Abstract

Although CX steel has gained considerable attentions, a systematic research on the selective laser melted (SLM) CX steel is still lacking. For this reason, this study aims to fill this research gap by focusing on the material design, manufacturing process, microstructural evolution, post-processing methods and material properties of the SLM CX steel.

Aiming to explore the effect of SLM process parameters and post-processing methods on the microstructure and properties of the CX steel, a systematic study on the microstructural evolution and material properties of the SLM CX steel was conducted. Under optimal linear density, SLM CX steel samples with good surface roughness and high relative density can be fabricated.

In order to further improve the overall performance of the SLM CX steel, a thorough study was carried out on the SLM TiC/CX steel composites under different titanium carbide contents. Nearly full dense SLM 10wt.% TiC/CX steel with favorable surface roughness can be attained.

Two types of surface modification methods were applied so as to ameliorate the surface quality of the SLM CX steel. High-performance LC 5wt.% WC/NiCrBSi-WC coatings with ultra-high hardness and exceptional wear resistance were successfully manufactured on the SLM CX steel via LC technology. Additionally, an advanced surface mechanical attrition treatment method was utilized to enhance the surface properties of the SLM CX steel.

In short, this work will be useful for further research of the SLM CX steel. La densité d'énergie a un impact significatif sur la microstructure et les propriétés mécaniques résultantes des échantillons SLM [47]. Ainsi, afin d'explorer la fenêtre de traitement SLM et d'étudier l'influence de différents paramètres de traitement sur les échantillons d'acier SLM CX, le calcul systématique et l'analyse des paramètres SLM sont d'abord discutés dans cette section. Un apport d'énergie nécessaire (Qn, J/m 3 ) pour la fusion d'une unité de volume de poudres peut être estimé par l'équation (3-1) [48,49]:

Key words:

) où ρ est la densité des poudres d'acier CX dans l'air à une température ambiante de 293 K, Ll est la chaleur latente de fusion, Cp est la chaleur spécifique des matières premières, Tm est le point de fusion des matières premières et Ti est la température initiale avant le processus de fabrication SLM. En raison de la composition chimique similaire de l'acier CX et de l'acier PH 13-8Mo, les propriétés physiques détaillées et les paramètres de fabrication des poudres d'acier CX peuvent être énumérés dans le tableau 3.2 après référence aux valeurs correspondantes de l'acier PH 13-8Mo. Ainsi, l'énergie minimale requise pour fondre totalement les particules de poudre déjà préchauffées à 353 K peut être déterminée à 7,11×10 9 J/m 3 .

Perspectives

Le présent travail met en évidence un certain nombre de points de recherche potentiels importants dans le futur. Certaines grandes orientations de recherche tirées de ce projet sont énumérées ci-dessous.

•

Les propriétés mécaniques dynamiques de l'acier SLM CX sous différents états de traitement thermique méritent une étude plus approfondie.

• Le processus de formage et le contrôle qualité des structures poreuses en acier SLM CX peuvent être conçus et explorés.

•

Le processus de post-traitement de l'acier SLM TiC/CX nécessite des développements et des recherches supplémentaires pour améliorer sa ténacité.

• Il s'agit d'une tentative assez intéressante pour concevoir et fabriquer les structures poreuses des composites à matrice métallique en acier SLM TiC/CX.

• L'exploration du processus d'usure dynamique des revêtements de revêtement laser mérite une attention considérable.

• La résistance à la corrosion de l'acier SLM CX traité par le procédé SMAT nécessite une étude approfondie.