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Abstract

:

The reliable and repeatable fabrication of complex geometries with predetermined homogeneous properties is still a major challenge in electron beam powder bed fusion (PBF-EB). Although previous research identified a variety of process parameter–property relationships, the underlying end-to-end approach, which directly relates process parameters to material properties, omits the underlying thermal conditions. Since the local properties are governed by the local thermal conditions of the melt pool, the end-to-end approach is insufficient to transfer predetermined properties to complex geometries and different processing conditions. This work utilizes high-throughput thermal simulation for the identification of fundamental relationships between process parameters, processing conditions, and the resulting melt pool geometry in the quasi-stationary state of line-based hatching strategies in PBF-EB. Through a comprehensive study of over 25,000 parameter combinations, including beam power, velocity, line offset, preheating temperature, and beam diameter, process parameter-melt pool relationships are established, processing boundaries are identified, and guidelines for the selection of process parameters to the achieve desired properties under different processing conditions are derived.
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1. Introduction


Electron beam powder bed fusion (PBF-EB) is an additive manufacturing process that uses a high-energy electron beam for the local consolidation of metal powder. Layerwise build-up enables the tool-free fabrication of complex geometries, with few geometrical restrictions [1,2]. High-vacuum conditions, in combination with high process temperatures and the ability to tailor the spatiotemporal energy input, enable the processing of a large variety of metal alloys [3,4,5,6,7,8,9] and even the local tailoring of microstructure and properties [10,11,12,13,14]. The selection of appropriate process parameters in PBF-EB is critical for the fabrication of defect-free parts with predetermined homogeneous material properties.



In general, the process parameters for part fabrication are selected from material-specific process parameter maps, which relate processing parameters to density, surface morphology, and relevant mechanical and functional properties. Using the classical approach, process parameter maps can be established using the fabrication of standardized cuboid specimens and their subsequent classification according to their density and surface morphology [15,16,17,18]. The advent of reliable in situ process observation using electron optical imaging (ELO) opened the possibility of the in situ identification and classification of sample surfaces, requiring only a limited number of representative layers for each parameter combination, and thereby enabled a significant reduction in the time investment required [19,20]. A further simplification of the process parameter development is possible with the application of advanced interpolation algorithms, which are able to predict the properties of any given process parameter based on a reduced number of experimental sampling points, while still representing the ground truth with minimum error [21,22,23,24]. Aoyagi et al. showed the possibility of obtaining a reliable processing map based on only a limited amount of process parameter combinations [25]. Pure experimental approaches establish the relationship between process parameters and final material properties using an end-to-end approach, thereby disregarding the underlying thermal conditions and the emerging melt pool geometry. End-to-end approaches may be sufficient for the fabrication of the same sample geometry under the same processing conditions, but are not suitable for the transfer of desired properties to complex geometries and variable processing conditions, since the final material properties are governed by the local thermal conditions, instead of the local process parameters.



Recent developments combining numerical and experimental approaches have established melt pool geometry–property relationships, e.g., by relating local variations in the surface morphology to local changes in the melt pool geometry [26,27,28]. In addition, the extension of line-based scanning strategies to integrating return time compensation has enabled the fabrication of complex geometries with a homogeneous melt pool geometry, which is equivalent to the melt pool geometry emerging in the quasi-stationary state of a cuboid [29]. Therefore, the fabrication of complex geometries with predefined, homogeneous properties is reduced to two independent steps. First, the identification of the required melt pool geometry, which results in the desired properties, according to the melt pool geometry–property relationships. Second, the selection of appropriate process parameters, according to process parameter–melt pool geometry relationships, which form the required melt pool geometry under the present processing conditions. Therefore, process parameter–melt pool geometry relationships and their dependencies on processing conditions are crucial for the selection of suitable parameter combinations and the transfer of properties between different geometries, processes, and PBF-EB machines with different specifications.



