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Kurzzusammenfassung


Der Einsatz von Eisen zur Erschließung neuer Anwendungsmöglichkeiten bioresorbierbarer Implantate ist vielversprechend, jedoch ist eine Modifikation notwendig, um die erforderlichen Eigenschaften einzustellen. Zur Verbesserung der mechanischen Eigenschaften und Erhöhung der Degradationsrate kann Legieren mit Mangan erfolgen. Eine weitere Beschleunigung der Degradation kann durch Einstellen elektrochemisch edler Phasen erzielt werden, die eine anodische Auflösung der eisenbasierten Matrix forcieren. Da Silber und Eisen ineinander unlöslich sind, können Silberphasen in einer unveränderten Eisen-Mangan-Matrix existieren. Silber ist biokompatibel und wirkt antibakteriell. Wird anstelle von reinem Silber eine abbaubare Silberlegierung verwendet, können die Silberphasen nach der Eisen-Mangan-Matrix degradieren.


Eine Möglichkeit schmelzmetallurgisch nicht ineinander lösliche Metalle zu verarbeiten, ist das pulverbettbasierte selektive Laserstrahlschmelzen. Das kleine Schmelzbad, der starke Schmelzfluss und die schnelle Erstarrung ermöglichen den Einschluss von Silber in der eisenbasierten Matrix. Um eine gezielte Anpassung von Morphologie, Verteilung und chemischer Zusammensetzung der Silberphasen zu ermöglichen, wurde ein Modell zur Wechselwirkung der unlöslichen Komponenten im Schmelzbad und der Entstehung der Silberphasen während des Laserstrahlschmelzens entwickelt. Die prinzipielle Effektivität der anodischen Auflösung durch Silberphasen ist bestätigt worden. Allerdings resultiert daraus keine gesteigerte Degradationsrate, da Ablagerungen mit Sperrwirkung entstehen.




Abstract


The application of Iron to open up new applications for bioresorbable implants is promising. However, modification of Iron is necessary to adjust the required properties. Alloying with Manganese improves the mechanical performance and increases the degradation rate. Further acceleration of degradation can be adjusting electrochemically noble phases to force the anodic dissolution of the Iron-based matrix. Since Silver and Iron are insoluble in each other, Silver phases can exist in an unmodified Iron-Manganese matrix. Silver is biocompatible and provides an antibacterial effect. If a degradable Silver alloy is used, the Silver phases can degrade after the Iron-Manganese matrix.


One way to process metals that are not soluble in each other by melting metallurgy is powder-bed-based selective laser beam melting. The small melt pool, strong melt flow, and rapid solidification enable the inclusion of Silver in the Iron-Manganese matrix. To enable selective tailoring of the morphology, distribution, and chemical composition of the Silver phases, a model was developed for the interaction of the insoluble components in the melt pool and the formation of the Silver phases during laser beam melting. The principle effectiveness of anodic dissolution by Silver phases has been confirmed. However, this does not result in an increased degradation rate, since deposits with a blocking effect are formed.
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1 Introduction


The research in materials for implantation aims to improve the benefits for patients. An increasing number of diseases and injuries can be treated with implants, but therefore adapted implants are required. [1-5] Bioresorbable implants for temporal applications degrade and are resorbed by the human organism. These implants enable a continuous transfer of function from the implant to the regenerating organism. Hence, impairments by remaining implants or surgery for removal can be avoided. [6-9] However, the currently available degradable materials do not meet the requirements of all potential applications. [4][5][10][11] Iron (Fe) - based materials are promising to open up new applications since Iron provides good mechanical performance and is biocompatible. [6][12-15] Nevertheless, the degradation rate of Iron is too low. Alloying with Manganese (Mn) increases the degradation rate, but not sufficiently. [15-19] Further acceleration can be obtained by generating local differences in electrochemical potential inducing anodic dissolution of less noble areas. [20-24] Since FeMn is wellsuited, except for its low degradation rate, the material should remain as it is, but the degradation needs to be improved. Thus, the introduction of phases with high potential is promising to modify the degradation of FeMn. For such phases, Silver (Ag) is wellsuited as it is biocompatible and has antibacterial properties. In addition, Iron and Silver are almost insoluble in the liquid and solid states. [13][20][21][25-27] The insolubility enables the existence of Silver phases in an unchanged FeMn matrix. However, to fulfill the aim of bioresorbability, the Silver phases have to dissolve after the FeMn. Thus, instead of adding pure Silver, a degradable Silver alloy needs to be developed and applied. Such an alloy requires biocompatibility, which implies an adapted degradation rate to enable an antibacterial effect without harming the organism. Furthermore, the electrochemical potential must be high enough to cause an anodic dissolution of the FeMn matrix.