The spatiotemporal melt pool evolution and the dependencies underlying the process parameter–melt pool geometry relationships are, however, not easily accessible. Therefore, numerical simulations can provide an insight into the melt pool geometry, as a function of different process parameters and conditions [30,31,32,33]. High-fidelity models that resolve individual powder particles depict the thermo- and hydrodynamics of the melt pool, offer the possibility of precisely describing the governing physical processes, predict process parameter relationships, and determine processing boundaries. These models are, however, computationally expensive and have to be limited to two dimensions, in order to determine melt pool geometries for a large number of process parameter combinations [34,35,36]. Simplified thermal models, in contrast, neglect the effects of fluid convection, evaporation, and radiation but enable the efficient simulation of the spatiotemporal evolution of temperature fields and melt pool geometries with an accuracy sufficient for making predictive statements [11,37,38,39]. Several studies have focused on the determination of relationships between the melt pool geometry and process parameters in laser powder bed fusion and identified dimensionless numbers, to generalize the underlying relationships [40,41,42]. These studies, however, only considered the melt pool geometry of single melt tracks and did not take the influence of neighboring melt tracks into account, which govern melt pool formation in PBF-EB.



The objective of this work was to establish fundamental relationships between process parameters, processing conditions, and the melt pool geometry in the quasi-stationary state of line-based hatching strategies in PBF-EB, as a foundation for process parameter selection and the transfer of melt pool geometries. For this purpose, melt pool geometries for a multitude of parameter combinations were determined for the model material Ti6Al4V using high-throughput numerical simulations, and the corresponding processing boundaries and their dependencies on different processing conditions were established.




2. Methods


In order to obtain relationships between process parameters, processing conditions, and the emerging melt pool geometry in the quasi-stationary state of cuboid geometries, a comprehensive study of melt pool geometries was conducted for a variety of parameter combinations and processing conditions, using the model material Ti6Al4V. The quasi-stationary state of any hatch with constant line length is reached when the cumulative heating effect converges to its highest value and constant thermal conditions for melt pool formation are reached [27]. For the calculation of the corresponding temperature distributions in the quasi-stationary state for each parameter combination, a semi-analytical heat conduction model was implemented. This model disregarded fluid convection, latent heat release, radiation, and vaporization but enabled efficient, parallel computation and produced promising results in the prediction of melt pool geometries [26,39,43]. Compared to high-fidelity models, when considering these effects, a simplified model can lead to small changes in the melt pool geometry and consequently the location of the processing boundaries [44]. However, the trends underlying the influence of process parameter variations and processing conditions are preserved. The temperature T at time t and position   x , y , z   was based on an analytical solution for the transient temperature response [45] to a moving volumetric Gaussian heat source and was defined by


     T  t , x , y , z  −  T  p r e h e a t         =   2 η P    c p  ρ    π / 3    3 / 2      ∫  0  t   1    ϕ x   ϕ y   ϕ z     e x p  −   3 x   (  t ′  )  2    ϕ x   −   3 y   (  t ′  )  2    ϕ y   −   3 z   (  t ′  )  2    ϕ z    d   t  ′      



(1)




with


   ϕ i  = 12 α  t −   t  ′   +  σ i 2   f o r  i = x , y , z  



(2)




where   T  p r e h e a t    describes the preheating temperature, P is the beam power,  η  the absorption coefficient,  ρ  the density, and   c p   the specific heat. The shape of the Gaussian beam is defined in each dimension with a beam width   σ i  , corresponding to the full-width half maximum (FHWM) of the Gaussian distribution, and the thermal diffusivity  α  according to Equation (2). The motion of the heat source is described by the coordinate system, where   x  (  t ′  )  , y  (  t ′  )  , z  (  t ′  )    describe the distance from the point of interest to the transient location of the beam at time   t ′  . The piece-wise definition of scan paths prohibited the analytical integration of Equation (1). Therefore, the Gaussian quadrature scheme proposed by B. Stump et al. was used to numerically integrate the temperature at a given time and location [38]. The material parameters were assumed to be constant and uniform. The estimated material parameters for Ti6Al4V adapted from Rausch et al. are summarized in Table A1 [34,46,47,48]. For the computation of a large amount of parameter combinations, the model was implemented using numpy [49] and mpi4py [50] for an efficient parallel evaluation.



For the calculation of material specific melt pool feature maps, a step-wise procedure was necessary, which is detailed in Figure 1. Melt pool feature maps relate characteristic melt pool features to each point in the parameter space and enable the determination of the influence of different processing conditions and process strategies on the location and extension of the processing map, where defect-free fabrication is possible. Within the scope of this study, the parameter space was defined by variations of the process parameters; power P and velocity v; variations of the geometry and hatching strategy, line length   l m   and line offset   l o  ; and variations of processing conditions, ambient preheating temperature   T  p r e h e a t   , and beam diameter  σ . For the comparison between different parameters of the process parameter space, the melt pool feature maps were calculated as a function of the area energy (   E a  = P / v  ·   l o   ) and lateral velocity (   v  l a t   = v  ·   l o  /  l m   ). While the beam velocity describes the velocity in the direction of the hatch vectors, as indicated in Figure 1d, the lateral velocity describes the velocity in the lateral direction over the course of the hatch. A summary of the process parameter space, base values used as reference, and their corresponding range of variation can be found in Table 1.



For each point of interest in the parameter space (Figure 1a) the characteristic melt pool geometry in the quasi-stationary state had to be calculated. For this purpose, a simulation domain in the quasi-stationary state of the hatch with a spatial discretization of dx = 10 μm was established and the temperature fields of three consecutive melt lines were calculated according to Equation (1) for each parameter combination in 100 discrete time steps   t i   (Figure 1b). For each time step, the melt pool envelope was determined according to the liquidus temperature   T l   and the respective melt pool features were identified in the region of interest, as marked in Figure 1d. The features of interest were, as indicated in Figure 1c, the maximum melt pool depth, the melt pool lifetime, and the aspect ratio of the melt pool. The characteristic melt pool features    λ n  = m a x  (  λ  t i   )    of a parameter combination n were subsequently determined from the maximum of each quantity over each time step   t i  . Melt pool feature maps combined each characteristic feature for all parameter combinations and were represented as a two-dimensional slice, along the area energy   E A   and lateral velocity   v  l a t    axis, through the multidimensional parameter space, analog to experimental representations [51], as detailed in Figure 1e. Since the area energy   E A   and the lateral velocity   v  l a t    are the quantities governing the cumulative heating process underlying melt pool formation in line-based hatching strategies, this representation provided the possibility of establishing the underlying relationship between process parameters and the investigation of the influence of different processing conditions. In order to determine the final processing maps (Figure 1f), three processing boundaries were identified according to different geometric thresholds that had been identified in previous research and are indicated in Figure 1e. The consolidation boundary marks the lower bound of the processing map, ensuring sufficient connection between subsequent layers [34]. Several factors, including the melt pool depth and the distance between adjacent melt lines, determined the consolidation. Within the scope of this study, however, sufficient connection was assumed when the melt pool depth exceeded the effective layer thickness [34]. From the nominal layer thickness of h0 = 50 μm, and a powder bulk density of 50%, the effective layer thickness could be calculated as 100 μm. Based on the relationship between the melt pool lifetime and the beam return time, the melt pool could be separated into a trailing melt pool regime, where the melt pool is already solidified when the beam returns, or a persistent melt pool, where the melt pool is still liquid when the beam returns [27]. The persistence boundary separates the trailing and persistent regions of the processing map and is defined by the onset of a permanent persistent melt pool and its associated change in material transport conditions [27]. For particular parameters, the located in the transition region between the trailing and permanent persistent melt pool are prone to the formation of bulged melt surfaces, due to inhomogeneous material transport conditions. The position of the melt pool stability limit defines the upper limit of the processing map and is reached when the aspect ratio between lateral melt pool extension   l e   and melt pool depth d exceeds a predefined value    l e  / d ≥ 4.7   [26].