The insolubility of both components makes the processing of the material combination challenging. [28-29] Powder-based processes enable the mechanical mixing of components as powders and the subsequent processing of the mixture. The powderbed-based additive manufacturing process laser beam melting (LBM) is well-suited since it offers small melt pools, rapid melting, and solidification as well as strong melt flow. [21][20][30-32] Consequently, immiscible phases of Silver can be created in a FeMn matrix via LBM. Furthermore, the short time at high temperatures reduces the diffusion of alloying elements between the immiscible metallic components.


Therefore, the thesis aims to develop a degradable FeMn-AgX alloy for biomedical applications. Furthermore, it aims to understand the processing of immiscible metals via LBM and the degradation behavior of such LBM-processed materials. The knowledge gained enables the targeted development of materials with the intended properties for the application as Iron-based bioresorbable implants.




2 State of science and technology


The development of materials for bioresorbable implants requires the consideration of manifold requirements and restrictions. Implants need to fulfill biomedical aspects including biocompatibility, adapted mechanical properties, and predictable degradation behavior. These requirements affect each other and need to be fulfilled simultaneously. The addition of some alloying elements e. g. might contribute to the mechanical properties but in turn, might deteriorate the biocompatibility. Since these elements are released during degradation into the human body, compatibility cannot be obtained by an inert behavior and the components have to be selected carefully. Thus, the development starts with the definition of the relevant material properties such as the chemical composition and microstructure to be achieved. Afterwards, the manufacturing process is adapted to achieve the intended properties. Subsequently, experimental investigations are essential to verify whether the intended biocompatibility, degradation behavior, mechanical properties, etc. are obtained. Based on the results, further adaptions are possible. Achieving the intended microstructure is challenging due to restrictions such as the immiscibility of the selected materials. Thus, the restrictions of the processing have to be considered and implemented into the manufacturing strategy for adjusting the intended material. An overall understanding of the manufacturing process is mandatory to enable a targeted adjustment. In the following, the state of the art of the before-mentioned aspects is reviewed as it is the basis for the development of Iron-based degradable materials processed via LBM. Finally, the potential of Iron-based degradable material to reduce patient burden, as well as the remaining challenges, which impede the successful application are addressed with the presented research.


2.1 Degradable implants based on Iron


Advances in medical technology enable the treatment of increasingly more diseases and injuries with implants. A steadily growing number of implants for a wide range of applications are being used to improve the quality of patients' life. [3][4][33] Adapted implants composed of adapted materials are needed to meet the requirements for each application. [1][2][4] The central requirement for materials for implantation is biocompatibility, which is given when a material does not cause adverse consequences such as inflammation, local or systematic toxicity, cancer, allergic reaction, etc.. Currently, the biocompatibility of most implant materials is ensured by inert material properties. Since the development of these materials has been focused on inert properties further potentially beneficial material characteristics such as antibacterial properties or adapted degradation are neglected. [1][4][33-35] Current research is focusing on the unexploited potentials of these materials to enable further applications and improve patients' benefits. An adaption of stiffness can reduce stressshielding effects (bone growth is not stimulated due to lack of load), antibacterial properties can prevent implant-related infections, and bioresorbable materials can eliminate the need for implant removal surgeries or prevent adverse consequences of implants remaining in the human body. [2][3][6-8][36-38]