3. Results and Discussion


3.1. Process Parameters


Prior to determining the influence of the different processing conditions on the melt pool geometry, the underlying relationships between the different process parameters and the emerging melt pool geometry had to be established as a baseline reference. Figure 2 shows the calculated melt pool feature maps as a function of the area energy and lateral velocity, the derived process boundaries, and the final processing map. A variety of dependencies were observed, in accordance with previous experimental and numerical work [15,17,51]. The melt pool depth increased with a higher total energy input and constant lateral velocity and with a larger lateral velocity at a constant energy input. As a consequence, the consolidation boundary shifted towards lower energy inputs with a higher lateral velocity.



A similar pattern cold be observed for the location of the persistence boundary that emerged from the increase in the melt pool life time with higher energy inputs and lateral velocities. While a low lateral velocity required a higher energy input to form a persistent melt pool, the necessary energy input decreased for higher lateral velocities, due to the decreasing return time. This ultimately led to the intersection of the persistence and the consolidation boundary in Figure 2 (bottom center), where a persistent melt pool was required to exceed the consolidation boundary. The lateral extension of the melt pool only showed small variations in the trailing melt pool regime below the persistence boundary with an increasing energy input and lateral velocity, but increased rapidly upon exceeding the persistence boundary with a higher energy input and lateral velocity. The combination of the trends governing the melt pool depth and lateral extension of the melt pool led to the pattern underlying the melt pool aspect ratio, which was only calculated for persistent melt pools. The aspect ratio of the melt pool exhibited a minimum for persistent melt pools, which emerged from a combination of a high energy input and low lateral velocity, since they exhibited a high melt pool depth and low lateral extension. Since the lateral extension increased rapidly with higher lateral velocities, the aspect ratio increased simultaneously, giving rise to an upper processing boundary and resulting in a shallow melt pool that extended over a large portion of the geometry. Beyond this boundary no process parameter combination could be identified that enabled the formation of a melt pool geometry within the processing boundaries.



The location of the processing boundaries and the extension of the processing map resulted from the different melt pool geometries emerging for each process parameter combination. The melt pool geometry emerging in the quasi-stationary state of line-based hatching strategies was governed by the combination of the cumulative heating effect from previous hatch lines and the energy deposited at the current hatch line. While the energy deposited at the current hatch line was determined solely by its own energy input, the cumulative heating effect was governed by the energy input of previous hatch lines and their respective thermal loss until the current hatch line. Since each point in the process parameter space represents a unique combination of these quantities, a unique melt pool geometry emerged for each point in the process parameter space. As detailed in Figure 2, the emerging melt pool geometries exhibited fundamental patterns. A higher lateral velocity decreased the return time and time for heat dissipation; therefore, the magnitude of the cumulative heating effect increased and the melt pool size increased, shifting the necessary energy for consolidation towards a lower energy [15,51,52]. A higher energy input directly affected the melt pool depth but also increased the energy deposited at previous hatch lines and, therefore, the magnitude of the cumulative heating effect. Both effects resulted in a characteristic increase in the melt pool depth towards higher energy inputs and lateral velocities. The same effects also naturally led to the formation of a persistent melt pool at higher lateral velocities, due to the increased melt pool lifetime exceeding the reduced return time [39]. Consequently, the required energy for the formation of a persistent melt pool decreased for higher lateral velocities and ultimately led to the formation of a persistent melt pool below the consolidation boundary, as observed in Figure 2 (bottom center). High melt pool lifetimes paired with low return times also resulted in the extension of the melt pool in lateral direction towards high energy inputs and lateral velocities [26]. Based on the patterns underlying the depth and the lateral extension of the melt pool, the aspect ratio of the melt pool increased towards lower energy inputs, due to a lower melt pool depth, and towards higher lateral velocities, due to the increasing lateral extension of the melt pool. As a result, the characteristic shape of the processing map, as shown in Figure 2, emerged.




3.2. Processing Conditions-Preheating Temperature


Figure 3 shows the calculated processing boundaries and the resulting processing map for different preheating temperatures, ranging from 973 K to 1123 K. With an increasing preheating temperature, the consolidation limit shifted towards lower area energies and lower lateral velocities. The same trend could be observed for the persistence boundary and the melt pool stability limit boundary. As a consequence, the location of the whole processing map shifted towards the lower left of the process parameter space.



In addition to the effects described in Section 3.1, the underlying preheating temperature affected the thermal conditions. A higher preheating temperature increased the thermal energy of the material and less additional energy was necessary to form the same melt pool geometry. As a result, the processing boundaries shifted towards lower area energies and lateral velocities, as shown in Figure 3. Since the local preheating temperature at a given position in a build job is currently not closely controlled, significant temperature differences, e.g., in the form of local heat accumulation, can occur over the course of a build job, due to the combination of the preheating theme, local geometric features, and the melting sequence of different geometries [53]. Therefore, the selection of appropriate process parameters to achieve the desired melt pool geometry is crucial. Depending on the location of the selected process parameter, a local variation of the preheating temperature shifts the processing boundaries within the process parameter space and can lead to local process boundary violations for a process parameter that was stable at a different preheating temperature. Since a local shift of the preheating temperature is typically a continuous process, slight changes of the surface topography can be identified using state-of-the-art in situ monitoring approaches [19,54], and appropriate countermeasures can be taken. Based on the unambiguous relationship between each processing boundary and its characteristic features, the underlying defect origin can be clearly identified, and improved process parameters can be chosen, to form the original melt pool geometry based on a shifted processing map. A different approach to counteracting geometry-induced changes of the preheating temperature is the local adaptation of the preheating scheme to reach the same preheating temperature independently of the underlying geometry. It is, however, not trivial to control the preheating temperature as a function of complex geometries, and further research is necessary to develop appropriate adaptable preheating schemes.




3.3. Processing Conditions-Beam Diameter


As detailed in Figure 4, the melt pool depth, the location of the processing boundaries, and the resulting processing map were very sensitive to variations of the beam diameter. With a higher beam diameter, the consolidation boundary shifted towards higher area energies and lateral velocities. While the location of the persistence boundary did not change significantly, a change in the beam diameter had a significant influence on the location of the melt pool stability limit. At higher beam diameters, the melt pool stability limit retracted and wrapped towards the persistence line, resulting in its characteristic shape. While the melt pool depth generally decreased as the beam diameter increased, the effect was more pronounced at lower lateral velocities and area energies.



The energy density distribution of the energy input was defined by the beam diameter of the electron beam [55]. With a larger beam diameter, the same amount of energy was deposited onto a larger area and the beam power density decreased. In the trailing melt pool regime, the melt pool formation was primarily governed by the energy input of the current line, and due to high return times, the cumulative heating effect only played a minor role. Therefore, overall, more energy was required to reach the same melt pool depth with larger beam diameters and the consolidation boundary shifted towards higher energy inputs and lateral velocities, as shown in Figure 4. At higher lateral velocities, the contribution of the cumulative heating effect increased and the melt pool formation was governed by the total energy input and return time, which were unaffected by variations in the beam diameter, and therefore the location of the persistence boundary was only slightly affected. However, the shape of the melt pool in the persistent region was affected significantly. Although the same amount of energy was deposited with larger beam diameters, it was deposited over a larger area and consequently a melt pool with lower depth but a higher lateral extension formed. This resulted in a significant shift of the melt pool stability limit towards the left and even the wrapping at lower energy inputs towards the persistence line, as shown in Figure 4 (right). Overall, the melt pool geometry and the location of the processing map was highly sensitive to variations of the beam diameter and the extension of the processing map was largest for low beam diameters. Therefore, knowledge of machine specific beam characteristics is crucial for an effective process parameter selection and the transfer of melt pool geometries between different PBF-EB machines.