In the material development presented, the focus is on bioresorbability, but antibacterial properties are also addressed. Degradability describes the decomposition of the implant. The degradation products can remain. A bioresorbable material degrades in the human body and the remaining degradation products are removed and excreted. [39] Bioresorbable implants are advantageous for applications where implants need to substitute body function for a certain period until the human body can fulfill the task itself again, e. g., an osteosynthesis plate for the fixture of bone fracture or a cardiovascular stent for the treatment of arterial sclerosis. [4][5][9] The duration for which temporal implants are needed depends on the application. Stents should remain for three to six months but not longer than twelve months. After this period the supporting effect is no longer necessary while risks of adverse consequences reveal. [40-42] Since the removal of implants is not feasible in all cases, as, for stents, they can lead to adverse consequences such as in-stent-restenosis (re-closure of a blood vessel within a stent due to tissue growth) or release of alloying elements. Removal of osteosynthesis material, as is commonly conducted, also places a burden on the patient and the overall surgical risk has to be considered. [4][5][9] Thus, a selfdissolving and by the body removable material is beneficial and therefore, in research. Different materials like Iron, Zinc (Zn), and Molybdenum (Mo) are considered degradable materials. A few materials based on Magnesium (Mg) or polymers are already successfully used clinically. [1][6][7][10][39][43] However, these materials do not meet the requirements for all possible applications. The mechanical load capacity of polymer- and Magnesium-based materials is low compared to commercially available inert Iron-based materials. [5][4][10][11] Furthermore, Magnesium-based materials tend to degrade too fast, causing premature loss of mechanical integrity and overload with degradation products accompanied by a significant amount of evolving hydrogen gas. [41][44] Consequently, there is a need for the development of new degradable materials. Iron-based materials are promising due to their biocompatibility, suited mechanical properties, and low degradation rate compared to Magnesiumbased materials. [6][10][12-15] Iron is a necessary trace element with a needed daily uptake of 8 mg/d - 27 mg/d, corresponding to a needed uptake of up to 9.8 g/a. [45][46] Accordingly, the amount and period of release of Iron are crucial for biocompatibility. The release of Iron during the degradation of an osteosynthesis plate weighing 2 g or a stent weighing 0.02 g over a few months is uncritical, as the amount required during degradation is higher. However, the release should be continuous and the 2 g must be released over a year and not within a few days. An oversupply by uptake of Iron from the nutrition during the dissolution of an Iron-based implant does not occur. The organism does not absorb Iron from nutrition when the organism is sufficiently supplied. [47]


2.1.1 Degradable implants based on Iron-Manganese


Aside from the biocompatibility pure Iron is not well-suited as the degradation rate is too low and the mechanical properties are reduced compared to commercially Ironbased alloys used for implants. The ferritic structure of pure Iron is ferromagnetic, which impedes the use of magnetic resonance imaging (MRI). [2][6][48][16] Apromising approach to overcome these limitations is an adaption of the material properties via alloying. The three mentioned limitations are simultaneously addressed by alloying with Manganese. [12-14][49] Manganese stabilizes the paramagnetic austenitic structure, thus enabling imaging via MRI when the structure is completely austenitic. [16][50][51] Therefore, 17 wt.-% Manganese is necessary when no further austenite stabilizing elements are applied. [52] Furthermore, Manganese reduces the electrochemical potential resulting in an increased degradation rate since materials with less noble character are typically increasingly attacked by corrosion. Segregations of Manganese lead to local differences in the electrochemical potential resulting in an increased anodic dissolution of the less noble areas. This local anodic dissolution further increases the degradation rate. [15-18][53][54] Alloying with Manganese improves the mechanical properties as well. A Manganese content of 30 wt.-% leads to a sufficient reduction of the stacking fault energy to induce the effect of twinninginduced plasticity (TWIP). Hence, TWIP steels exhibit promising mechanical properties, including both, good strength and high ductility. [11][16][20][52][55][56] Application as a material for stents with increased requirements regarding formability and strength is thus also possible. [57][58]