3.4. Scan Length


Figure 5 (left) shows the calculated processing boundaries for different line lengths, from 10 m  m –30 m  m . The location of each of the processing boundaries matched very well for each of the investigated line lengths in the calculated parameter range. The melt pool depth distribution of the two selected process parameter combinations in the trailing and persistent regime of the processing map, indicated by the two markers in Figure 5a, is shown for different line lengths in Figure 5b. The melt pool distributions exhibited the same melt pool depth at the center of the quasi-stationary state and the same characteristic increase in the melt pool depth towards the turning points of the hatch. The highest melt pool depth reached at the turning points was in good agreement for each of the investigated line lengths for each process parameter combination. However, the size of the return time effects, extending towards the center of the hatch, did not show the same size but instead increased for higher line lengths.



As detailed in Section 3.1, the melt pool geometry was governed by the present thermal conditions. While a constant area energy   E A   ensured a constant total energy input, a constant lateral velocity   v  l a t    ensured a constant mean beam return time     t  r e t   ¯  = c o n s t .  , as shown in Figure 5c. Consequently, the magnitude of the cumulative heating effect, as well as the energy input of the current hatch line were constant and the emerging melt pool exhibited the same shape. A constant lateral velocity   v  l a t    not only implied a constant mean beam return time    t  r e t   ¯   but also a constant minimum and maximum beam return time   t  r e t   m a x , m i n   , as shown in Figure 5c. Since the local beam return time at each position of the hatch    t  r e t    ( x , y )    could be calculated from the linear relationship between the minimum and maximum beam return time, the absolute location of a defined return time, indicated in black, in Figure 5c was proportional to the line length. In the example shown in Figure 5c, the location changed from a   3.75    m  m  distance from the center of a scan length of    l m  =   10  m  m  to a   11.25    m  m  distance from the center of a scan length of    l m  =   30  m  m . The relative position of the return time of interest was, however, constant at   87.5 %   of the scan length. As a result, turning point effects based on the same return time, as detailed in Figure 5c, changed their size as a function of line length, but their relative size remained constant.



Based on these results, melt pool geometries could be transferred between different scan lengths by establishing the same thermal conditions with the help of a constant area energy and lateral velocity, which could be accomplished by simultaneously increasing the beam power and velocity. However, significant changes in the beam power effected the beam diameter of the electron beam, since, depending on the used electron beam gun, the beam diameter changes as a function of the emitted beam power [55,56]. Therefore, the transfer and scaling of melt pool geometries to larger geometries with the help of higher beam powers can be challenging, due to the increased beam diameter and the respective shift of the processing boundaries.




3.5. Line Offset


The effect of different line offsets of 30 μm, 100 μm, and 150 μm on the melt pool depth distribution and the resulting processing boundaries is depicted in Figure 6a. At lower lateral velocities, the melt pool geometries emerging from a process parameter combination with a higher line offset exhibited a significantly higher melt pool depth and led to a shift of the consolidation boundary towards lower area energies and lateral velocities for higher line offsets. With increasing lateral velocities, however, this trend diminished. A higher line offset also led to a shift of the persistence boundary towards higher energy inputs and lateral velocities and, therefore, resulted in a larger trailing melt pool region. In contrast, the location and shape of the melt pool stability limit remained comparatively constant. Only the characteristic curvature at high lateral velocities shifted, along with the persistence and consolidation boundary, towards lower energies and higher lateral velocities for higher line offsets. While the persistent region of the processing map elongated towards higher lateral velocities and lower area energies for higher line offsets, it simultaneously narrowed, due to the shift of the persistence boundary towards the upper right of the process parameter space.