Like Iron, Manganese is an essential trace element, but biocompatibility is more critically discussed. A dose of 4 mg/d, equivalent to 1.5 g/a, should not be exceeded, as Manganese can cause neurodegenerative damage with syndromes comparable to Parkinson’s disease. [46][59][60] Therefore, Manganese is not suitable as the base material for degradable implants. [39][61] However, an oversupply of Manganese is mainly excreted and regulated by the liver. [39][61] Thus, an osteosynthesis plate weighing 2 g with a typical amount of 30 wt.-% Manganese containing 0.6 g Manganese is expected to be uncritical. A possibility to reduce the necessary amount of Manganese to achieve a completely austenitic structure and TWIP is alloying with carbon (C). The addition of 1 wt. % Carbon has the same austenite stabilizing effect as 20 wt. % Manganese and up to 1.2 wt. % Carbon can be added. Following this strategy, Iron alloyed with 22 wt.-% Manganese and 0.6 wt. % Carbon showing TWIP is investigated. [20][51][52][56]


2.1.2 Biocompatibility and degradation of Iron-based materials


As indicated above, the amounts of elements released during the degradation should be biocompatible. Nonetheless, the aspect of biocompatibility is more complex than the consideration of single elements and is closely linked to degradation. Ions released during degradation are bound in chemical compounds, the corrosion products. In the complex environment of the living organism, which contains a large number of different elements and chemical compounds, manifold corrosion products are generated. The degradation of Iron-based alloys depends on the composition of the electrolyte, the amount of dissolved gases such as Oxygen (O) which is necessary for the cathodic reaction, and the pH value which is decisive for the solubility of degradation products. [[1233]][49][62][63] During degradation corrosion products and further compounds of the surrounding solution can deposit on the surface. These depositions result in a multilayer structure. [62][64][65] These layers influence further degradation of the base material. For example, Phosphates (P) of Iron and Manganese can be present on the surface of Iron-based materials, but they do not inhibit the exchange with the electrolyte. The degradation can proceed further. [15][53][58][62] Ca-P compounds can also deposit on top of the corrosion products. These depositions suppress the contact with the electrolyte and the diffusion of Oxygen. Thus, Ca-P creates an inhibiting layer suppressing further degradation. [14][19][53][56][58][64] The formation of such inhibiting layers has to be prevented to enable a continuously proceeding degradation.


The various degradation products have to be taken into account regarding biocompatibility as well. Degradable FeMn alloys are also investigated in vivo and the results consider good biocompatibility. [14][19][24][53][58][60][66] However, the degradation rate influences the release of material and the concentration of degradation products, which is decisive for biocompatibility. Thus for the adaption of the degradation rate the release of material has to be considered. Biocompatibility is decisive for the successful adaption of the degradation behavior. [15][19][24][52][53][64] The fastest degradation has to enable a sufficiently long supporting effect for healing and ensure a low concentration of degradation products that do not impair biocompatibility. The slowest degradation has to enable dissolution in an acceptable period.


The different conditions in the human organism and the individual response of the human organism have to be considered for adjusting the degradation rate. Challenging might be the individual response of the human organism, as it is not predictable. In case of inflammation, the pH value can reach values down to 5.5. [13][67] Since the degradation depends significantly on the pH value an unpredictable degradation can occur. [68][69] Thus, an adaption of the implant to enable a safe degradation at the intended implantation site for all possible conditions is mandatory. Therefore, degradation at varying pH values has to be considered.


Furthermore, excretion of the degradation products must be possible to meet the requirements of bioresorbability. Hardly dissolvable degradation products remain at the site of implanted Iron-based stents, causing a brownish discoloration of the surrounding tissue. [63][66][70][71] Nevertheless, a complete bioresorption of degradation products from the surrounding tissue can be assumed. Macrophages enable the degradation of the remaining corrosion products as they allow pH values down to 4. Removal by the lymphatic system is expected as degradation products transported to the lymph nodes were observed 52 months after implantation of Iron stents. [13][15][70]


Otherwise, the transport of particles by the lymphatic system within the whole body might be a risk. Wear particles with a size up to 6 μm from implants such as hip joints are detected even e.g. in the liver and spleen. [72-74] Impairments by the displacement of particles to sensitive areas of the human body might be a consequence. The release of elements might be uncritical at the original place of implantation, but not at places degraded particles are transported to, such as the brain. [72][75] Additionally, particles may cause thrombosis, strokes, or tissue damage due to sharp edges. [76][77] Thus, a complete decomposition and excretion of the implanted material and the generated corrosion products is mandatory.