In order to ensure a constant area energy   E A   and lateral velocity   v  l a t    using different line offsets, the beam velocity had to be adapted accordingly. A higher line offset required a lower beam velocity to maintain the lateral velocity, and consequently, the energy input of a single melt line, given by its line energy    E l  = P / v  , increased. As previously discussed in Section 3.3, melt pool formation in the trailing melt pool regime is mainly governed by the energy input of each single line. Therefore, process parameter combinations with a high line offset and high line energy exhibited a deeper melt pool in the trailing melt pool regime and the consolidation boundary shifted towards lower area energies and lateral velocities. In contrast, process parameter combinations with low line offsets had a lower line energy, and as a consequence the melt pool depth decreased significantly in the trailing melt pool regime, leading to a shift of the consolidation boundary towards higher energy inputs and lateral velocities, as shown in Figure 6a. These trends correspond well to experimentally observed trends for different line offsets [51,57]. The high beam velocity at low line offsets led to very low return times and a disproportionate increase in the cumulative heating effect with higher lateral velocities. This resulted in the formation of a line-like heat source [43]. Hence, the onset of the persistent melt pool regime shifted towards lower energy inputs. This effect was also reflected in the shape of the emerging melt pool, as depicted in Figure 6b for an exemplary parameter combination with an area energy of 1.5 J/mm2 and lateral velocity of 46 mm/s. While the process parameter combination with a low line offset of 30 μm showed the formation of a permanent persistent melt pool, the parameter combination with a high line offset of 150 μm was still located in the trailing melt pool regime. This behavior continued into the persistent melt pool regime, and the fundamental difference in the magnitude of line-based energy input and return time for different line offsets led to significant variations in the spatiotemporal melt pool formation. Parameter combinations with a low line offset exhibited an almost negligible return time, and a stable and continuous line-shaped melt pool propagated over the surface as the result of multiple beam interactions at low line energy. The spatiotemporal evolution of the melt pool for parameter combinations with high line offsets, in contrast, was driven by longer return times. Therefore, the evolution was more dynamic and involved several solidification and remelting steps, especially at the turning points. In addition to return time based effects, the energy input of parameter combinations with a low line offset was based on multiple interactions with the low energy input. Therefore, the peak temperatures were lower compared to parameter combinations with high line offsets, resulting in a different evaporation behavior and melt pool dynamics [56].



The emergence of a unique melt pool geometry for each process parameter combination opened up the possibility of tailoring the material properties through the deliberate selection of the melt pool geometry, melt pool dynamics, and corresponding physical effects at the melt pool scale. Previous research has already established a variety of different relationships between final material properties and the required characteristic melt pool geometries, melt pool dynamics, and physical effects [12,39,56,57]. Appropriate process parameter combinations, resulting in the formation of the desired melt pool geometry, melt pool dynamics, and physical effects corresponding to the desired final material properties, can then be selected from the identified processing windows based on these existing melt pool–property relationships.





4. Summary and Conclusions


In order to establish process parameter–melt pool relationships, a comprehensive study of melt pool geometries in the quasi-stationary state of line-based hatching strategies was conducted, as a function of process parameters and processing conditions using high-throughput thermal simulations. Based on the emerging melt pool geometries, processing boundaries were identified, whose characteristic shape and relationship to each other enabled the precise identification of defect origins and the possibility of applying appropriate countermeasures in case of defect formation. In addition, this study provided guidelines for the effect of different processing conditions and processing strategies on the emerging melt pool geometries, the location of processing boundaries, and the final processing window. In general, this framework augments experimental process development with insights from high-throughput numerical simulations. It enables the selection of appropriate process parameters through process-parameter–melt pool relationships, in order to achieve the desired melt pool geometries according to melt pool–property relationships for already existing materials, as well as accelerating the development of processing parameters through the efficient design of experiments for new materials.
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Appendix A. Material Properties




 





Table A1. Material properties for Ti6Al4V according to [34,46,47,48].