2.1.3 Assessment of biocompatibility of innovative implant materials


Implants and the materials they are made of have to be biocompatible, as mentioned before. The decision of whether this requirement is met might be ambiguous since biocompatibility is not a scalar value with a defined threshold value. The question: “What kind of reactions respectively adverse consequences are acceptable?” has to be discussed critically under consideration of the benefits. If serious issues are solved, minor adverse consequences might be acceptable. [78][79] For example, a slight inflammatory response might be acceptable if an infection is prevented or the implant is degradable and a second surgery can be avoided. [13][14] The prevention of infections is important as they cause high costs and serious consequences for patients, such as repeated operations and increased mortality. Furthermore, ever more heavily treatable infections with multiresistant germs occur. [33][80][81] Accordingly, implants with antibacterial properties might be a great benefit for patients despite some side effects. Due to arguments presented before, the rating of biocompatibility changes. This might enable the application of innovative materials and implants with enormous advantages and only minor side effects. [14][78][79] The changed rating provides new perspectives in research and increases the significance of developing innovative materials for implants with benefits for patients.


The question of biocompatibility is complex, as the response to a foreign body can differ depending on the individual patient. For example, only some humans show allergic reactions to Nickel. [82] Therefore, the decision of whether to use a degradable or conventional implant requires an individualized decision by the patient or the surgeon, based on the individual response of the patient’s body and personal assessment of risks and benefits. The research presented aims to develop a material that is suitable for general application. But, even if the material is not suitable for general use, it could be suitable for some applications and provide benefits to patients if they choose such innovative implants. [14][78][79] If a general benefit is not achieved, the efforts of this research could be the basis for application in niche areas.


2.1.4 Modification of Iron-Manganese with Silver for adapted degradation


To summarize the arguments so far: FeMn alloys are promising for application as bioresorbable material. Complete bioresorption and biocompatibility can be expected, especially since changes in the assessment may lead to more materials being declared biocompatible, which is beneficial to patients. Nonetheless, the degradation rate of FeMn is too low for most applications. [15][19][52][53][64] An approach to overcome this limitation is the targeted formation of phases with differing electrochemical potential to force degradation by the anodic dissolution of less noble phases. Since FeMn is appropriate apart from the degradation behavior, the modification of FeMn with phases having a higher electrochemical potential is promising. [20][23][64][83] Noble elements are well-suited to form such phases in a FeMn matrix as they have a high electrochemical potential. Here, Silver is promising due to its insolubility with Iron, well-investigated biocompatibility, antibacterial effect, and relatively low price compared to Gold (Au), Platinum (Pt), or Palladium (Pd). [21][22][24][84] The complete immiscibility in the liquid and solid state enables the existence of Silver phases in an unmodified FeMn matrix and the properties of well-suited FeMn remain. But the Silver phases affect the properties of the implant structure. The mechanical behavior is influenced since no load-carrying connection between Silver and Iron occurs as they are immiscible. Thus, the Silver phases deteriorate the mechanical properties as if they were pores. The elongation at break and tensile strength are significantly reduced whereas the yield strength is only slightly affected. [20] And, as intended, the modification with Silver enhances the degradation of the matrix material. A successful application of this strategy is reported by various studies. [13][20][21][24-26] Due to the results of Huang et al. [21], Niendorf et al. [20], and Liu et al. [85], an amount of 5 wt.-% Silver is promising as it is a good compromise between enhanced degradation, mechanical properties, biocompatibility, and processability.


As described in section 2.1.2 the formation of corrosion-inhibiting layers is a concern counteracting continuous degradation. The addition of noble phases can contribute to the suppression of the blocking effect of such layers. Wang et al. [62] assume a change in the structure or detachment of inhibiting layers. This hypothesis is confirmed by the increased degradation rates of Silver-modified materials reported in-vivo applications. [13][83] But even the opposite effect is reported as well. [66][86][87] Nevertheless, an increased degradation by modification with Silver is to be expected due to the arguments presented before. However, to obtain a reliable and suitable degradation, the material has to be adapted.


2.1.5 Degradable Silver alloys for the adaption of Iron-based materials


Pure Silver added to FeMn remains after degradation of the matrix. The remaining of Silver is not acceptable, as the aim of bioresorbable implants is complete degradation and excretion to avoid any adverse consequences due to the remaining implant material (cf. section 2.1.2). [88] Therefore, Silver must be modified by alloying to obtain a complete bioresorbable alloy. Such an alloy has to be biocompatible and provide an electrochemical potential high enough to promote anodic dissolution of the FeMn matrix despite the degradability of the Silver alloy. [89][90] Achieving a high potential and degradability are a challenge, as corrosion resistance increases with increasing potential. Consequently, the alloy must enable a trade-off between both aims. In addition, the impact of the released Silver and alloying elements on biocompatibility has to be considered.


Silver enables antibacterial properties, currently utilized e.g. for wound care, but is even discussed controversially as it can cause adverse consequences like argyria. [84][91][92] Argyria describes the irreversible deposition of Silver in organs such as the skin, causing greyish discoloration. For the development of Argyria, the overall intake of Silver is important. [93][94] The release of 0.1 g Silver by an implant weighing 2 g is tolerable, as a lifetime uptake of 10 g is considered non-critical by the World Health Organization (WHO). [95] Aside from the total amount released, the concentration of released Silver ions is decisive, as the mechanisms responsible for the antibacterial effect may act against human cells if the concentration of Silver ions is too high. However, a suitable amount of Silver ions allows antibacterial activity without adverse consequences for the human organism and the adapted release of Silver is promising to produce implants with antibacterial properties. [96-98]


Implant-related infections are an increasing challenge. An exclusion of infections by hygiene precautions alone is not possible, since germs can originate from the patient or may reach the implant by blood circulation after surgery. [3][33][98] Germs that have reached the surface of an implant can form a protective biofilm that makes it difficult for the human immune system and antibiotic therapies to combat them. [3][33] Therefore, a long-term release of antibacterial substances directly from the implant surface, such as Silver, is promising to prevent these infections. Since the antibacterial substances are released where they are needed, the amount required is small. The use of large amounts of antibiotics could thus become obsolete. [3][98] Implants with antibacterial properties are becoming increasingly important, as more infections with multi-resistant germs occur, which harm the progress in the field of implantation. These infections impair progress in the field of implantation and pose a serious threat to patients’ life. [4]


However, to enable antibacterial properties an adapted release of Silver has to be achieved by alloying the Silver. The release of Silver ions is in accordance with the intended degradability. Nevertheless, the impact of alloying elements on biocompatibility has to be considered, although the alloying elements are only a small proportion of the degradable implant. The elements selected in this study are uncritical, as Calcium (Ca) is an obvious element with a daily need of up to 1.2 g, and Lanthanum (La) respectively Cerium (Ce) are successfully investigated as alloying elements for degradable Magnesium-based materials. [44][99] The critical values for the uptake of Lanthanum and Cerium are far above the amount released. [100][101] It is therefore assumed that the degradable Silver alloys are biocompatible.


2.2 Processing of immiscible Iron-Silver materials via laser beam melting


The requirements for a degradable Iron-based material result from the previous section 2.1 : Homogeneously dispersed phases of a degradable Silver alloy must be embedded in a FeMn-matrix. The generation of such a structure by conventionally manufacturing processes is challenging, as Iron and Silver are immiscible in each other. [28-29] One way to overcome this limitation is the use of powder metallurgical processes, as the compounds can be mixed mechanically. [21 ][87][102] Aside from sintering, laser beam melting (LBM) is a promising technique. LBM is a powder-bed-based manufacturing process. The powder is melted by laser radiation and the melt pool moves through the material track by track and layer by layer. Thus, the material is consolidated by a continuously proceeding welding process. The process is characterized by a small melt pool, strong melt movements, and rapid melting and solidification, which enables the inclusion of a second, immiscible phase. [20][30-32] Other advantages of additive manufacturing include the increased design freedom and the possibility to manufacture individually adapted implants. [103][104] Accordingly, LBM is a promising technic to fabricate Iron-based degradable implants modified with Silver. Nonetheless, for a successful application, the morphology and chemical composition of the Silver phases must be controllable as they are crucial for biocompatibility, degradation behavior, and mechanical properties. For instance, nanoparticular Silver is discussed critically in the literature and should be avoided. [32][105] Apart from that, the phases should be small and well dispersed to enable homogenous degradation and minimize the influence on the mechanical properties. However, lower stiffness may be useful to match the stiffness of the human bone and reduce stress shielding. Adjusting stiffness by creating a targeted porosity or scaffolds via LBM is investigated. [36][106] In addition, a targeted porosity can be applied to adapt the degradation behavior and improve osteoconductivity (bone growth on a surface). [14][107] Following this strategy, the formation of a targeted porosity could be useful in addition to the modification with Silver.