Table A1. Material properties for Ti6Al4V according to [34,46,47,48].










	Property
	Unit
	Value





	Thermal diffusivity
	m2/s
	   9 ×  10  − 6     



	Density
	kg/m3
	4122



	Specific heat
	J/kg/K
	670



	Absorption coefficient
	
	0.85



	Liquidus temperature
	K
	1928
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Figure 1. Procedure for obtaining processing maps from the computed temperature fields as a function of the different input parameters; (a) input parameters; (b) calculated temperature fields and (c) extracted melt pool features; (d) spatial distribution of melt pool features with area of interest in the quasi-stationary region; (e) melt pool feature maps combining features for different input parameters; (f) identification of process map using processing boundaries. 
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Figure 2. Melt pool geometry features of 1020 process parameter combinations calculated for area energies of 0.6 J/mm2 to 2.2 J/mm2 and lateral velocities of 2.5 mm/s to 149.5 mm/s with a line offset of 100 μm, line length of 15 mm, preheating temperature of 1023 K, and beam diameter of 200 μm. Melt pool depth (top left), melt pool lifetime (bottom left), lateral melt pool extension (top center), and melt pool aspect ratio (top right). The derived processing boundaries are indicated. Combination of processing boundaries in the final processing map (bottom center). 
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Figure 3. Processing boundaries for different preheating temperatures, ranging from 973 K to 1123 K for area energies of 0.6 J/mm2 to 2.2 J/mm2 and lateral velocities of 2.5 mm/s to 149.5 mm/s with line offset of 100 μm, line length of 15 mm, and beam diameter of 200 μm. 
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Figure 4. Melt pool depth distributions and process boundaries for different beam diameters (FWHM) of 150 μm, 200 μm, and 400 μm with area energies from 0.6 J/mm2 to 2.2 J/mm2 and lateral velocities from 2.5 mm/s to 149.5 mm/s at a line offset of 100 μm and line length of 15 mm. 
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Figure 5. Processing boundaries for different scan lengths of 10, 15, 20, and 30 mm (a) for area energies of 0.6 J/mm2 to 2.2 J/mm2 and lateral velocities of 2.5 mm/s to 149.5 mm/s with a line offset of 100 μm, preheating temperature of 1023 K, and beam diameter of 200 μm. Corresponding melt pool depth distributions (b) for a parameter combination in the trailing regime with    E A  =   1.85 J/mm2 and    v  l a t   =   20 mm/s (bottom) and in the persistent regime with    E A  =   1.3 J/mm2 and    v  l a t   =   75 mm/s (top) for each line length. Local return times and local melt pool depth distributions (c) for two different line lengths for the first process parameter combination. The local return time, as well as the magnitude of the turning point effects, remained constant, but are scaled according to the line length. 
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Figure 6. (a) Melt pool depth distributions and corresponding processing boundaries for various line offsets of 30 μm, 100 μm, and 150 μm using a beam diameter of 200 μm and a line length of 15 mm. (b) Emerging melt pool geometries of the indicated parameter set in (a), with the same area energy of 1.5 J/mm2 and a constant lateral velocity of 46 mm/s, but with varying line offsets. 
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Table 1. Properties of the process parameter space with corresponding reference values and variation ranges.
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	Property
	Unit
	Base Value
	Range





	Area Energy
	J/mm2
	/
	[0.6…2.2, 0.1]



	Lateral Velocity
	mm/s
	/
	[2…149.5, 2.5]



	Line Offset
	µm
	100
	[30, 100, 150]



	Scan Length
	mm
	15
	[10, 15, 20, 30]



	Beam Diameter (FWHM)
	µm
	200
	[150, 200, 400]



	Preheating Temperature
	K
	1023
	[973, 1023, 1073, 1123]
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