In summary, the properties of the implant are influenced by the structure resulting from the LBM process. Hence, a fundamental understanding of the LBM process is mandatory to allow a defined adaption of the raw material and the LBM process to obtain a material with the desired properties. This requires an in-depth analysis of the melt pool and the interaction of the two immiscible phases.


2.2.1 Approach for analysis and modeling of the laser beam melting process


Obtaining knowledge of the influence of physical effects on the continuous formation of bulk material during the LBM process is the subject of current research. This knowledge enables targeted adaption and avoids extensive random testing of different process strategies. [108-111] In addition to the LBM process strategy, the feedstock properties like chemical composition, the proportion of immiscible materials, and the morphology of the powders influence the final material properties. These input parameters can be used to adjust the material properties, e.g., vaporization of alloying elements can be compensated by oversizing the raw material. [112][113]


Although the fundamentals of the LBM process are always identical, the specific characteristic of LBM processes differ significantly depending on the processed material, powder properties, and applied LBM parameters. [111][114] Understanding the physical effects is further complicated since the effects cannot be observed directly. Knowledge can be gained by observing the melt pool, transferring known physical effects, and investigating the microstructure and properties of the final material. Based on these findings, models are generated to simulate the melt pool and LBM process. Initially, in the development of such models, only the basic influences are considered. Subsequently, detailed simulations are developed in which several physical effects are taken into account. The models and underlying assumptions of the LBM process are verified by experimental validation. For the simulation of the LBM process, satisfying results are obtained. [108-110][115][116]


However, many models only deal with single tracks, and varying conditions caused by previously built adjacent tracks and irregular structures of previous slices are not considered. Accordingly, the real melting process is less stable than the simulated one. [117-119] Nevertheless, elementary effects can be investigated, and it is possible to gain an understanding of the influence of physical effects. The models allow a specific adaption of the LBM process.


However, models considering two immiscible metallic materials processed via LBM are not available so far. Hence, such a model needs to be developed. The basis for developing such a model is the knowledge available in the literature. But this knowledge must be adapted to the LBM process with two immiscible phases. This requires correlation with the observed microstructure and mechanical properties of the Iron-based material modified with Silver. The mechanisms decisive for the formation of Silver phases as well as the interaction between both immiscible components with each other are determined. Hence, the model is developed following the approach presented in the literature. In the following sections, the state of the art of the melt pool and the physical effects influencing the melt pool are presented.


2.2.2 Physical effects decisive for the formation and characteristic of the melt pool


The successive formation of bulk material during LBM is the result of an interaction of sequential proceeding sub-processes respectively physical effects caused by laser radiation. The main processes are absorption of laser energy, melting, consolidation of the molten powder particles, melt flow within the melt pool, heat dissipation, and solidification. These processes occur continuously while the laser is moving along the track. [108][110][111][115] These sub-processes interact with each other and cause further effects like spattering and chemical reactions. The characteristics of the subprocesses depend on further physical effects e. g. the spattering is influenced by the vaporization of the material. [111][115][120-122] Accordingly, multiple material properties, process conditions, and interacting physical effects are responsible for the characteristics of the melt pool and the resulting structure of the LBM-processed material.


An example of the interaction of physical effects is the absorption of laser radiation: The formation of the melt pool starts with the absorption, which depends on the absorptivity of the material in the molten and solidified state. In addition, reflection in the powder bed, a deepening of the melt that may occur, and deflection by the vapor plume can affect the amount of energy absorbed. Which proportion of the laser radiation reaches the powder bed or the melt influences the absorption as well. [123-126]


However, there is consistency in the literature on the predominantly influencing physical effects, although the reported melt flow with significant influence on the resulting shape of the melt pool differs. [108-110][115][124] The main influencing effects are the surface tension resulting in Marangoni flow and evaporation of material under the laser spot which results in recoil pressure. [108][116][123][127][128] Further less important influencing effects are the gravity, buoyancy force, drag force, thermal conductivity, heat radiation, dynamical wetting, and eventually occurring phase transformations. [108][110][116][127]


The intensity of evaporation is the decisive factor determining the shape of the melt pool. The shape of the melt pool is an indication of the melt flow and the welding mode. Three welding modes are distinguished: When there is only low recoil pressure, the surface of the melt pool is almost flat and heat is transferred into the material mainly by conduction. Accordingly, the mode is defined as conduction mode. [108][124][129][130] When the recoil pressure is high, the molten material is displaced and a deep and narrow depression, a so-called keyhole, develops. This welding mode is referred to as keyhole welding mode. The laser radiation penetrates the material and heat is transferred primarily by the convection of vaporized material. [108][124][129][130] The formation of a keyhole starts with the development of a depression. Therefore, the recoil pressure of the vaporized material must be high enough to displace molten material against the surface tension. Additional surface energy is required to form the additional surface of the depression. [131-133] As the laser is reflected within a depression it further increases energy absorption and more material evaporates. The depression supports itself and can develop into a keyhole when a threshold value of energy input is exceeded. [131][134][135] Inside a keyhole the laser is reflected multiple times increasing the energy absorption and vaporization. As a result, a keyhole stabilizes itself and the size of the melt pool increases. [131][136-138] The addition of alloying elements with high vapor pressure and distinct vaporization supports the formation of a keyhole. Thus, such elements can lower the threshold of required energy input for keyhole welding mode. [132][133][135][138] Accordingly, the formation of a keyhole depends on both the material properties and the processing parameters.


Since the transition between conduction and keyhole mode is continuous, with a differing proportion of characteristics of both modes, a so-called transition mode is defined. [108][124][129][130] Depending on the material and process parameters all modes occur in LBM. For Iron-based materials, the transition mode is most common to produce material with suitable properties. [121][125][129][130]


Evaporation is therefore crucial for the formation of the melt pool in the interaction zone with the laser. However, the melt pool also extends beyond the interaction zone with the laser, and other effects are important in this zone. Following Khairallah et al. [108], the melt pool can be divided into three sections. The first part of the melt pool before and in the region of the laser spot is mainly determined by the recoil pressure in the keyhole and transition mode. Thus, evaporation and welding mode are crucial for the formation of the Silver phases, as the recoil pressure determines the melt flow in the interaction zone with the laser. Although different vaporization behavior of the two immiscible phases is expected, the resulting vapor above the melt pool should lead to an identical pressure effect on both phases.


The transition and tail-end region are following the interaction zone with the laser and are predominantly prevailed by surface tension. [108] The surface tension depends on the temperature, concentration of alloying elements and amount of absorbed oxygen, etc. Differences in surface tension cause a flow of melt from low to high surface tension, the so-called Marangoni effect. [139-142] Thus, the surface tension defines the melt flow and surface structure of the solidified melt tracks. For the conduction mode, the surface tension is decisive in the first part of the melt pool, too. [108] As the shape of Silver phases is defined during solidification and the position results from former melt flow, the transition and tail-end region are decisive for the morphology of the Silver phases. Thus, the formation of the Silver phases is mainly influenced by the surface tension and the resulting Marangoni flow. Accordingly, the surface tension and in particular the differences in surface tension are crucial for analyzing the formation of Silver phases and developing a corresponding model.


However, besides the physical properties, the reactivity respectively the chemical properties of the elements influence the LBM process, too. In particular, elements with high reactivity can react with each other or with oxygen since it is not possible to completely remove the oxygen from the building chamber. [117][143][144] The reactivity increases with increasing temperature. In this way, distinctive chemical reactions can form oxide layers deteriorating the connection between adjacent and superimposed melt tracks. [117][143][145][146] Furthermore, the mechanical properties can be affected by slag incorporated into the bulk material. The slag is typically located on the top of the melt tracks. [143][147][148]


2.2.3 Material and process-dependent spattering affecting the composition
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